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CHAPTER 1

General introduction



1.1 Antibodies

An antibody, also referred to as immunoglobulin (Ig), is a type of protective macromolecule
naturally produced by immune cells to defend against infections caused by pathogens. Antibodies,
renowned for their exceptional specificity and high affinity for particular antigens, have emerged
as predominant therapeutic agents in the treatment of various diseases[1], such as cancers,
autoimmune diseases, and infectious diseases. Human antibodies are classified into five distinct
isotypes: IgA, IgD, IgE, IgG, and IgM. Among these, IgG is the most abundant isotype in human
serum, and the majority of approved therapeutic antibodies belong to the IgG isotype. The

following descriptions of antibody features are specifically focused on the IgG isotype.

1.1.1 Structure of IgG antibodies and antibody fragments

An IgG antibody has a molecular weight of approximately 150 kDa, comprising four
polypeptides: two identical heavy chains (HCs) and two identical light chains (LCs) (Fig. 1-1-1-
la). Each HC pairs with an LC through disulfide bonds to form a heterodimer, and two identical
heterodimers are interconnected through disulfide bonds linking two HCs, resulting in the
formation of an intact antibody with a symmetric Y-shaped structure. The variable domain of HC
(VH) and variable domain of LC (VL) are located at the distal end of the arm of the “Y" structure,
forming the antigen-binding site commonly called paratope. Each variable domain contains three
complementarity-determining regions (CDRs), namely CDR-H1, CDR-H2, and CDR-H3 for HCs,
and CDR-L1, CDR-L2, and CDR-L3 for LCs. CDRs are characterized by hypervariable diversity
in sequences across different antibodies, thereby dominating the antigen-antibody binding
interaction. The CDRs of VH and VL are separated by four conserved framework regions (FRs),
which function as a scaffold to support the binding of CDRs to the antigen. The antigen-binding
fragment (Fab) comprises the VL and the constant domain of the LC (CL), as well as the VH and
a constant domain of the HC (CH, CH1). The crystallizable fragment (Fc) region, formed by the
‘Y’ stem consisting of CH2 and CH3, serves to stabilize full-size antibodies and interact with Fcy
receptors (FcyR) and complement proteins, facilitating the execution of antibody functions[2].

The antigen specificity of antibodies is determined by the antigen-binding sites which are
located at CDRs, and antibody fragments that retain antigen-binding sites can maintain the binding
specificity of their parental antibodies. The relatively smaller size and simpler structure of antibody

fragments than those of full-length antibodies significantly reduce the production complexity and



manufacturing cost, providing a higher flexibility for engineering and modification to develop
novel molecules with improved performance. Single-chain variable fragment (scFv) is an
engineered antibody format, composed of a VH and a VL connected by a flexible linker peptide,
typically (G4S)3 /(SG4);3[3]. Owing to the structural simplicity and ease of production, antibody
fragment formats such as Fab and scFv (Fig. 1-1-1-1b) have found widespread applications in
diverse research endeavors. For instance, Fab and scFv are crystallized in complexes with
antigenic proteins to investigate the three-dimensional structure of antigen-antibody interactions.
Additionally, these formats are displayed on the surface of phage, yeast, and mammalian cells for
screening purposes. They also act as antigen recognition domains in chimeric antigen receptor T
cell therapy and function as modules in the development of innovative multi-specific antibody
formats. The utilization of such antibody fragments broadens the space for the exploration of

antibody-based drugs and therapies.

a Antigen binding region b
FRe. @ ¥ X
Ny ' VH / ~ \
,,,,, , Y /40 /
CDR -~ , a (4
VL CH1 NS
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CL i &
CH2
Fc
Heavy chains L
CH3 scFv

Figure 1-1-1-1. Diagram illustration of IgG antibody structure. (a) An IgG antibody comprises two
identical heavy chains (HCs) (green) and two identical light chains (LCs) (yellow). The Fab region
consists of the VH and CH1 of the HCs, as well as the VL and CL of the LCs. Each VH and VL domain
is composed of four FRs and three CDRs (grey) that form the antigen binding region. The Fc region
consists of the CH2 and CH3 from the HCs. (b) Representative antibody fragments. The Fab (top) is
composed of the VL, CL, VH, and CH1 domains, and the scFv (bottom) is comprised of a VH and a
VL connected by a flexible linker. VH, heavy chain variable domain; VL, light chain variable domain;
CH, heavy chain constant domain; CL, light chain constant domain; Fab, antigen-binding fragment;

CDRs, complementarity-determining regions; FRs, framework regions; Fc, crystallizable fragment;
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scFv, single-chain variable fragment.

1.1.2 Mechanism of action (MOA) of antibody drugs

Therapeutic antibodies exert their efficacy through various MOAs, including neutralization,
antibody-dependent  cell-mediated cytotoxicity (ADCC), antibody-dependent cellular
phagocytosis (ADCP), and complement-dependent cytotoxicity (CDC)[4]. Neutralization involves
antibodies binding to the target antigen on cell surfaces, thereby blocking its pathological functions.
For example, the antibody cetuximab binds to the human epidermal growth factor receptor 1
(HERT) and prevents the ligand epidermal growth factor from binding to the receptor, inhibiting
HERI1 activation and downstream events such as cell proliferation and migration[5]. The other
three MOAs, ADCC, ADCP, and CDC, involve interactions between the Fc domain of antibodies
and FcyRs or other proteins. In ADCC, antibodies bound to extracellular membrane antigens
trigger the recruitment of immune-effector cells by binding their Fc domain to FcyR on the surface
of immune cells. The binding to the FcyRIIIA receptor on natural killer cells promotes the release
of lytic factors, leading to target cell destruction[6]. When the Fc domain binds to FcyRI receptors
expressed in phagocytic cells (such as macrophages, neutrophils, and eosinophils), it initiates a
phagocytosis process called ADCP, resulting in clearance of target cells. Additionally, CDC
involves the activation of complement cascade by the antibody-antigen complex, leading to the
formation of membrane attack complex and lysis of targeted cells. Antibodies can achieve their
therapeutic efficacy through either a single MOA or synergistically involving several MOAs. For
instance, daratumumab, an anti-CD38 monoclonal antibody approved for the treatment of multiple
myeloma, utilizes multiple MOAs, including ADCC, ADCP, CDC, and modulating CD38 enzyme

activities[4].

1.1.3 Antibodies exert their functions through binding to specific epitopes on antigens

Antibodies typically recognize and bind to specific and localized regions on the surface of
their antigens. These regions on antigens, which interact with the paratope of antibodies, are
termed epitopes. Epitopes represent one of the most critical intrinsic features of antibodies, as the
therapeutic efficacy of an antibody is intimately correlated with the epitope it targets on the target
antigen[7, 8]. Epitopes are broadly categorized into two types: linear epitopes and conformational

epitopes. Linear epitopes consist of a continuous sequence of amino acid residues on antigens
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(usually 8-15 residues), also called continuous epitopes. Conformational epitopes are composed
of discontinuous amino acid residues that are brought together through the protein folding of
antigens, also known as discontinuous epitopes. It has been reported that conformational epitopes
are the predominant B-cell epitopes[9], and the majority of approved therapeutic antibodies target
conformational epitopes.

The vast majority of eukaryotic antigenic proteins are typically composed of hundreds of
amino acids, forming complex three-dimensional structures containing multiple domains that
serve as the structural and functional units of proteins. Due to the chemical and structure
complexity, it is common to find multiple epitopes within a single antigen. Therefore, it is a
standard practice to develop different antibodies directly against distinct or partially overlapping
epitopes on the same target [10]. Moreover, owing to the diverse functionalities of protein domains
in physiological and pathological processes, antibodies targeting distinct epitopes on the same
antigen may exert their functions through diverse MOAs, eliciting different antibody responses
and leading to varied therapeutic outcomes. For example, therapeutic antibodies such as rituximab
and ofatumumab target distinct epitopes on CD20, resulting in varying degrees of efficacy and
approval for different indications[10]. Rituximab is approved for the treatment of non-Hodgkin’s
lymphoma, chronic lymphocytic leukemia (CLL), rheumatoid arthritis, as well as Wegener’s
granulomatosis and microscopic polyangiitis, whereas ofatumumab is specifically for CLL.
Additionally, while rituximab and obinutuzumab both recognize a partially overlapping epitope on
CD20, they differ in their interaction with CD20, resulting in different MOAs[11]. Numerous
instances demonstrate the close relationship between the targeted epitope and antibody efficacy.
Given the potential for cancer cells to develop resistance to specific antibodies, the strategy of
simultaneously targeting different functional epitopes has proven effective in overcoming the
resistance to single-drug therapy and achieving synergistic therapeutic effects[12]. Therefore, an
in-depth understanding of epitopes and underlying molecular mechanisms of antibody efficacy
holds the potential to facilitate the development of rational strategies for combination therapy.
Furthermore, it paves the way for the development of novel antibodies with complementary

mechanisms and functions to existing antibodies against established target antigens.

1.1.4 Epitope characterization—epitope mapping

The decisive role of epitopes in determining drug efficacy makes them essential considerations

12



during drug discovery, vaccine design, and immunotherapy. With the advancement in technologies,
such as genetic and protein engineering, developing antibodies specific to the target antigen
through screening antibody library has become a manageable task. However, despite the fact that
the resulting lead candidates usually exhibit robust binding performance to the target, there remains
a potential risk of lacking desired therapeutic effects if their binding is directed against functionally
irrelevant epitopes. Therefore, comprehensive evaluations across various aspects are necessary to
assess the efficacy and overall suitability of the obtained target antigen-specific binders for
therapeutic use. Epitope characterization is a key aspect for comprehending the MOA, elucidating
functionality, and evaluating the therapeutic potential of antibody candidates. It facilitates the
study of sequence and structural properties of epitopes and reveals epitope coverage among various
antibodies targeting the same antigen, thus providing valuable insights into the specificity and
potential therapeutic benefits of antibodies.

Epitope mapping identifies antibody binding residues on antigens through various techniques.
For linear epitopes, peptide-based approaches (Fig. 1-1-3-1) are commonly employed, involving
the utilization of short overlapping peptide fragments that cover the entire antigen proteins. These
peptides are presented either as synthetic peptide microarrays[13, 14], or displayed on the surfaces
of yeast[15] or phage[16], followed by testing for their binding to the antibody of interest to
identify those with strong reactivity. The identified peptides are then aligned with the original
protein sequence, and the amino acid sequence within the overlapping regions with strong binding
are considered as potential epitopes. Conformational epitope determination poses a greater
challenge due to their reliance on the complete tertiary structure of antigens. While peptide-based
methodologies can be used for conformational epitope identification, the linear stretches of
peptides are inadequate for presenting the native three-dimensional arrangement of amino acids
within a conformational epitope. This limitation may potentially result in the loss of critical
information about binding residues and lead to false positive results. Techniques such as X-ray
crystallography[17], nuclear magnetic resonance[18], hydrogen/deuterium exchange[19], and
cryo-electron microscopy[20] are better suited for determining conformational epitopes. However,
their application is restricted by the demanding requirements of sample preparation, high costs,
and limited throughput capacity. These resource-intensive technologies are usually not prioritized
in the early stages of drug discovery, where a large number of candidates need to be evaluated.

Instead, they are primarily utilized in the later stages of antibody development when the most
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promising candidates have emerged. What’s more, although site-directed or comprehensive
mutagenesis scanning combined with surface-display technologies and next-generation
sequencing (NGS) provides a high-throughput approach for epitope mapping[21-23], constructing
a comprehensive mutant library covering the entire antigen is challenging, especially for large and
complex proteins. Collectively, although epitope mapping is able to provide residue-level

resolution epitope information, this advantage comes at the expense of time consumption and labor

intensity.
Full-length antigen $ s 3 s
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Figure 1-1-3-1. Peptide-based epitope mapping. Overlapping peptides covering the entire antigen
sequence are presented on a peptide microarray or the surface of organisms, followed by antibody
binding analysis to identify peptides responsible for antibody-antigen binding. Overlapping residues
on these identified peptides are viewed as potential epitopes, which are then mapped onto the target

antigen.

1.1.5 Epitope characterization—epitope binning

Given the ever-expanding number of antibodies under development for diverse targets, it
becomes imperative to develop a cost-effective and efficient technique for epitope characterization
of massive candidate antibodies, particularly in the initial stages of antibody discovery. Epitope
binning emerges as a favored alternative to epitope mapping, involving profiling a collection of

antibodies and categorizing them into distinct groups or bins based on epitope similarities[24].
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Antibodies targeting similar epitopes often exhibit similar functional characteristics due to the
corresponding relation between epitopes and functionality[7, 8]. Even though the exact antibody
binding residues are not fully revealed, epitope binning can guide the rational selection of
candidates for comprehensive characterization, especially assisting in the identification of those
with overlapping functional epitopes alongside validated antibodies and exhibiting superior
properties. This significantly improves productivity and reduces the occurrence of ‘dead-end’
candidates during therapeutic antibody discovery.

Various computational approaches have been devised to predict antibodies with similar
epitopes, and these methods are applicable to antibodies with both similar and dissimilar
sequences[25-28]. Nevertheless, their practical application is greatly restricted by limited accuracy
and the lack of consideration for epitope variability under physical conditions. Experimental
epitope binning (Fig. 1-1-4-1) utilizes pairwise competitive binding assays to assess whether the
paired query antibody (qAb) and reference antibody (rAb) target overlapping or different epitopes
on the same target antigen[24, 29]. This is accomplished through the detection of competitive
inhibition, wherein the binding of the qAbs to antigens is blocked by the presence of rAbs. There
are various competitive immunoassay formats, including classical sandwich, premix, or in-tandem
assays[24]. In a sandwich assay, the binding of a qAb to the antigen is tested after the antigen has
been initially captured by an rAb. In a premix assay, the antigen is mixed beforehand with the qAb
at a saturating concentration, and then the binding of the immobilized rAb to the qAb-antigen
complex is tested. In an in-tandem assay, the rAb and qAb are sequentially applied to an
immobilized antigen to test whether the rAb inhibits the binding of qAb to the antigen. These
competitive binding formats can be used in combination with the enzyme-linked immunosorbent
assay (ELISA)[30], biolayer interferometry (BLI), or surface plasmon resonance (SPR)[31-34].
The continuous progress in biosensor technology has contributed to cost reduction, enabling high-
throughput epitope binning using BLI or SPR as fundamental methods for epitope characterization
of early antibody candidates. High-throughput epitope binning can also be achieved by integrating
the competition strategy with the Luminex multiplex technique[35] or cellular barcoding
technique[36].

Although various methodologies are available and additional strategies are being proposed to
facilitate the effectiveness and simplicity of epitope binning, to the best of my knowledge, all

current approaches require the individual production and even purification of antibodies, thereby

15



limiting their utility for large-scale evaluations. Therefore, to evaluate the epitope similarities for
multiple antibodies more efficiently, it is necessary to develop an epitope binning approach that

eliminates the requirement for individually produced antibodies.
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Figure 1-1-4-1. Schematic representation of epitope binning. (a) Epitope binning analysis of
antibody candidates from early-stage screening using pairwise competitive binding assays. The
carton in the rounded rectangle shows three formats of competitive binding assays, including
sandwich assay where the qAb is tested for the binding to the antigen that is first captured by an
rAb, premix assay where the premixed solution of gAb and antigen is tested for the binding to the
mobilized rAb, and in-tandem assay where rAb and qAb are sequentially applied to the mobilized
antigen and the binding signal of qAD is tested. (b) Diagram of heatmap summarizing the epitope
binning results. (¢) Diagram of blocking network plot where chords represent the blocking
relationships, and the colored envelopes represent the bins. (d) Epitope bins representing antibody

groups targeting distinct epitopes of an antigen.
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1.2 Mammalian cell display

Mammalian cell display is an in vitro technique used to present protein molecules, such as
antibodies and peptides, on the surface of mammalian cells. This enables direct interactions
between the surface-displayed proteins and other exogenous molecules, making it a valuable tool
for studying protein-protein interactions. The surface display of the protein of interest has been
achieved by fusing the gene encoding the target to a transmembrane domain(TM) of a
transmembrane protein[37]. Various proteins, such as human platelet-derived growth factor
receptor[38], FasL[39], CD8 and CD28[40], and PD-L1[41], have been reported as suitable
sources of TM for display. Mammalian cell display systems can be divided into transient
expression systems, in which the introduced expression vector is transcribed as mRNA for rapid
and short-term expression, and stable expression systems, where the genes encoding the target
protein are integrated into the host cell genome, resulting in stable and long-lasting expression[42].

In comparison to other display techniques such as phage display, yeast display, and bacteria
display, the most attractive advantage of mammalian cell display is its ability to enable proper
post-translational modification and protein folding[43, 44], allowing the surface-displayed protein
to be presented in its native conformation. This favorable property makes mammalian cell display
a preferred expression tool for investigating transmembrane proteins with complex structures and
dynamic conformational changes, such as G protein-coupled receptor[45] and ion channel proteins.
It ensures that these proteins undergo proper folding and modification, providing a natural

environment conducive to exhibiting their physiological activity.

1.2.1 Mammalian cell display facilitates antibody development

Mammalian cell display has proven to be a versatile tool in antibody development, applicable
to both antibody discovery and antibody characterization. In the whole-cell panning approach, the
target antigen is displayed on mammalian cell surfaces and interacts with the phage- or yeast-
displayed antibody libraries to analyze antigen-antibody interactions and identify antigen-specific
antibodies[45, 46]. This approach avoids the need for purified proteins as targets, thereby enabling
the development of antibodies against complex membrane proteins with difficulty in recombinant
expression. Mammalian cells displaying the target antigen also serve as an antigen supplier for
determining antibody affinity, where the binding of soluble antibodies to the cell surface antigen

is quantified[47], promoting comprehensive antibody characterization. Additionally, mammalian
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cell display has found widespread applications in presenting antibody libraries for screening
against a variety of targets[48-50]. Moreover, because somatic hypermutation, the natural
mechanism of antibody maturation, can be introduced and reproduced within the mammalian cells
used for display, mammalian cell display can be applied for the selection of affinity-matured
antibodies[51].

The process of screening antibodies or antibody fragments (hereafter collectively referred to
as antibodies) using mammalian cell display (Fig. 1-2-1-1) generally begins with the generation of
an antibody DNA library that may derived from antigen-immunized animals, convalescent patients,
or computational design. The pooled gene fragments are then incorporated into a display vector
that contains a linker and a TM, with a reporter gene often incorporated for expression visualization.
In the construction of an antibody cell library, both transient and stable expression systems can be
adopted. The transient system is suitable for a single round of selection before recovering antibody
genes, whereas the stable system allows for multiple rounds of selection to enrich cells presenting
the antibodies of interest[37], facilitating the identification of low-abundance species. For
constructing cells that stably express the antibody library, a lentivirus library produced from the
plasmid DNA library is used to infect mammalian cells, leading to the expression of the antibody
library on cell surfaces. The cell library is then incubated with a labeled target protein, and when
combined with the fluorescence-activated cell sorting (FACS), cells displaying antibodies with
desired properties are isolated. After several rounds of selection, the isolated cells are subjected to
NGS analysis to reveal antibody sequences. Following recombinant expression and further

evaluation of selected candidates, the target-binding candidates can be identified.
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Figure 1-2-1-1. A general workflow for antibody screening via mammalian cell display. Antibody
genes sourced from immunized mice, convalescent patients, or computational design are cloned
into a display vector with a linker, a TM, and a reporter gene, generating a DNA library. This library
is then utilized to produce a virus library, which is subsequently transduced into mammalian cells
for the surface display. Then, several rounds of selection against the cell library using a labeled
antigen are performed, followed by DNA sequencing analysis of sorted cells. Finally, the evaluation
of top candidates leads to the identification of high-performance antibodies. Ab, antibody; L, linker
peptide; FACS, fluorescence-activated cell sorting.

1.2.2 Mammalian cell co-display of antigen and antibody

Taking advantage of mammalian cell display, co-expressing both the antigen and antibody on
the same mammalian cell allows the proper presentation of both molecules in their native
conformation and physiological activity. This approach mimics the conditions under which

antibodies naturally interact with antigens, which is beneficial for studying antibody-antigen
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interactions and identifying promising antibody candidates. Using mammalian cells that co-
express surface-displayed antigen and a secreted antibody library, Robertson, N. et al.
implemented a FACS-based Forster resonance energy transfer assay to isolate cells self-labeled by
secreted scFv and identify antigen-specific binders[52]. In addition, an affinity maturation
screening system involving the mammalian cells displaying an antigen/death-signaling receptor
chimera and a competing scFv and secreting an scFv library was designed, wherein the binding of
the competing scFv to the antigen triggered cell-death signaling and induced cell death[53]. A
secreted affinity-matured scFv mutant sharing the same epitope inhibits the binding of the
competing scFv to the antigen, thereby preventing cell death and allowing the selection of affinity-
matured epitope-specific antibodies. This example suggests the potential application of the
competitive binding context provided by the co-expression system in epitope-related studies.
However, these systems have a potential concern of ‘cross-labeling’, wherein cells may be labeled
by antibodies secreted from nearby cells, resulting in false positive clones. Although integrating
the antigen display/antibody secretion system with a droplet-based microfluidic technique ensures
the autocrine binding of antibodies[54, 55], the complexity and high cost of microfluidic systems
may pose barriers for many researchers.

See, K. et al. previously developed a screening system, monoclonal antibody-guided peptide
identification and engineering (MAGPIE) (Fig. 1-2-2-1), for identifying antigen-binding
peptides[41]. MAGPIE involves displaying both the target antigen and the peptide library on the
surface of mammalian cells, thus eliminating the concern of ‘cross-labeling’. In this system, both
the library design and screening for antigen-binding peptides are guided by a validated antigen-
binding antibody, called the guide antibody (gAb). The cell library is then incubated with the
labeled gAb, followed by isolating low signal fraction cells for NGS analysis to identify peptides
with high read count. Because the identification of candidate peptides binding to the antigen on
the cell surface relies on competitive binding with the gAb, it is expected that the epitope of the
identified antigen-binding peptides should be similar to that of the gAb, showing the potential of
MAGPIE for evaluating epitope similarity between cell surface-displayed peptide and the gAb.
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Figure 1-2-2-1. Overview of MAGPIE system. (a) Computational design of peptide library by
grafting binding residues from a validated antibody onto a scaffold protein to construct a peptide
library. (b) Generation of cells displaying both the target and the peptide library on their surface. (¢)
Isolation of cells with low gAb binding signal after incubation with labeled gAb. (d) Identification
of peptide candidates through NGS analysis. Cited from See, Kyra et al.[41] and modified in part.

1.3 Research purposes of this study

The considerable success of antibody drugs has attracted increasing attentions from researchers
and pharmaceutical companies dedicated to developing novel antibody drugs for addressing
various refractory diseases. However, the antibody drug discovery process is resource-intensive
and time-consuming, necessitating cost-effective, reliable, and efficient strategies to improve
productivity and reduce the number of dead-end candidates in the early stage. Epitope binning
provides investigators with general epitope information and preliminary insights into the
functionality information of antibody candidates in the early development. This process effectively
facilitates the elimination of ineffective hits targeting non-functional epitopes, mitigating the

allocation of resources towards antibodies with limited functional potential. However, as
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mentioned earlier, existing epitope binning methodologies require individually produced
antibodies for evaluation, often necessitating purification to ensure accuracy. Besides, each rAb-
gAb pair is typically tested separately. These limitations place a significant burden on antibody
preparation and analysis time, especially during large-scale evaluations.

To address these shortages, I aim to develop an epitope binning platform that eliminates the
need for individual antibody production and enables simultaneous evaluation of multiple
antibodies in a single-tube assay. MAGPIE identified target-binding peptides based on the
competitive binding between the displayed peptides and exogenous gAb, which is a consistent
concept for experimental epitope binning. However, epitope similarities between the identified
peptides and gAb have not been verified. This has inspired me to investigate whether the
antigen/antibody co-displaying system can be used to assess epitope similarity and developed as a
tool for parallel epitope binning for multiple antibody pairs. Through this study, I hope to propose
a facile and efficient methodology for epitope characterization, which can be hopefully applied to

the practical identification of therapeutic antibody drugs.
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CHAPTER 2
Establishment of an antigen/antibody co-displaying

system for epitope similarity evaluation
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2.1 Overview

In this chapter, I attempted to extend MAGPIE as a platform for epitope similarity evaluation
and investigated the feasibility of this system for this new utility. The peptide library in MAGPIE
was replaced with qAbs, and the gAb was repurposed to serve as an rAb. As a proof of concept,
the human epidermal growth factor receptor 2 (HER2) was utilized as the model antigen, and two
well-studied anti-HER2 monoclonal antibodies, pertuzumab and trastuzumab, were selected as
rAbs. To comprehensively assess the ability of this system for epitope similarity evaluation, the
included qAbs either targeted the same or different epitopes as the rAb or did not bind to HER?2 at
all. Mammalian cells displaying both HER2 and qAbs were constructed through lentiviral
transduction and flow cytometry (FCM) analysis using a fluorescently labeled rAb revealed the
specific binding inhibition of the rAb by the surface-displayed qAb with the same epitope rather
than those with different epitope or non-binding qAb. This inhibition was evidenced by the
presence of a population of cells that did not bind with the rAb. Furthermore, when dual different
rAbs were used simultaneously, epitope similarity evaluation could also be achieved, even in
situations where several rAb-qAb pairs co-existed. Overall, the findings in this chapter
demonstrate the applicability of this system for evaluating epitope similarity between qAbs and

rAbs.

2.2 Introduction

2.2.1 HER2 as a biomarker for cancers

HER?2, also known as ErBb2, is a transmembrane receptor tyrosine kinase and a member of the
human epidermal growth factor receptor (HER) family, alongside HER1, HER3, and HER4. HER
family members share a similar structure (Fig. 2-2-1-1a), all consisting of an extracellular domain
(ECD), a single transmembrane segment, and a cytoplasmic domain containing tyrosine kinase
region and carboxy-terminal tail. The ECD is subdivided into four segments: ECD I, ECD II, ECD
III, and ECD IV, with the dimerization arm located at the ECD II and the ligand binding domains
situated at ECD I and ECD III. In contrast to other HER members, HER2 exhibited some unique
features. HER receptors are usually activated through ligand engagement with the ligand-binding
domain, followed by the conformation change in the ECD and subsequent homo- or

heterodimerization among HER family members. However, the activation of HER2 is ligand-
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independent, and there is no known ligand for HER2. In addition, unlike other HER members,
whose dimerization arms are hidden through the intramolecular interaction between ECD II and
ECD IV in an inactivated state[56, 57], HER2 maintains a constitutively activated status, with its
dimerization arms remaining exposed[58]. These unique properties of HER2 enable it to be a
preferred dimerization partner for other members. The receptor dimerization brings the
intracellular domain of each member into proximity and induces the phosphorylation of the
cytoplasmic domain, leading to the recruitment of downstream effector proteins and triggering the

relevant signaling pathways, such as the phosphatidylinositol 3'-kinase (PI3K)-protein kinase B

(AKT) pathway and extracellular signal-regulated kinase/mitogen-activated protein kinase
(ERK/MAPK) pathway (Fig. 2-2-1-1b). As a result, the transcription of genes involved in cell
survival, cell-cycle progression, and cell proliferation is activated, which drives tumorigenesis.

It has been reported that heterodimers containing HER2 elicit stronger signal potency, with the
HER2-HER3 heterodimer exhibiting the most potent activation strength of the signaling pathway,
particularly the PI3K/AKT pathway[59]. As a potent driver of signal pathways that result in the
activation of a variety of genes promoting cell proliferation and differentiation, HER2 plays a
positive role in tumorigenesis. As reported, HER2 gene amplification and HER2 overexpression
are frequently observed in various cancers, such as breast cancer[60], gastric cancer[61],
esophageal cancer[62], ovarian cancer[63], and endometrial cancer[64], and are associated with
poor diagnosis. Therefore, HER2 serves as a biomarker and target molecule for cancer diagnosis

and treatment.
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Figure 2-2-1-1. Schematic diagram of HER family structure and signaling pathways. (a) Overall
structure of HER family members. A HER molecule comprises an extracellular domain (ECD), a
transmembrane domain (TM), and an intracellular domain (ICD). The ECD consists of four
subdomains numbered ECD I, II, 111, and IV, with the dimerization arm located at ECD II and the
ligand binding domains located at ECD I and III. HER?2 (i) exists in a constitutively activated state,
featuring the exposed dimerization arm, while other members (ii) remain in an inactive state, with
the hidden dimerization arm formed by the interaction of ECD II and I'V. Ligand binding triggers
receptor activation, leading to the conformation rearrangement of ECDs and the exposure of the
dimerization arm within ECD II (iii). The interaction between the dimerization arms within two
active receptors brings the ICDs close and results in the phosphorylation of the C-terminal tail (iv).

Scheme adapted from Wieduwilt, M. J. et al.,2008.[65]. (b) Major signaling pathways triggered by

26



HER receptors heterodimerization. The dimerization of HER receptors initiates various signaling
pathways. The PI3K and MAPK are the two major pathways that play a pivotal role in activating
genes that promote cell survival, cell-cycle progression, and cell proliferation, consequently
contributing to tumorigenesis. PI3K, phosphatidyl inositol 3-kinase; MAPK, mitogen-activated

protein kinase.

2.2.2 Anti-HER? antibodies

HER2-targeted therapy offers a promising approach for the treatment of HER2-positive cancers.
Anti-HER2 therapeutic reagents can be broadly classified into small molecule tyrosine kinase
inhibitors (such as laptinib, neratinib, and afatinib) and monoclonal antibody drugs (such as
trastuzumab, pertuzumab, and antibody-drug conjugate ado-trastuzumab emtansine)[59].
Generally, monoclonal antibodies exhibit higher specificity to the target compared to small
molecule inhibitors.

Trastuzumab is a humanized IgG1 antibody against the ECD IV of HER2[66, 67] (Fig. 2-2-2-
1) with a moderate affinity with an equilibrium dissociation constant (Kp) of approximately 5
nM[10]. It is approved by the US Food and Drug Administration for the treatment of HER2-
positive breast, gastroesophageal, and gastric cancers. Although numerous studies have been
carried out to investigate how trastuzumab exerts its anti-tumor effects, the exact and detailed
MOA remains controversial and requires further elucidation. There are multiple proposed
molecular mechanisms for trastuzumab[68, 69], including inhibition of ligand-independent HER2-
HER3 heterodimerization[70], suppression of HER3 phosphorylation, induction of the HER2
endocytosis and degradation[71], inhibition of the PI3K/AKT signaling pathway[72], activation
of ADCC process[73], and so on.

Pertuzumab is a recombinant humanized IgG1 antibody targeting the ECD II of HER2[67, 74]
(Fig. 2-2-2-1) with a Kp of approximately 1.8 nM[75]. It is approved for HER2-positive metastatic
breast cancer in combination with other antitumor agents. Pertuzumab is a dimerization inhibitor
that targets the dimerization arm of HER2[76], preventing the ligand-dependent
heterodimerization of HER2 with other HER receptors and blocking ligand-stimulated signaling
via the MAPK and PI3K pathways[77]. Additionally, pertuzumab mediates the ADCC to exert its
therapeutic effect[78].
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Figure 2-2-2-1. Binding structure model of pertuzumab and trastuzumab to the ECD of HER2.
Pertuzumab binds to the extracellular domain (ECD) II, while trastuzumab binds to ECD IV of
HER2. The model was created using data from PDB entries IN8Z and 1S78.

2.2.3 Research purpose of this chapter

In this chapter, the objective was to investigate the feasibility of the antigen/antibody co-display
system for epitope similarity evaluation by using HER2 and two anti-HER2 monoclonal antibodies
as model antigen and rAbs, respectively. I aimed to explore the feasibility of evaluating epitope
similarity between the surface-displayed qAb and rAb under conditions involving either a single

rAb or dual rAbs.

2.3 Material and methods

2.3.1 Molecular dynamics (MD) simulations

All MD simulations were conducted utilizing the AMBER 16 program package[79] on
TSUBAME (Global Scientific Information and Computing Center at Tokyo Institute of
Technology) as previously described[41]. The AMBER {f14SB force field was applied for proteins,
while the TIP3P model was employed for water molecules. The initial coordinates of the
pertuzumab Fab-HER2 and trastuzumab Fab-HER2 complexes were retrieved from PDB
accession codes 1S78 and IN8Z, respectively. To calculate binding free energy, the systems were
fully solvated with explicit solvent, and two Na+ counterions were introduced to maintain
electrostatic neutrality. The systems were optimized through energy minimization and equilibrated
with backbone restraints. A 100 ns production run was then performed, of which the final 10 ns
was utilized by the molecular mechanics/generalized Born surface area (MM/GBSA) module to

calculate the binding free energy.
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2.3.2 Plasmid construction

All recombinant DNA experiments were conducted with the approval of the Recombinant
DNA Experimental Safety Management Committee of Tokyo Institute of Technology (no.
12021017).

To express HER2, a cDNA encoding human HER2, a T2A self-cleaving peptide
(EGRGSLLTCGDVEENPGP), and mCherry was inserted into the multiple cloning site of the
CSII-CMV-MCS plasmid (RIKEN Bio-Resource Center, Ibaraki, Japan), resulting in the plasmid
pCSII/HER2-mCherry.

To display scFv on cell surfaces, the DNA fragment of scFv(Dac) in the previously constructed
plasmid pCSII/scFv-sfGFP[41] was replaced with scFv(Per) or scFv(Tra). The resultant plasmids
expressed the superfolder green fluorescent protein (sfGFP) together with scFv-fused proteins. To
express a blue fluorescent protein (BFP) together with scFv-fused proteins, the DNA fragment of
sfGFP in the pCSIl/scFv-sfGFP was replaced with that of BFP through Gibson Assembly using a
Gibson Assembly Master Mix kit (New England Biolab, Ipswich, Massachusetts, USA), resulting
in the construction of pCSIl/scFv-BFP plasmids.

2.3.3 Cell culture

The human chronic myelogenous leukemia cell line K562 and a subclone of the human
embryonic kidney HEK293 cell line Lenti-X 293T were purchased from JCRB Cell Bank (Osaka,
Japan), and Clontech (Mountain View, CA, USA), respectively. The KS562/HER2,
K562/HER2/scFv, and K562/HER2/scFvB cell lines were established through lentiviral
transduction of K562 and K562/HER2 cells with the plasmids pCSII/HER2-mCherry, pCSII/scFv-
sfGFP, and pCSII/scFv-BFP, respectively.

K562, K562/HER2, K562/HER2/scFv, and K562/HER2/scFvE cells, as well as Lenti-X 293T
cells, were cultured in 10% FBS-RPMI-1640 (Invitrogen, Waltham, MA, USA) and 10% FBS-
DMEM (Nacalai Tesque, Kyoto, Japan), respectively. All media were supplemented with penicillin
(100 U/mL) and streptomycin (100 pg/mL) (Nacalai Tesque). Cells were maintained in a 37°C
incubator with 5% CO; and subject to regular checks for mycoplasma contamination using a

mycoplasma test kit (Lonza, Basel, Switzerland).

2.3.4 Lentivirus production and transduction
For lentivirus production, plasmid pCSII/HER2-mCherry, pCSIl/scFv-sfGFP, or pCSII/scFv-
BFP was mixed with Lentiviral High Titer Packaging Mix (Takara Bio, Shiga, Japan) and
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transfected into Lenti-X 293T cells using Lipofectamine LTX (Invitrogen). After 24 h of
incubation, the medium was replaced with 10% FBS-DMEM containing 10 uM forskolin (Fujifilm
Wako Pure Chemical, Osaka, Japan). At 48 h post-transfection, the lentiviruses in the medium
were collected and concentrated using a Lenti-X Concentrator (Clontech) in accordance with the
manufacturer’s instructions.

To express HER2 and scFv on the cell surfaces, K562 cells were transduced with lentiviruses
carrying genes from pCSII/HER2-mCherry, resulting in K562/HER2 cells. Subsequently,
K562/HER2 cells were transduced with lentiviruses carrying genes from pCSIl/scFv-stGFP, or
pCSII/scFv-BFP, resulting in K562/HER2/scFv, or KS562/HER2/scFv® cells. Lentiviral
transduction was performed using a modified spinoculation protocol[80, 81] at a multiplicity of
infection (MOI) of 0.3 to maximize the cell population with a single copy integration of the target
gene into the genome. Specifically, the cells were mixed with the lentivirus and 8 pg/mL polybrene
(Nacalai Tesque) in 1 mL of culture medium, followed by centrifugation at 800 xg for 90 min at
room temperature. The resulting cell pellet was resuspended in fresh medium and transferred to a
culture dish. After incubation for 48 h, the transduction efficiency was confirmed by observing the
cells under a confocal microscope Zeiss LSM780 (Zeiss, Jena, Germany) with the appropriate
filters (Ex/Em = 545 + 25 nm/605 + 70 nm for mCherry, Ex/Em = 470 + 40 nm/520 + 50 nm for
sfGFP, and Ex/Em = 365 nm/445 + 50 nm for BFP).

2.3.5 rAb labeling

To prepare rAbs conjugated with fluorescent dyes, pertuzumab (MedChemExpress, Monmouth
Junction, NJ, USA), and trastuzumab (Chugai pharmaceutical, Tokyo, Japan) were labeled using
the Alexa Fluor 647(AF647) Kit or Alexa Fluor 488 (AF488) Antibody Labeling Kit (Invitrogen)
according to the manufacturer’s instruction. Specifically, 100 pg of each antibody (1 mg/mL in
PBS) was mixed with a one-tenth volume of freshly dissolved 1 M sodium bicarbonate buffer,
followed by incubating the antibody solution with the provided reactive dye for 1 h at room
temperature with gentle inversion on a rotator. The reaction mixture was then purified using
purification resins and a column to remove free dye. The absorbance of the labeled antibody was
measured using a NanoDrop 2000c spectrophotometer (Thermo Fisher Scientific, Waltham,
Massachusetts, USA) in the UV-Vis mode, and the concentration was calculated using the
following formula:

Protein concentration (M) = [A280 — (A650 x 0.03)] x dilution factor/203,000
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where 203,000 is the molar extinction coefficient (¢) in cm™'M! of a typical I1gG at 280 nm,

and 0.03 is a correction factor for the fluorophore’s contribution to the absorbance at 280 nm.

2.3.6. FCM analyses

To confirm the cell surface localization of HER2 and scFv-fused proteins, 2x10° K562,
K562/HER2, and K562/HER2/scFv cells were incubated with AF488-conjugated anti-human
HER?2 antibody (clone 24D2, 1:100; BioLegend, San Diego, CA, USA) and AF647-conjugated
anti-His tag antibody (0.5 pg/mL; MBL Life Science, Tokyo, Japan), respectively, for 1 h at 4°C
prior to FCM analysis.

To evaluate epitope similarity, 2x10° K562/HER2/scFv cells were incubated with 1 nM of
AF647-labeled pertuzumab (Pert-AF647) and AF647-labeled trastuzumab (Tras-AF647) for 1 h at
4°C prior to FCM analysis using an iCyt ec800 flow cytometer (Sony Biotechnology, Tokyo,
Japan). To investigate the feasibility of combinational use of two different rAbs, 2x10°
K562/HER2, K562/HER2/scFvB, and cell mixtures consisting of indicated K562/HER2/scFv®
cells were incubated with rAb solution containing 1 nM Pert-AF647 and AF488-labeled
trastuzumab (Tras-AF488) for 1 h at 4°C prior to FCM analysis using a FACSCanto II (BD
Biosciences, Franklin Lakes, NJ, USA).

In all FCM experiments, antibody dilution as well as cell washing were performed using FACS
buffer (PBS containing 3% FBS). Data acquisition was carried out using an iCyt ec800 flow
cytometer (Sony Biotechnology) unless otherwise stated, and the flow cytometric data were
analyzed using FlowJo software ver.10.8.1 (FlowJo, LLC, Ashland, OR, USA).

2.3.7 Statistics analysis

All experimental data were obtained from three independent experiments and are expressed
as the mean = SEM. Statistical analysis was performed using GraphPad Prism 10 (GraphPad
Software, Boston, MA, USA). P-values were determined using Tukey’s multiple comparisons test
or two-side unpaired Student’s t-tests, as specified in the figure legends. P < 0.05 was considered

statistically significant.

2.4 Results

2.4.1 Strategy for epitope similarity evaluation

To develop an effective epitope binning methodology independent of antibody production and
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purification, I repurposed MAGPIE as a system for epitope similarity evaluation. In this approach,
a qAb is displayed in a scFv format on antigen-expressing cells through gene transduction (Fig. 2-
4-1-1a), which enables direct interaction between the qAb and the antigen on the cell surface. A
fluorescently labeled and antigen-specific antibody was employed as an rAb to specify a target
epitope on the antigen and guide the determination of epitope similarity with qAbs during FCM
analysis. When the rAb is incubated with the cells displaying a qAb sharing a similar epitope with
the rAb, the binding of the rAb to the antigen is blocked, as the qAb has already preoccupied and
masked the shared epitope. Consequently, the cells would manifest as an rAb-non-binding
population [rAb(-)] (Fig. 2-4-1-1b). On the contrary, if the qAb binds to a different epitope than
that of the rAb, it allows the epitope to remain accessible for rAb binding, resulting in an rAb-

binding cell population [rAb(+)] (Fig. 2-4-1-1c¢).
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Figure 2-4-1-1. Schematic overview of the epitope similarity evaluation system. (a) Cell surface
display of the query antibody (qAb) through gene transduction. The cDNA encoding a single chain
variable fragment (scFv) of the antibody to be tested is transduced into the antigen-expressing cells
and presented on cell surface as gAb. (b) Evaluation of qAb sharing the similar epitope with the
fluorescently labeled reference antibody (rAb). Because the target epitope on the antigen is masked
by the qAb, the rAb is unable to bind to the antigen, and an rAb-non-binding [rAb(-)] cell population
is detected in FCM analysis. Forward scatter, FS. (¢) Evaluation of qAbs with an epitope distinct
from that of the rAb. The rAb binds to the target epitope, leading to the detection of an rAb-binding
[rAb(+)] cell population in FCM analysis.

2.4.2 Construction of a system for epitope similarity evaluation

To demonstrate the feasibility of the antigen/antibody co-display system for epitope similarity

evaluation, a model evaluation system was established using HER2 as the model antigen and
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HER2-specific monoclonal antibodies pertuzumab and trastuzumab as rAbs. The binding free
energy calculation through MD simulation revealed residues that comprised the pertuzumab- and
trastuzumab-binding epitopes on HER2 (Fig. 2-4-2-1a). Residues with a predicted binding free
energy value of <-1.5 kcal/mol were considered as binding residues and visualized on the surface
of HER2 (Fig. 2-4-2-1b). These residues displayed a non-linear distribution, suggesting that

pertuzumab and trastuzumab bind to distinct conformational epitopes on HER2.
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Figure 2-4-2-1. Identification of antibody-binding residues on HER2. (a) Determination of residues
binding to pertuzumab and trastuzumab on HER2. The calculated binding free energy of each

residue on HER?2 to pertuzumab and trastuzumab is presented as the mean = SEM. n = 3. Residues
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with binding free energy values of < -1.5 kcal/mol, presented by orange and blue bars, are
considered as epitope-constituting residues for pertuzumab and trastuzumab, respectively. (b)
Visualization of amino acids comprising the conformational epitopes on HER2 for pertuzumab and

trastuzumab. Antibody-binding residues are shown.

The system construction started with the establishment of antigen-expressing K562 cells
(K562/HER2). A c¢cDNA encoding HER2-T2A-mCherry (Fig. 2-4-2-2a, upper panel) was
introduced into K562 cells through lentiviral transduction to allow for the cell surface display of
the target antigen HER2 and the intracellular expression of a red fluorescent protein mCherry,
which is achieved through the function of a self-cleaving T2A peptide. FCM analysis of the
resultant K562/HER?2 cells using an anti-HER?2 antibody demonstrated a proportional correlation
between the cell-surface expression of HER2 and the intracellular expression of mCherry (Fig. 2-
4-2-2b, left). The scFvs derived from pertuzumab, trastuzumab, and a CD25-targeting monoclonal
antibody daclizumab, designated scFv(Per), scFv(Tra), and scFv(Dac), respectively, were designed
as qAbs (Fig. 2-4-2-2¢). The cDNAs allowing the presentation of each scFv on the cell surface as
a His-tagged qAb, along with an intracellular sfGFP[41], were constructed (Fig. 2-4-2-2a, lower
panel). Following lentiviral transduction of the individual cDNAs into the K562/HER2 cell line,
cells displaying each qAb, namely K562/HER2/scFv(Per), K562/HER2/scFv(Tra), and
K562/HER2/scFv(Dac) were successfully established, with the expression visualized through
fluorescence observation (Fig. 2-4-2-2d). The surface expression of qAbs was further confirmed
using AF647-conjugated anti-His tag antibody, and the amount of cell-surface qAb was found to
be proportionally correlated with the expression of sftGFP in the established cell lines (Fig. 2-4-2-
2b, right).
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Figure 2-4-2-2. Validation of the protein expression of the evaluation system. (a) Schematic
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representation of cDNA constructs in plasmids pCSII/HER2-mCherry (Upper panel) and
pCSIl/scFv-sfGFP (lower panel) for HER2 expression and surface display of scFv, respectively. ss,
secretion signal peptide; H6, His6 tag peptide; L, linker peptide; TM, transmembrane domain. (b)
Establishment of cell lines displaying qAbs on HER2-expressing cells. (Left) Expression of HER2
on K562/HER?2 cells, validated by incubation with AF488-conjugated anti-HER2 antibody (HER2
Ab-AF488) and FCM analysis. (Right) Surface expression of qAbs on K562/HER2/scFv(Dac),
K562/HER2/scFv(Per), and K562/scFv(Tra) cells, validated by incubation with AF647-conjugated
anti-His tag antibody (HisTag Ab-AF647) and FCM analysis. (¢) Structural diagram and the
sequences of pertuzumab scFv [scFv(Per)], trastuzumab scFv [scFv(Tra)], daclizumab scFv
[scFv(Dac)], and nivolumab scFv [scFv(Niv)]. The sequence of the heavy chain variable domain
(VH) and light chain variable domain (VL) are highlighted in thick and thin colors, respectively.
The linker sequence is highlighted in grey. Residues highlighted in yellow within scFv(Per) and
scFv(Tra) denote positions for alanine substitution to generate mutant scFv(Per) and mutant
scFv(Tra), respectively. (d) Expression of mCherry and sfGFP in K562/HER2/scFv(Per),
K562/HER2/scFv(Tra), K562/HER2/scFv(Dac), and K562/HER2/scFv(Niv) cells. Scale bar = 50

pum.

2.4.3 Proof of concept validation for established system on epitope evaluation

To verify the capability of the system constructed in this study to evaluate epitope similarity,
the three established cell lines were incubated with each of the two rAbs, AF647-labeled
pertuzumab (Pert-AF647) and AF647-1abeled trastuzumab (Tras-AF647). Upon treatment with the
rAb Pert-AF647, K562/HER2/scFv(Per) showed an evident rAb(-) population, in contrast to
K562/HER2/scFv(Dac) and K562/HER2/scFv(Tra) (Fig. 2-4-3-1a). This distinction arises because
the cell surface expression of scFv(Per) effectively masked the epitope for Pert-AF647 on HER2,
whereas the latter cells respectively express a qAb that either does not bind or binds to a distinct
epitope as that of the rAb, Similarly, when treated these three cell lines with Tras-AF647 as rAb,
the noticeable rAb(-) cell population was exclusively detected in K562/HER2/scFv(Tra) cells (Fig.
2-4-3-1b). These findings unequivocally validate that the system worked as intended and offer

robust evidence of its effectiveness in evaluating epitope similarity.
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Figure 2-4-3-1. Validation of the feasibility for epitope similarity evaluation. (a) Assessment of
epitope similarity between qAb and Pert-AF647. (Upper panel) K562/HER2/scFv(Dac),
K562/HER2/scFv(Per), and K562/scFv(Tra) cells were incubated with 1 nM Pert-AF647 before
FCM analysis. Representative contour plots are shown. (Lower panel) Percentage of Pert-AF647-
non-binding cells calculated using FCM plots from three independent experiments is shown as the
mean = SEM. **p < 0.0001. ns, not significant (Tukey’s multiple comparisons test). n = 3. (b)
Evaluation of epitope similarity between qAb and Tras-AF647. (Upper panel)
K562/HER2/scFv(Dac), K562/HER2/scFv(Per), and K562/scFv(Tra) cells were incubated with 1
nM Tras-AF647 prior to FCM analysis. Representative contour plots are shown. (Lower panel)
Percentage of Tras-AF647-non-binding cells calculated using FCM plots from three independent
experiments is shown as the mean = SEM. **p < 0.0001. ns, not significant (Tukey’s multiple

comparisons test). n = 3.

2.4.4 Simultaneous evaluation of epitope similarity using two distinct rAbs

Having confirmed the effectiveness of the constructed system in evaluating epitope similarity
of a single rAb-qAb pair using both rAbs Pert-AF647 and Tras-AF647, I explored its functionality
to simultaneously evaluate four rAb-qAb pairs using dual rAbs with different epitopes. To verify
the feasibility of simultaneous evaluation, pertuzumab and trastuzumab were labeled with AF647

and AF488, respectively, resulting in two rAbs, Pert-AF647 and Tras-AF488. To avoid the
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excitation/emission spectral overlap between AF488 and sfGFP, the qAb cDNA was reconstructed
to co-express with BFP (Fig. 2-4-4-1a). Following lentiviral transduction of the cDNAs into
K562/HER2 cells, the resulting KS562/HER2/scFv(Per)®, K562/HER2/scFv(Tra)®, and
K562/HER2/scFv(Dac)® cells showed the co-expression of mCherry and BFP (Fig. 2-4-4-1b).
The established K562/HER2/scFvE cells were then simultaneously incubated with two
different rAbs, Pert-AF647 and Tras-AF488, and subjected to FCM analysis. Both Pert-AF647 and
Tras-AF488 bound to K562/HER2 and K562/HER2/scFv(Dac)®? cells, with a linear correlation
between the binding amount of each rAb (Fig. 2-4-4-1c). This observation confirmed that each
rAb bound independently to HER2 without mutual interference when used simultaneously.
Additionally, a Pert-AF647-non-binding/Tras-AF488-binding cell population was observed in
K562/HER2/scFv(Per)® cells, while a Pert-AF647-binding/Tras-AF488-non-binding cell
population was detected in K562/HER2/scFv(Tra)® cells (Fig. 2-4-4-1c¢). Furthermore, to validate
whether the utilization of two rAb allow to simultaneously evaluate multiple rAb-qAb pairs with
distinct epitopes, cells displaying different qAbs were combined pairwise in a 1:1 ratio. Upon
incubation with both rAbs, the presence of cells expressing scFv(Per) or scFv(Tra) with the same
epitope as either Pert-AF647 or Tras-AF488 led to the observation of the corresponding
populations of cells that showed no binding to Pert-AF647 or Tras-AF488 (Fig. 2-4-4-1d). These
results suggested that using two distinct rAbs enables the simultaneous evaluation of multiple rAb-

gAb pairs with distinct epitopes in a single experiment.
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Figure 2-4-4-1. Simultaneous evaluation of multiple rAb-qAb pairs. (a) Schematic representation
of the cDNA constructs in plasmids pCSI/HER2-mCherry (upper panel) and pCSIl/scFv-BFP
(lower panel) for HER2 expression and surface display of scFv, respectively. ss, secretion signal
peptide; H6, His6 tag peptide; L, linker peptide; TM, transmembrane domain. (b) Expression of
BFP K562/HER2/scFv(Dac)®,  K562/HER2/scFv(Per)®,
K562/HER2/scFv(Tra)® cells. Scale bar = 50 um. (c¢) Evaluation of epitope similarity between qAb
and two rAbs. K562/HER2/scFv(Dac)®, K562/HER2/scFv(Per)®, and K562/HER2/scFv(Tra)® cells
were treated with both 1 nM Pert-AF647 and 1 nM Tras-AF488 prior to FCM analysis.
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Representative contour plots are shown. (d) Evaluation of epitope similarity between two qAbs and
two rAbs. K562/HER2/scFv(Dac)®, K562/HER2/scFv(Per)®, and K562/HER2/scFv(Tra)® cells
were mixed pairwise in a 1:1 ratio and treated with both 1 nM Pert-AF647 and 1 nM Tras-AF488

prior to FCM analysis. Representative contour plots are shown.

2.5 Discussion

Competitive binding assays are typical approaches used to determine whether a pair of
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antibodies binds to overlapping or distinct epitopes on the same target. By combining the co-
presentation of both the qAb and the target antigen on the surface of mammalian cells with the use
of exogenous rAb, a context for cell surface-based competitive binding detection was successfully
established. The surface-displayed qAb specifically blocks the binding of the rAb sharing the same
epitope, enabling the determination of the epitope similarity between qAb and rAb. The established
system exhibits high specificity in indicating the epitope similarity between the qAb and rAb, as
evidenced by the presence of the rAb(-) cell population only when the displayed qAb shares the
same epitope with the rAb (Fig. 2-4-3-1). Thus, the rAb(-) population serves as an indication that
gAb and rAb target a similar epitope. The findings in this chapter demonstrate the novel utility of
the antigen/antibody co-display system in epitope characterization, extending beyond its
conventional application in screening target-binding antibodies/peptides.

Furthermore, through the simultaneous utilization of two different rAbs, this platform could
assess epitope similarities for at least four different rAb-qAb pairs, highlighting its capacity to
simultaneously evaluate epitopes for a larger number of qAbs using various rAbs. Integration of
the described approach in this study with multicolor FCM, wherein rAbs are distinguished by
distinct fluorophores, could facilitate the analysis of multiple epitope groups in a single experiment.
Such a multiplexed epitope binning approach would significantly expand the pool of antibody
candidates targeting distinct epitopes on the same antigen and provide a greater variety of epitope
combinations for the development of engineered antibody therapeutics, such as bispecific

biologics with two antigen-binding arms for targeting distinct epitopes[82, 83].
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CHAPTER 3
Characterization of the epitope evaluation system to

unveil the factors influencing sensitivity
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3.1 Overview

The interactions between antigens and antibodies are influenced by numerous external factors.
In this chapter, I delved into several critical factors that impact the sensitivity of epitope similarity
evaluation, including the concentrations of rAb, the relative abundance of antigen and qAb, as well
as the affinity of qAb. To investigate the effect of rAb concentrations, cells co-expressing antigen
and qAb were incubated with varying concentrations of rAb, revealing that the sensitivity
decreased with increasing rAb concentration beyond a certain concentration threshold. Next, the
effect of the relative levels between qAb and antigen was investigated from two aspects. Firstly,
by estimating qAb and antigen expression in rAb(-) and rAb(+) populations within the same
qAb/antigen-expressing cell line, I found higher qAb but lower antigen expression in rAb(-)
compared with rAb(+) populations. Secondly, using cell lines with different levels of antigen
expression, I analyzed the percentage of rAb(-) population and found that higher sensitivity could
be achieved using cells with a higher qAb/antigen ratio. Furthermore, for investigating the effect
of affinity of qAbs, gAbs with varying affinities to the target HER2 but targeting the similar epitope
were generated and displayed on HER2-expressing cells. I found that the established system was
able to evaluate epitope similarities for qAbs with varying affinities, and the sensitivity for
evaluating high-affinity qAbs was less susceptible to the elevation of rAb concentration compared

to low-affinity qAbs.

3.2 Introduction

3.2.1 Factors governing the antigen-antibody interactions
Antigen-antibody interactions are reversible processes characterized by dynamic association

and dissociation, expressed as: antigen + antibody = antigen-antibody complex. In the initial

stages, the reaction predominantly proceeds in the forward direction to form the antigen-antibody
complex, while the reverse rate progressively increases over time until the reaction reaches
equilibrium, where the forward and revere rates are equal[84]. The process is influenced by various
factors, such as temperature, pH, and ionic strength, which can impact the equilibrium constant.
Besides, according to the law of mass action: [antigen-antibody]/([antigen] x[antibody]) = ki/ks =
K.y, where the k, represents the association rate constant, ks represents the dissociation rate

constant, K., represents the equilibrium constant. The concentration of antigen and antibody, along
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with their binding affinity, critically determines the rate and extent of the reaction. A higher
concentration of antigen or antibody generally leads to a faster and more pronounced formation of
antigen-antibody complex. In terms of affinity, the parameter indicating binding strength in
antibody-antigen interactions, higher-affinity antibodies bind to antigens more efficiently and form
more stable complexes compared to antibodies with lower affinity. As reported, low-affinity
antibodies exhibited greater sensitivity to alterations in antibody concentration[84].

In the context of competitive binding experiments, where two distinct antibody molecules
compete for the same binding site in a mutually exclusive manner, the aforementioned factors also
affect the reaction dynamics, ultimately determining the predominant formation of a certain

antibody-antigen complex.

3.2.2 Antibodies with similar sequences behave similarly

The sequence-structure-function paradigm posits that the primary structure of a protein,
represented by the amino acid sequence, governs its three-dimensional structure, thereby
determining its functional properties[85, 86]. This notion suggests that proteins with similar
sequences tend to have similar structures and functions of proteins. It is widely acknowledged that
antibodies sharing significant sequence similarity, particularly in regions responsible for antigen
binding, are likely to target similar epitopes and exhibit functional similarity[26, 27]. This concept
facilitates many immunological studies and biomedical research. For example, understanding the
relationship between antibody sequence similarity and epitope specificity contributes to the
development of vaccines with broad protective immune responses, because sequence-similar
antibodies facilitate the identification of conserved epitopes on pathogens owing to their binding
epitope similarities. Incorporating identified conserved epitopes into subunit vaccines can enhance
vaccine efficacy against pathogen variants[87]. Additionally, antibodies sharing similar sequences
are promising candidates to be engineered as novel therapeutic antibodies with enhanced
properties, for instance, substituting critical residues of these antibodies to adjust the binding

affinity without altering the binding epitopes of the engineered antibodies.

3.2.3 Research purpose of this chapter
To maximize the performance of the established epitope similarity evaluation system in future

practical applications, the objective of this chapter is to explore factors that impact its evaluation
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sensitivity. I aimed to investigate the impact of various factors influencing the antibody-antigen
interactions and competitive binding assays on this evaluation system, including the concentration

of rAb, the relative abundance of qAb and antigen, as well as the affinity of qAbs.

3.3 Material and methods

3.3.1 MD simulation

All MD simulations were conducted utilizing the AMBER 16 program package[79] on
TSUBAME (Global Scientific Information and Computing Center at Tokyo Institute of
Technology) as previously described[41]. The AMBER {f14SB force field was applied for proteins,
while the TIP3P model was employed for water molecules. The initial coordinates of the
pertuzumab Fab-HER2 and trastuzumab Fab-HER2 complexes were retrieved from PDB
accession codes 1S78 and IN8Z, respectively. To calculate binding free energy, the systems were
fully solvated with explicit solvent, and two Na+ counterions were introduced to maintain
electrostatic neutrality. The systems were optimized through energy minimization and equilibrated
with backbone restraints. A 100 ns production run was then performed, of which the final 10 ns
was utilized by the molecular mechanics/generalized Born surface area (MM/GBSA) module to

calculate the binding free energy.

3.3.2 Plasmid construction

All recombinant DNA experiments were conducted with the approval of the Recombinant
DNA Experimental Safety Management Committee of Tokyo Institute of Technology (no.
12021017).

To enable the extracellular secretion of scFvs, a ¢cDNA encoding a fusion protein was
constructed. The fusion protein consists of the PD-L1 secretion signal (amino acids 1-18, UniProt
QI9NZQ7), the scFv, a single chain fragment of two human IgG1 Fc domains (scFc) (amino acids
104-330, UniProt P01857), a His6 tag peptide, a T2A peptide, and sfGFP. Subsequently, this
construct was inserted into the multiple cloning site of the CSII-CMV-MCS plasmid. The resulting
plasmid was designated pCSIl/scFv-scFc-H6.

To display scFv variants on cell surfaces, the DNA fragment of scFv(Dac) in the previously
constructed plasmid pCSIl/scFv-stGFP[41] was substituted with that of other scFv(Per) mutants
carrying N52A, P53A, G54A, S55A, G56A mutation, and scFv(Tra) mutants carrying G101A,
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D102A, G103A, F104A, Y105A mutation, and scFv from the anti-PD1 nivolumab. This resulted
in the construction of pCSIl/scFv-sfGFP plasmids.

3.3.3 Cell culture

The subclones of the human embryonic kidney cell line HEK293, namely HEK293T and
Lenti-X 293T, were purchased from RIKEN Bio-Resource Center and Clontech, respectively. The
K562/HER2/scFv, K562/HER2M/scFv, and K562/HER2"/scFv cell lines were established through
lentiviral transduction of K562/HER?2 cells with the plasmids pCSII/scFv-sfGFP.

K562/HER2/scFv, K562/HER2Y/scFv, and K562/HER2H/scFv cells, as well as Lenti-X 293T
and HEK293T cells, were cultured in 10% FBS-RPMI-1640 (Invitrogen) and 10% FBS-DMEM
(Nacalai Tesque), respectively. All media were supplemented with penicillin (100 U/mL) and
streptomycin (100 pg/mL) (Nacalai Tesque). Cells were maintained in a 37°C incubator with 5%
CO; and subject to regular checks for mycoplasma contamination using a mycoplasma test kit

(Lonza).

3.3.4 Lentivirus production and transduction

Plasmid pCSIl/scFv-scFc-H6 or pCSIl/scFv-sfGFP was mixed with Lentiviral High Titer
Packaging Mix (Takara Bio) and transfected into Lenti-X 293T cells using Lipofectamine LTX
(Invitrogen). After 24 h of incubation, the medium was replaced with 10% FBS-DMEM containing
10 uM forskolin (Fujifilm Wako Pure Chemical). At 48 h post-transfection, the lentiviruses in the
medium were collected and concentrated using a Lenti-X Concentrator (Clontech) in accordance
with the manufacturer’s instructions.

To establish K562/HER2/scFv cells with different expression levels of HER2, K562/HER2
cells with low HER2 expression (K562/HER2°) and high HER2 expression (K562/HER2M) were
separately transduced with lentiviruses carrying gene from pCSIl/scFv-sfGFP using a modified
spinoculation protocol[80, 81] at a MOI of 0.3, resulting in the construction of K562/HER2/scFv
and K562/HER2%/scFv cells.

To establish HEK293T cells stably secreting scFv-scFc-H6 fusion proteins, the lentivirus
carrying genes from pCSII/scFv-scFc-H6 was resuspended in the medium with 8 pug/mL polybrene
(Nacalai Tesque). The mixture was then added to approximately 80%—90% confluent HEK293T
cells. After incubation for 48 h, the transduction efficiency was verified under a Biorevo BZ-710
fluorescence microscope (Keyence, Osaka, Japan) with the appropriate filters for sftGFP (Ex/Em

=470 + 40 nm/520 + 50 nm).
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To establish cells co-expressing HER2 and sfGFP along with scFv variant, K562/HER2 cells
were transduced with lentiviruses carrying gene from pCSIl/scFv-sfGFP using a modified
spinoculation protocol[80, 81] at a MOI of 0.3, resulting in the construction of K562/HER2/scFv

cells presenting individual scFv variants.

3.3.5 Protein purification

To avoid the influence of FBS on the purity of purified product, HEK293T cells secreting the
scFv-scFc-Ho6 proteins were cultured in 1% FBS-DMEM medium for 48 h, after which the culture
supernatant was harvested. The proteins were purified from the supernatant using Ni-NTA agarose
(QIAGEN, Hilden, Germany) following the manufacturer’s manual. The purity of the isolated
protein was validated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and silver staining using the Silver Stain KANTO III kit (KANTO CHEMICAL, Tokyo, Japan).

3.3.6 FCM analyses

To assess the effect of rAb concentrations on evaluation sensitivity, 2x10> K562/HER2/scFv
cells were incubated with either Pert-AF647 or Tras-AF647 at varying concentrations of 0.1, 1, 10,
100 nM for 1 h at 4°C prior to FCM analysis.

To assess the effect of antigen density on evaluation sensitivity, 2x10> K562/HER2/scFv,
K562/HER2/scFv, or K562/HER2Mi/scFv cells were incubated with either Pert-AF647 or Tras-
AF647 at the concentration of 1 nM for 1 h at 4°C prior to FCM analysis using a FACSAria 11
(BD Biosciences).

To evaluate the HER2-binding affinity of scFvs, 2x10° K562/HER2 cells were incubated with
varying concentrations (0.5, 1, 5, 10, 25, 50, 100, 200, 400, 800, and 1600 nM) of scFv-scFc-H6
proteins for 90 min at 4°C. The cells were then stained with AF488-conjugated anti-His tag
antibody (clone J099B12, 1:400; BioLegend) for 40 min at 4°C and analyzed by FCM analysis.

To assess epitope similarity for gAbs with different affinities, 2x103 K562/HER2/scFv cells
displaying each scFv variant were stained with their respective rAb, Pert-AF647 or Tras-AF647 at
the concentrations of 0.1 and 10 nM, for 1 h at 4°C prior to FCM analysis.

In all FCM experiments, protein and antibody dilution as well as cell washing were performed
using 3% FBS-PBS. Data acquisition was carried out using an iCyt ec800 flow cytometer (Sony
Biotechnology) unless otherwise stated, the flow cytometric data were analyzed using FlowJo

software ver.10.8.1 (FlowJo).
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3.3.7 Statistics analysis

All experimental data were obtained from three independent experiments and are expressed
as the mean = SEM. Statistical analysis was performed using GraphPad Prism 10 (GraphPad
Software). P-values were determined using Tukey’s multiple comparisons test or two-side
unpaired Student’s 7 tests, as specified in the figure legends. P < 0.05 was considered statistically

significant.

3.4 Results

3.4.1 Effect of rAb concentration on evaluation sensitivity

The basis for judging the similar epitopes between rAb and qAb lies in the ability of qAb to
inhibit rAb binding to the antigen. Given that, the percentage of rAb(-) cells was utilized to indicate
the sensitivity of epitope similarity evaluation, reflecting the proportion of epitope-similar qAbs
that can be effectively identified when a single rAb-qAb pair exists. As this evaluation system lies
in the competitive binding between qAb and rAb with the antigen, the proportions of gAb and rAb
become crucial in determining which antibody gains a competitive advantage. In addition,
considering the impact of antibody concentration on antigen-antibody interactions, an
investigation into the influence of rAb concentration on assessment sensitivity was conducted
using the established model system. K562/HER2/scFv(Per) and K562/HER2/scFv(Dac) cells were
incubated with varying concentrations of Pert-AF647, followed by FCM analysis to determine the
percentage of rAb(-) cell population (Fig. 3-4-1-1a). When reacting with rAb concentrations
ranging from 0.1 to 10 nM, the differences in the percentage of the rAb(-) cell population among
K562/HER2/scFv(Per) cells were negligible. However, a significant reduction in the rAb(-) cell
population percentage was observed when treated with a higher rAb concentration of 100 nM.
K562/HER2/scFv(Dac) cells, the negative control without the expression of an scFv against HER2,
exhibited no observable rAb(-) cell population across any concentration of Pert-AF647. When
Tras-AF647 was used as the rAb in an experiment with K562/HER2/scFv(Tra) cells, no significant
difference in the percentage of rAb(-) cells was observed at relatively lower rAb concentrations of
0.1 nM and 1 nM (Fig. 3-4-1-1b). However, unlike Pert-AF647, a reduction was observed upon
increasing the concentration of Tras-AF647 to 10 nM (Fig. 3-4-1-1b). Although the concentration
points at which the sensitivity reduction occurred slightly vary between the two different rAbs,

these observations are still robust enough to demonstrate that the rAb concentration does affect the
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sensitivity of the assessment, particularly when it exceeds a certain threshold.
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Figure 3-4-1-1. Effects of rAb concentrations on evaluation sensitivity. (a) Assessment of epitope

similarity between qAb and rAb using varying concentrations of Pert-AF647. (Left)
K562/HER2/scFv(Dac) and K562/HER2/scFv(Per) cells were incubated with 0.1-100 nM Pert-

AF647 prior to FCM analysis. Representative contour plots are shown. (Right) Percentage of Pert-

AF647-non-binding cells calculated using FCM plots from three independent experiments is

presented as the mean £+ SEM. n = 3. ns, not significant; ****p < 0.0001 (Tukey’s multiple

comparisons test). (b) Evaluation of epitope similarity between qAb and various concentrations of
Tras-AF647. (Left) K562/HER2/scFv(Dac) and K562/HER2/scFv(Tra) cells were incubated with
0.1-100 nM Tras-AF647 prior to FCM analysis. Representative contour plots are shown. (Right)

Percentage of Tras-AF647-non-binding cells calculated using FCM plots from three independent

experiments is presented as the mean £ SEM. n = 3. ns, not significant; **p <0.01, ****p < (0.0001

(Tukey’s multiple comparisons test).



3.4.2 Effect of relative expression levels between qAb and antigen on evaluation
sensitivity

In the investigation utilizing K562/HER2/scFv(Per) and K562/HER2/scFv(Tra) cells along
with their corresponding rAb, Pert-AF647 and Tras-AF647, I noticed the presence of rAb(+) cell
populations (Fig. 2-4-3-1), which contradicts the expected result based on the assumption that the
qAb had already occupied the epitope for the rAb. These observations led to a hypothesis that the
unexpected rAb(+) populations may result from the heterogeneous expression levels of HER2 and
qAbs within individual cells. In situations where both the antigen and qAb are presented on the
same cell surface, the availability of the epitope for rAb is contingent upon the relative molecular
ratio between the antigen and qAb. When qAb is expressed in relatively higher quantities
compared to HER2, it occupies all available epitopes on HER2, effectively preventing rAb from
binding to HER2; conversely, if qAb is expressed relatively less than HER2, rAb may be able to
bind to spare epitope on HER2. To elucidate this hypothesis, I analyzed the expression levels of
qAb and antigen in rAb(-) and rAb(+) cell populations using the expression of sStGFP and mCherry,
respectively (Fig. 3-4-2-1a, b). As expected, rAb(-) cells exhibited higher qAb expression but
lower HER2 expression levels relative to rAb(+) cells. The consistent results were observed in
both the Pert-AF647 treated K562/HER2/scFv(Per) cells and Tras-AF647 treated
K562/HER2/scFv(Tra) cells, suggesting the impact of the relative expression levels of gAb and

antigen on evaluation sensitivity.
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Figure 3-4-2-1. Difference in expression levels of gAb and HER2 within rAb(-) and rAb(+) cell
populations. (a) Comparison of scFv(Per) and HER2 expression levels in Pert-AF647-non-binding
[rAb(-)] and Pert-AF647-binding [rAb(+)] cell populations. K562/HER2/scFv(Per) cells were
incubated with 1 nM Pert-AF647 prior to FCM analysis, with the expression levels of scFv(Per)
and HER2 estimated by the mean fluorescence intensity (MFI) values of sfGFP and mCherry,
respectively. (b) Comparison of scFv(Tra) and HER2 expression levels in Trast-AF647-non-binding
[rAb(-)] and Tras-AF647-binding [rAb(+)] cell populations. K562/HER2/scFv(Tra) cells were
incubated with 1 nM Tras-AF647 prior to FCM analysis, with the expression levels of scFv(Tra)
and HER?2 estimated by the MFI of sfGFP and mCherry, respectively. Representative contour plots
are shown, and data from three independent experiments are presented as mean + SEM. n=3. ** p
<0.0001 (t-test). (¢) Expression level of HER2 on K562/HER2™ and K562/HER2" cells, as

determined by the fluorescent intensity of mCherry. Representative histograms are shown.

To further validate the effect of the qAb/antigen balance, two K562/HER2 cell lines with
different HER2 expression levels, specifically low HER2 expression (K562/HER2°) and high
HER2 expression (K562/HER2M) (Fig. 3-4-2-1c), were selected for establishing
K562/HER2/scFv(Per) and K562/HER2M/scFv(Per) cells, respectively. As indicated by the
sfGFP/mCherry ratio, the molecular ratio of HER2 to qAb in K562/HER2°/scFv(Per) cells was
lower than that in K562/HER2H/scFv(Per) cells (Fig. 3-4-2-2a). Upon treatment with Pert-AF647,
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a notably smaller rAb(-) cell population was observed in K562/HER2M/scFv(Per) cells in
comparison to K562/HER2/scFv(Per) cells (Fig. 3-4-2-2b). Similarly, K562/HER2/scFv(Tra)
and K562/HER2M/scFv(Tra) cells, which respectively exhibited relatively higher and lower
qAb/HER?2 ratios, were established (Fig. 3-4-2-2c). The treatment with Tras-AF647 yielded the
expected result, as a significantly larger rAb(-) population was observed in
K562/HER2/scFv(Tra) cells compared to K562/HER2M/scFv(Tra) cells (Fig. 3-4-2-2d).
Collectively, these findings demonstrate that a higher qAb/antigen ratio correlates with improved

performance in the epitope similarity evaluation system.
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Figure 3-4-2-2. Effects of the ratio between qAb and HER2 expression levels on evaluation
sensitivity. (a) Relative expression levels between scFv(Per) and HER2 in K562/HER2"/scFv(Per)
(Lo) and K562/HER2"/scFv(Per) (Hi) cells. Expression levels of scFv(Per) and HER2 were
estimated by the fluorescent intensity of sfGFP and mCherry, respectively. The relative expression
ratio was calculated using the MFI values of sfGFP and mCherry. (b) Evaluation of epitope
similarity between qAb and Pert-AF647 using cells with different HER2 expression levels. (Left)
K562/HER2"/scFv(Per) (Lo) and K562/HER2"/scFv(Per) (Hi) cells were incubated with 1 nM
Pert-AF647 prior to FCM analysis. (Right) Percentage of Pert-AF647-non-binding cells calculated
using FCM plots. (¢) Relative expression levels between scFv(Tra) and HER2 in
K562/HER2"/scFv(Tra) (Lo) and K562/HER2"/scFv(Tra) (Hi) cells. Expression levels of
scFv(Tra) and HER2 were estimated by the fluorescent intensity of sfGFP and mCherry,

respectively. The relative expression ratio was calculated using the MFI values of sfGFP and
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mCherry. (d) Evaluation of epitope similarity between qAb and Tras-AF647 using cells with
different HER2 expression levels. (Left) K562/HER2"/scFv(Tra) (Lo) and K562/HER2"/scFv(Tra)
(Hi) cells were incubated with 1 nM Tras-AF647 prior to FCM analysis. (Right) Percentage of Tras-
AF647-non-binding cells calculated using FCM plots. Representative contour plots are shown, and

data from three independent experiments are presented as mean + SEM. n = 3. ** p <0.0001 (#-test).

3.4.3 Effect of qAb affinity on evaluation sensitivity

Antibodies with higher affinity generally form more stable antigen-antibody complexes,
exhibiting stronger competition in competitive binding assays compared to those with lower
affinity. Consequently, antibodies with lower affinity to a functional epitope may be overlooked
due to their weaker competitive ability. To assess the ability of this system to evaluate qAbs with
weak HER2-binding affinities, as well as to unveil the impact of qAb affinity on the performance
of this system, mutant scFvs were designed based on the results of binding free energy calculations
(Fig. 3-4-3-1a). Five consecutive residues contributing to HER2 binding to varying degrees were
individually replaced with alanine, resulting in the creation of scFv(Per) and scFv(Tra) mutants.
The scFvs, including both wild-type and mutants, namely scFv(Per), N52A mutant scFv(Per),
P53 A mutant scFv(Per), N54A mutant scFv(Per), S55A mutant scFv(Per), G56A mutant scFv(Per),
scFv(Tra), G101 A mutant scFv(Tra), D102A mutant scFv(Tra), G103A mutant scFv(Tra), F104A
mutant scFv(Tra), Y105A mutant scFv(Tra), scFv(Dac), and scFv of PD-1 targeting nivolumab
(Fig. 2-4-2-2¢), are hereafter referred to as Per, Per-N52A, Per-P53A, Per-N54A, Per-S55A, Per-
G56A, Tra, Tra-G101A, Tra-D102A, Tra-G103A, Tra-F104A, Tra-Y 105A, Dac, Niv, respectively.
The cDNA plasmids encoding each of the aforementioned scFvs were constructed (Fig. 3-4-3-1b,
upper panel), and all 14 scFvs were purified as fusion proteins with a C-terminal His-tagged single
chain Fc (scFc) domain from the culture supernatant of transduced HEK293T cells (Fig. 3-4-3-1b,
lower panel). To determine their binding affinity, the surface binding of purified scFvs to HER2-
expressing cells was quantified by measuring the binding of an anti-His antibody to the His-tagged
scFv (Fig. 3-4-3-1c). The parental scFvs, Per and Tra, along with their variants, exhibited a wide
range of binding affinities to HER2, as evidenced by various Kp values, while Dac and Niv
exhibited no observable binding, as expected (Fig. 3-4-3-1d). These results demonstrated the

successful construction of affinity qAb variants.
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*N.D., not determined; N.B., no binding.
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Figure 3-4-3-1. Generation of mutant scFvs with various HER2-binding affinity. (a) Identification
of HER2-binding residues on pertuzumab and trastuzumab. The binding free energy of individual
residues within CDRs of pertuzumab and trastuzumab to HER2 was calculated and is presented as
the mean + SEM. Bars in orange and blue represent residues for alanine substitution to generate
mutant scFv(Per) and mutant scFv(Tra), respectively. b) Production of scFc- and 6 xHis tag (H6)-
fused scFv (scFv-scFc-H6) proteins. (Upper panel) Schematic representation of cDNA construct in
the plasmids pCSIl/scFv-scFc designed for the expression of scFv-scFc-H6 proteins which are
secreted extracellularly. (Lower panel) Purity of purified scFv-scFc-H6 proteins. 14 scFvs,
specifically Per, Per-N52A, Per-P53A, Per-N54A, Per-S55A, Per-G56A, Tra, Tra-G101A, Tra-
DI102A, Tra-G103A, Tra-F104A, Tra-Y105A, Dac, and Niv, were expressed as scFv-scFc-H6
proteins and purified using affinity chromatography resins. The purified protein solutions were
separated via SDS-PAGE and visualized with silver staining. The approximate size of all fusion
proteins was 80 kDa. (¢) Binding of scFv-scFc-H6 proteins to HER2. K562/HER2 cells were
incubated with various concentrations of scFv-scFc-H6 proteins prior to FCM analysis using
AF488-conjugated anti-His tag antibody. Representative plots of MFI values against the
concentrations of scFv-scFc-H6 proteins are shown. Plots were fitted using a one-site total nonlinear
regression curve fitting model in GraphPad Prism 10 for Kp calculation. (d) HER2-binding affinity
of qAbs. Kp + SEM values are shown. n = 3.

To assess the performance of this system in evaluating qAbs with varying affinities, these qAb
variants were presented on the K562/HER2 cell surface and detected for rAb binding by FCM
analysis. The treatment of cells displaying Per and its mutants with 0.1 nM Pert-AF647 resulted in
a consistent percentage (49.4-59.0%) of the rAb(-) cell population for most qAbs, except for a
notable reduction observed for Per-N52A (29.3%), which exhibited the lowest binding affinity
(Fig. 3-4-3-2a). Moreover, when increasing the concentration of Pert-AF647 to 10 nM, the
percentage of the rAb(-) cell population decreased as the binding affinity of the qAbs reduced (Fig.
3-4-3-2b). In the analysis of cells displaying Tra and its mutants with Tras-AF647 as the rAb, it
was still observed that the percentages of the rAb(-) cell population decreased with diminishing
affinity at the higher concentration of 10 nM but remained consistent at the lower concentration of
0.1 nM (Fig. 3-4-3-2c, d). These results clearly indicate the capability of this system in assessing
epitope similarity for gAbs with various affinities. Furthermore, they also reveal the influence of

gAb affinity on the sensitivity of epitope evaluation, particularly under the condition of a relatively
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high rAb concentration.
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Figure 3-4-3-2. Epitope evaluation for qAbs with various HER2-binding affinities. (a-b) Epitope
similarity evaluation between qAb and Pert-AF647 at 0.1 nM or 10 nM. (Left) K562/HER2 cells
displaying Per, Per mutants, and Dac were incubated with 0.1 nM (a) or 10 nM (b) Pert-AF647
prior to FCM analysis. (Right) Percentage of Pert-AF647-non-binding cells calculated using FCM
plots. (c-d) Epitope similarity evaluation between qAb and Tras-AF647 at 0.1 nM or 10 nM. (Left)
K562/HER?2 cells displaying Tra, Tra mutants, and Dac were incubated with 0.1 nM (¢) or 10 nM
(d) Tras-AF647 prior to FCM analysis. (Right) The percentage of Tras-AF647-non-binding cells
calculated using FCM plots. Representative contour plots are shown, and data from three
independent experiments are presented as mean + SEM. n = 3. **p < 0.0001, *p < 0.001. ns, not

significant (Tukey’s multiple comparisons test).

3.5 Discussion

3.5.1 Mechanisms underlying the various factors influencing evaluation sensitivity
Dynamic and reversible antigen-antibody interactions are influenced by a variety of factors. In
the established epitope similarity evaluation system, which involves competitive binding
inhibition conducted on the cell surface, two critical factors must be considered: the relative
molecular ratios of qAb to the antigen, and the ratio of qAb to rAb. The qAb/antigen ratio governs
the availability of unoccupied epitopes for rAb, and the qAb/rAb ratio determines whether the
predominant complex formed is the qAb-antigen or the rAb-antigen. Essentially, the competitive
binding and binding inhibition are closely associated with the shift in antigen-antibody reaction
toward a specific direction: forming more rAb-antigen or more qAb-antigen complexes (Fig. 3-5-
1-1). The elevated concentration of rAb promotes the replacement of qAb that binds with the
antigen on the cell surface, favoring the formation of antigen-rAb complexes. Consequently, more
cells are labeled as rAb(+), leading to diminished sensitivity in epitope evaluation. Besides, when
the expression level of qAb is kept constant, an increase in the amount of antigen provides
additional binding sites for rAb. In this case, even if cells expressing a qAb sharing the same
epitope as the rAb can be labeled as rAb(+), leading to decreased sensitivity in the evaluation. In
addition, the relative difference in affinity between the rAb and qAb also affects the direction of
the reaction. A higher-affinity antibody tends to form more stable complexes with the antigen
compared to one with a lower affinity. If the qAb exhibits a lower affinity for the antigen than the

rAb, the latter can outcompete the former, making the antigen-qAb complex easier to dissociate.
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As a result, this drives the formation of more antigen-rAb complexes and a higher proportion of
cells being labeled as rAb(+), reducing the sensitivity. A comprehensive understanding of these
parameters is crucial for optimizing and harnessing the full potential of this epitope evaluation

system, which will enable more sensitive and accurate assessments of epitope similarity.
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Figure 3-5-1-1. Illustration of competitive binding inhibition between qAb and rAb. On the cell
surface, gAb binds with antigen to form the antigen-qAb complex. In the presence of the rAb, it
binds to the empty epitope or competes for binding sites on antigen with the qAb, forming the
antigen-rAb complex. In the context of a fixed amount of gAb: (i) an increase in the concentration
of rAb shifts the reaction toward the formation of Ag-rAb; (ii) an increase in the concentration of
antigen shifts the reaction toward the formation of Ag-rAb; (iii) a lower-affinity qAb is unable to
outcompete the rAb, leading to the reaction shift towards the formation of Ag-rAb. The presence of
the Ag-rAb complex on the cell surfaces allows the cells to be classified as the rAb(+) population.
Ag, antigen.

3.5.2 Considerations for future optimization

In the developed system, when antigen expression is low, a high gAb/antigen molecular ratio
enables the specific epitope on the antigen to be efficiently masked, preferring the collection of
rAb(-) cell populations (Fig. 3-4-2-1). However, it is also important to ensure that the antigen

expression level surpasses the minimal threshold to guarantee the sensitivity of this system.
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Extremely low antigen expression in cells renders the binding of rAb undetectable, regardless of
the epitope of qAb. These cells may be misclassified as rAb(-) population, resulting in false
positive results. To eliminate this potential issue, it is recommended to establish an antigen-
expressing cell line with a detectable antigen level before introducing the gene encoding qAbs.

Another potential factor affecting the performance of this system is the valence of the antibody,
which refers to the number of antigen-binding sites on an antibody molecule. Higher valence
allows an antibody to bind more antigen molecules simultaneously, thereby enhancing the strength
of the antigen-antibody interaction and forming more stable complexes less susceptible to
displacement by other antibodies. In this study, the qAbs utilized are monovalent scFvs, while the
rAbs pertuzumab and trastuzumab are bivalent full IgGs that usually exhibit superior binding
efficiency than scFvs. The difference in the valence between the qAb and rAb may partially
account for the presence of rAb(+) population in cells expressing qAb with the same epitope as
the rAb (Fig. 2-4-3-1). Using rAb and qAb with the same format to ensure consistent valence might
further improve the sensitivity of this system. For instance, displaying qAb in the form of a full-
length antibody with two binding sites to match the valence with that of the rAb. The feasibility of
presenting full-length antibodies is supported by mammalian cell display techniques capable of
presenting intact antibody structures[88].

The optimal concentration for achieving a desired sensitivity varies among different rAbs.
When Pers-AF647 was used at various concentrations as the rAb, the highest percentage of rAb(-)
cells exceeded 50%, while with Tras-AF647, the highest percentage of rAb(-) cells was
approximately 35%. Besides, for Pert-AF647, a concentration of 10 nM maintained a comparable
rAb(-) percentage to those at 0.1 nM and 1 nM; while for Tras-AF647 at 10 nM, the percentage of
rAb(-) decreased. These disparities can be attributed to differing binding behaviors of rAbs, such
as their binding kinetics, which influence their competition ability in the competitive binding assay.
Thus, when using multiple rAbs, comprehensive optimization is necessary to determine the
optimal working concentration for each rAb, which is crucial for enhancing the sensitivity of

epitope evaluation.

59



CHAPTER 4
Epitope Binning-seq for simultaneous evaluation of

multiple qAbs
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4.1 Overview

In this chapter, a platform called Epitope Binning-seq, which integrates the epitope similarity
evaluation system with DNA sequencing, was described. To validate the feasibility of this platform
for parallel epitope binning, a model cell library displaying 14 different qAbs with known binding
information, was established. Then, using either Pers-AF647 or Tras-AF647 as rAb to treat the
gAb cell library, rAb(-) cells were isolated to analyze the DNA sequence of qAbs. By observing
the specific enrichment of qAbs within particular rAb(-) populations, qAbs sharing the same
epitope as the rAb were identified and categorized into respective epitope bins. The successful
classification demonstrates the effectiveness of Epitope Binning-seq in assessing the epitope

similarity and epitope binning of a large number of qAbs.

4.2 Introduction

4.2.1 Targeted NGS

NGS is a powerful technology that reads and determines the nucleotide sequences of DNA or
RNA fragments in a massively parallel manner. This technique has revolutionized genomic studies
and provided researchers with vast genetic information, significantly facilitating biological and
medical research. For instance, whole-genome sequence (WGS) analysis via NGS facilitates the
elucidation of the gene landscape and the identification of disease-relevant genes or genetic
mutations, making NGS a useful tool for rare disease diagnosis[89]. Besides, genomic information
on diseases obtained from NGS can also promote the development of rational treatment regimens,
targeted therapy, and novel therapeutic biologics.

NGS can be generally classified into three categories based on the object being sequenced:
WGS, whole exome sequencing (WES), and targeted sequencing[90]. Compared with WGS and
WES, which respectively investigate the whole genome and whole exome, targeted NGS
specifically focuses on particular regions of the genome containing genes of interest. This targeted
approach provides higher sequencing depths for the genes of interest while outputting smaller data
sets that are more manageable for interpretation. Importantly, the high target specificity of targeted
NGS enhances its accuracy and sensitivity in identifying variants at low frequencies[91, 92].
Therefore, the targeted NGS is extensively employed in various cancer biology research, such as

head and neck squamous cell carcinoma[93], and so on.
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Targeted NGS (Fig. 4-2-1-1) usually starts with sample preparation, which involves the
extraction and isolation of DNA or RNA from tissues, blood, or cells. An enrichment process for
nucleic acids is required to gather the target DNA fragments for subsequent library preparation.
The primary techniques for the target enrichment include hybrid capture and polymerase chain
reaction (PCR) amplification[94, 95]. In the capture-based method, the DNA undergoes
fragmentation followed by enrichment using DNA or RNA probes that are complementary to the
target region[96]; while in the PCR amplicon-based method, the genes of interest are amplified
using the target-specific primers[94]. The amplicon-based approach is broadly favored due to its

simple workflow and cost-effectiveness.
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Figure 4-2-1-1. General workflow of targeted NGS. (a) Isolation of genomic DNA from collected

cells, tissue, or blood. (b) Hybrid capture-based enrichment of specific genes of interest using beads
coated with oligonucleotide probes. The captured DNA fragments are then eluted and barcoded for
library preparation. (c) Amplicon-based enrichment of specific genes of interest. The target DNA
fragments are amplified using primers specific to the target region, followed by barcoding and
library preparation. (d) DNA sequencing via the NGS platform. (¢) NGS data analysis to interpret

the results.

In addition to its widespread application in genomics research, the targeted NGS is introduced
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into the antibody screening procedure for identifying potential binders on the basis of sequence
enrichment during selection cycles[97, 98]. It can be combined with various in vitro surface display
technologies, such as phage[99, 100], yeast[101], and mammalian cell surface display[39, 102].
For the analysis of the DNA sequences for enriched clones using targeted NGS, it’s important to
prepare PCR amplicons with a length compatible with the maximum read length of the selected
NGS platform. Depending on the library design, sequencing may focus on regions such as the
CDR-H3[99], which are considered as the most contributing binding regions, the VH domain[103],
the VL domain[104], or regions subjected to mutation or randomization for library generation.
Compared to conventional ELISA-based binding screening, targeted NGS offers high-throughput
capabilities, allowing for parallel screening of antibodies or peptide libraries containing thousands
of candidates. This significantly accelerates the identification of target-specific binders in a more
cost-effective manner. Furthermore, targeted NGS is also applied to epitope mapping to reveal the
antibody binding sites within antigens[15, 105]. During the COVID-19 pandemic, detailed
investigations of SARS-CoV-2 variant strains[106] and epitope identification[107] through NGS
technology have rapidly advanced our understanding of COVID-19, facilitating rapid clinical

diagnosis, treatment, and vaccine design.

4.2.2 Parallel epitope binning

In the combinatorial competitive binding assays for epitope binning, each rAb-qAb pair is
typically assessed individually to determine their binding competition. While automation can
streamline the process by utilizing SPR or BLI, evaluating each antibody pair separately still
consumes considerable time and resources. A method capable of simultaneously evaluating
multiple antibodies would be highly advantageous in expediting the process. Carterra LSA, a
platform integrating flow microfluidics with high-throughput SPR, represents the cutting-edge
technology for epitope binning. It notably accelerates the process of therapeutic antibody discovery,
as demonstrated by the rapid identification of the approved therapeutic bamlanivimab against
COVID-19 within a short time[ 108].

The strategy integrating the competition assay with the Luminex multiplex technique[35] has
provided a solution for multiplexed epitope binning. In this approach, spectrally distinct beads
were used to couple and differentiate each rAb, and the bead-rAb complexes were then reacted

with the antigen and each qAb individually, allowing for binning of a panel of antibodies based on
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their cross-binding competition to the antigen in a single multiplex assay. Similarly, using antigen-
expressing cells with different fluorescent signatures in combination with FCM analysis enabled
the determination of competitive binding profiles and the simultaneous binning of antibodies[36].
However, the capacity to evaluate qAbs using these methods heavily relies on the number of
channels equipped within the flow cytometer used, which may pose scalability limitations. Besides,
there are few methodologies other than those mentioned above available for simultaneous epitope
binning, highlighting the urgent need for additional effective approaches in this area. In this chapter,
a methodology called Epitope Binning-seq was described. It provides a simple and efficient
strategy to achieve high-throughput epitope binning, offering higher scalability and simplicity

compared with existing methods.

4.2.3 Research purpose of this chapter

The objective of this chapter is to assess the feasibility of the developed system, Epitope
Binning-seq, for simultaneously binning multiple qAbs by integrating it with NGS analysis. I
aimed to validate the effectiveness of this system by investigating whether the 14 qAbs used can

be accurately classified into their respective bins.

4.3 Material and methods

4.3.1 Cell culture

The K562/HER2/scFv cells established in Chapter 3 were cultured in 10% FBS-RPMI-1640
(Invitrogen). The media was supplemented with penicillin (100 U/mL) and streptomycin (100
ng/mL) (Nacalai Tesque). Cells were maintained in a 37°C incubator with 5% CO- and subject to

regular checks for mycoplasma contamination using a mycoplasma test kit (Lonza).

4.3.2 Cell sorting and genomic DNA (gDNA) extraction

To collectively evaluate epitope similarity for multiple qAbs, 14 different KS62/HER2/scFv
cells that were established in Chapter 3 were mixed to generate a library containing 14 qAbs with
known affinities. Then, 1x10° library cells were incubated with 0.1 and 10 nM Pert-AF647 and
Tras-AF647 for 1 h at 4°C. The cells that did not bind with Pert-AF647 and Tras-AF647 were
isolated with a FACSAria III cell sorter (BD Biosciences). Antibody dilution was performed using
FACS buffer (PBS containing 3% FBS).
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The sorted cells were cultured until reaching approximately 5x10° cells. gDNA from both the
library and the rAb(-) cells was then extracted using a GenElute Mammalian Genomic DNA
Miniprep Kit (Sigma-Aldrich, St. Louis, MO, USA) according to the manufacturer’s instructions.

4.3.3 Primer design and amplicon preparation

To amplify full-length scFv genes from gDNA, a primer pair (Forward-1 and Reverse-1) (Table.
4-4-2-1) was designed to specifically target the signal sequence (ss) located at the N-terminus of
scFv and the linker located at the C-terminus of scFv.

To design primers for amplifying target DNA fragments containing the mutated region, the
DNA sequence of scFv(Per), scFv(Tra), scFv(Dac), and scFv(Niv) were aligned to identify regions
with high similarity among the four scFvs, which were then utilized as the primer binding regions
for primer design. Different nucleotide bases at the same position of the primer binding regions as
those of other scFvs were uniformed to the same nucleotide based on the principle of maximizing
sequence similarity between each scFv and primer, resulting in a forward primer Forward-2 in
Table. 4-4-2-2 and a reverse primer Reverse-2 in Table. 4-4-2-3. This primer pair enabled the
amplification of partial scFv fragments ranging from 212 bp to 233 bp, with lengths of 230 bp for
scFv(Per), 233 bp for scFv(Tra), 221 bp for scFv(Dac), and 212 bp for scFv(Niv).

For confirmation of the performance of designed primers, gDNA isolated from
K562/HER2/scFv(Per), K562/HER2/scFv(Tra), K562/HER2/scFv(Dac), and
K562/HER2/scFv(Niv) cells was used as first template to amplify four different full-length scFvs
by PCR with the primer pair Forward-1 and Reverse-1. Subsequently, the PCR products were
utilized as templates for amplifying the target region of each scFv using the primer pair Forward-
2 and Reverse-2. Following primer confirmation, unique 6-bp barcodes were added at the 5’-end
of the primer Forward-2 to generate barcoded primers through chemical synthesis (Eurofins
Genomics, Tokyo, Japan).

Amplicons were prepared using the nested PCR method described above, utilizing gDNA
from either the library or the sorted rAb(-) cells, along with the primer pair Forward-1 and Reverse-
1, and barcoded primers. Amplicons with a size of around 200 bp were purified using AMPure XP
magnetic beads (Beckman Coulter Life Sciences, Indianapolis, IN, USA) according to the
manufacturer’s instructions. Each purified amplicon was then mixed with an equal amount of
nanograms for subsequent NGS analyses.

All PCRs were performed using a KOD FX kit (TOYOBO, Osaka, Japan), and the resulting
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PCR products were analyzed by agarose electrophoresis.

4.3.4 NGS analyses
Targeted NGS was conducted on the NovaSeq 6000 platform by Macrogen Japan Corp.
(Tokyo, Japan) with a read depth of 2,600,000 reads.

To eliminate low-quality reads from the raw data, Trimmomatic (version 0.39)[109] was utilized,
with the MINLEN parameter set to 50 and SLIDINGWINDOW set to 20:20. For ensuring high
sequencing accuracy, only reads that matched the primer sequences were retained for subsequent
analysis. Then, reads were allocated to different samples based on unique barcodes. These reads
were then translated into amino acid sequences using Biostrings (version 2.66.0-1)[110] and
assigned to corresponding antibody species. The occupancy of each antibody in the samples was
calculated by dividing the count of qAb by the total count of a given sample. Then, the enrichment
ratio of the negative control Niv was set to 1, and the relative enrichment ratio of other qAbs
compared to Niv was calculated. The qAb with a relative enrichment ratio greater than 3 was

considered to be significantly enriched.

4.4 Results

4.4.1 Strategy for parallel epitope binning

For the simultaneous evaluation of epitope similarities for multiple antibodies, a qAb library is
displayed on the surface of antigen-expressing cells (Fig. 4-4-1-1a). After the treatment of the cell
library with individual rAb, the corresponding rAb(-) cell population is sorted for NGS analysis
(Fig. 4-4-1-1b). The qAbs enriched within the sorted cells are then identified and grouped into
respective rAb epitope bins (Fig. 4-4-1-1c¢). This platform is referred to as Epitope binning-seq. As
the cDNA encoding the qAb is stably integrated into the genome of the cells, the identity of qAb
can be determined through the analysis of the cellular DNA sequence. This advantageous feature
of Epitope Binning-seq platform enables it to be a high-throughput methodology for simultaneous

epitope binning of a large number of antibodies.
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Figure 4-4-1-1. Schematic overview of the Epitope Binning-seq platform. (a) Presentation of the
gAb library on the surface of antigen-expressing cells. (b) Treatment of the qADb cell library with
individual rAbs, which bind to distinct epitopes on the antigen, followed by isolation of each rAb(-)
cell population for NGS analysis to reveal qAb sequences. (¢) Classification of qAbs enriched in
the corresponding rAb(-) populations into different epitope bins, which comprise qAbs with

epitopes similar to each rAb.

4.4.2 Parallel epitope binning for multiple qAbs through Epitope Binning-seq

For validating the utility of Epitope Binning-seq platform for simultaneous epitope binning of
multiple antibodies, a cell library consisting of 14 distinct scFvs as qAbs was generated by mixing
K562/HER2/scFv cells and employed as a model library (Fig. 4-4-2-1a). To comprehensively
assess the performance of the platform, qAbs were presented in the library at varied abundances.
Specifically, there were relatively higher presentations of Per, Per mutants, and Niv, while Tra, Tra
mutants, and Dac were relatively less presented. The sfGFP-positive (sfGFP+) cells were sorted
from the mixed cells, serving as the original library to determine the abundance of each variant
(Fig. 4-4-2-1b, top). Meanwhile, rAb(-) cells were sorted out after incubating the mixed cells with
specified rAb (Fig. 4-4-2-1b, bottom).

While scFv(Per), scFv(Tra), scFv(Dac), and scFv(Niv) share similarity in their amino acid
sequences within the FRs (Fig. 2-4-2-2¢), the degeneracy in the genetic code of these four different
scFv scaffolds leads to diversity in the nucleotide bases (Fig.4-4-2-1c¢), which poses challenges for
designing a pair of primer completely complementary to all scFvs. To address this issue, a strategy
of nested PCR was adopted for amplicon preparation, which involved two consecutive rounds of
PCR amplification using a set of outer primers to amplify full-length scFv, followed by using a

pair of inner primers to specifically amplify the smaller and more specific region. Regions that
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exhibit high sequence similarity among the four scFvs and enable the amplification of DNA
fragments spanning the mutated region of scFv(Per) and scFv(Tra) were selected as the primer
binding regions for designing inner primers (Fig. 4-4-2-1c). These resulting primers (Table. 4-4-
2-1, 2 and 3) led to the amplification of the DNA fragments with a desired size of approximately
200 bp (Fig.4-4-2-1d, e), which were applied for amplicon preparation.

Table. 4-4-2-1 Primers for amplifying full-length scFvs

Primer Sequence
Forward-1 5’-CGGTCTCGAGATGAGGATATTTGCTGTCTTTATATTCATG-3’
Reverse-1 5’-CTTCCTCGCTAATCAGTTTCTGTTCTC-3’

Table. 4-4-2-2 Sequence analysis of designed forward primer and scFv scaffolds*

Forward -2 5’-TGGGTAAGACAAGCTCCAGG-3"  Sequence similarity with primer

- scEv(Per) TGGGTBAGACABGCTCCAGG 90.0%
Primer
Binding scFv(Tra) TGGGTEBAGACABGCACCAGG 85.0%
: scFv(Dac) TGGGTABGBCAAGCTCCBGG 85.0%
regions .
scFv(Niv) TGGGTAAGACABGCRCCEGG 85.0%

*Nucleotide bases highlighted in green indicate differences from the bases at the same positions within the

primer sequence.

Table. 4-4-2-3 Sequence analysis of designed reverse primer and scFv scaffolds*

Reverse-2 5’-CCTTGTCCCCAATAGTC-3"  Sequence similarity with primer
) scFv(Per) CCTTGBCCCCAATAGTC 94.1%
Primer
o scFv(Tra) CCTTGTCCCCABTAGTC 94.1%
Binding
) scFv(Dac) CCTTGARCCCCAATAGTC 94.1%
regions _
scFv(Niv) CCTTGECCCCAATAGTC 94.1%

*Nucleotide bases highlighted in green indicate differences from the bases at the same positions within the

primer sequence.
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Figure 4-4-2-1. Amplicon preparation for NGS. (a) Schematic diagram of Epitope Binning-seq. A
cell library is generated by mixing K562/HER2 cells expressing 14 different qAbs in the form of
scFv, followed by incubation with an rAb and collection of the rAb-non-binding [rAb(-)] cells using
a cell sorter. The genome is extracted from rAb(-) cells, and the occupancy of each scFv is analyzed
by NGS. The relative enrichment ratio of each qAb is calculated based on the occupancy of each
gAb sequence before and after sorting. (b) Representative gating schemes for sorting library cells
and rAb(-) cells. (top) The sfGFP-positive (sftGFP+) cells were gated and sorted as the original
library from the mixed cells. (bottom) Mixed cells were reacted with rAb, followed by gating
sfGFP+ cells for sorting rAb(-) cells. (¢) Sequence alignment among scFv(Per), scFv(Tra),
scFv(Dac), and scFv(Niv). Consensus nucleotide bases among the four scFvs are highlighted in
green. Highly similar regions marked by blue rectangles are used as primer binding regions for
primer design. Regions marked by red rectangles represent mutation regions of scFv(Per) and
scFv(Tra), which have to be included in the amplicon. (d and e) Confirmation of primer
performance for nested PCR by agarose electrophoresis. (d) Full-length scFv amplified from gDNA
of K562/HER2/scFv(Per), K562/HER2/scFv(Tra), K562/HER2/scFv(Dac), and
K562/HER2/scFv(Niv) cells using Forward-1 and Reverse-1 primers. (e) Amplicons amplified

from PCR products in d using Forward-2 and Reverse-2.

After NGS analysis of DNA from the sorted rAb(-) cells, the relative enrichment ratio, which
reflects the enrichment degree of qAbs with epitopes similar to rAbs compared to the negative
control Niv, was calculated using NGS read counts. Upon collecting the rAb(-) cell population
treated with 0.1 nM Pert-AF647, there was a notable increase in the proportion of cells displaying
Per and Per mutants (Fig. 4-4-2-2a), with all exhibiting a relative enrichment ratio greater than 3
(Fig. 4-4-2-2b), indicating the significant enrichment of desired qAbs through the Epitope
Binning-seq platform. Conversely, the relative enrichment ratios of Tra and Tra mutants (which
target different epitopes from pertuzumab), and Dac and Niv (which bind to different antigens
other than HER?2), were observed to be less than 3. Additionally, when increasing the concentration
of Pert-AF647 to 10 nM, only Per and Per-P53A, which bound HER?2 strongly, showed a relative
enrichment ratio above 3 (Fig. 4-4-2-2c¢, d). In the treatment using Tras-AF647 as the rAb, Tra and
its mutants could be distinguished from other qAbs using the relative enrichment ratio of 3 as the
cutoff at the rAb concentration of 0.1 nM (Fig. 4-4-2-3a, b), while only slight enrichment was
observed for gAbs with high binding affinity at the rAb concentration of 10 nM (Fig. 4-4-2-3c, d),
as expected. In this study case, by identifying significantly enriched qAb clones upon the
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utilization of each rAb at the concentration of 0.1 nM, the 14 qAbs were grouped into three distinct
epitope bins: pertuzumab-, trastuzumab-, and ungrouped-epitope bins (Fig. 4-4-2-3¢). Specifically,
Per and Per mutants, as well as Tra and Tra mutants, were respectively classified into the
pertuzumab- and trastuzumab-epitope groups, which was consistent with their origins. Meanwhile,
gqAbs Dac, Niv, which exhibited no binding to the HER2, did not belong to either of the two rAb-
epitope bins. These results demonstrate the effectiveness of Epitope Binning-seq in classifying
antibodies with similar epitopes as rAbs across a wide variety of antibodies. Moreover, under

certain conditions, the varying responses to different rAb concentrations could also roughly reflect

the relative binding affinity.
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Figure 4-4-2-2. Epitope Binning-seq for evaluating multiple qAbs using Pert-AF647 as the rAb. (a)
Occupancy of each qAb before and after sorting using Pert-AF647 at the concentration of 0.1 nM.
The cell library was incubated with 0.1 nM Pert-AF647 and the rAb(-) cell population was isolated
for NGS analysis. (b) Relative enrichment ratio of each qAb calculated from the occupancy in a.
(¢) Occupancy of each qADb after sorting using Pert-AF647 at the concentration of 10 nM. The same
cell library in a was incubated with 10 nM Pert-AF647 and the rAb(-) cell population was isolated
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for NGS analysis. (d) Relative enrichment ratio of each qAb calculated from the occupancy in a

(library cells) and c.
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Figure 4-4-2-3. Epitope Binning-seq for evaluating various qAbs using Tras-AF647 as the rAb. (a)

Occupancy of each gAb before and after sorting using Tras-AF647 at the concentration of 0.1 nM.

The cell library was incubated with 0.1 nM Tras-AF647 and the rAb(-) cell population was isolated

for NGS analysis. (b) Relative enrichment ratio of each qAb calculated from the occupancy in a.

(¢) Occupancy of each qAD after sorting using Tras-AF647 at the concentration of 10 nM. The same

cell library in a was incubated with 10 nM Tras-AF647 and the rAb(-) cell population was isolated

for NGS analysis. (d) Relative enrichment ratio of each qAb calculated from the occupancy in a

(library cells) and ¢. (e) Parallel qAb classification via Epitope Binning-seq. The 14 qAbs were
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classified into three bins, pertuzumab-epitope, trastuzumab-epitope, and ungrouped.

4.5 Discussion

Comparing the binding epitopes between approved and newly developed antibodies is crucial
for developing antibody-based drugs with novel mechanisms of action. Meanwhile, epitope-
directed antibody discovery utilizes available information to develop drugs with desired
mechanisms and therapeutic effects, thereby notably reducing the time and risks involved in drug
development. Classifying antibody candidates obtained from the preliminary screening based on
their binding epitopes, a process known as epitope binning, enhances the possibility of selecting
even more promising candidates for further investigation. However, existing approaches
developed for epitope binning typically involve the production and purification of individual
antibodies, which presents a bottleneck in simultaneously evaluating numerous antibodies. In this
chapter, for the first time, I have developed an epitope binning platform, Epitope Binning-seq, an
effective tool capable of simultaneously assessing numerous genetically encoded antibodies. The
capacity to evaluate qAbs using Epitope Binning-seq platform depends on factors such as the size
of the library, the number of cells to be sorted, and the volume of NGS reads. Nonetheless, it is
feasible to simultaneously evaluate up to 10 million distinct qAbs using mammalian display in a
laboratory-level experiment. Therefore, this platform can be applied for epitope binning of both
natural and artificial antibody libraries, including polyclonal antibody pools resulting from animal
immunization and antibody libraries created by random mutation.

Epitope Binning-seq effectively segregated epitope-similar qAbs with high reliability and
sensitivity. In the analysis using Pert-AF647 as the rAb, the negative control gAb Niv, despite its
initial high abundance (36%), showed no enrichment after sorting (Fig. 4-4-2-2a-d). In the analysis
utilizing Tras-AF647, Tra-G103A, which initially comprised only 0.018%, was significantly
enriched (Fig. 4-4-2-3a, b), demonstrating the capability to identify and evaluate a single clone
from a pool containing at least 5500 species. With Epitope Binning-seq, 14 qAbs were accurately
grouped into their corresponding epitope bins, demonstrating the accuracy of this platform in
preliminary epitope analysis.

Epitope Binning-seq offers several distinct advantages comparable to Carterra LSA, a leading
platform for epitope characterization. While the Carterra LSA can analyze combinations of 384

gqAbs and 384 rAbs in a single run, Epitope Binning-seq holds huge potential to simultaneously
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assess combinations of over 10 million qAbs and multiple rAbs. Furthermore, the Carterra LSA
requires the production of individual qAbs for analysis, while Epitope Binning-seq eliminates this
need, providing a significant advantage for large-scale binning analysis. These characteristic
differences make Epitope Binning-seq particularly suitable for analyzing numerous qAbs in the
early stages of drug discovery, while the Carterra LSA is more effective for examining epitope
similarity among qAbs in later stages, especially after narrowing down the pool of candidate qAbs
to some extent.

Theoretically, within Epitope Binning-seq, high-affinity qAbs targeting the similar epitope as
the rAb should show a higher enrichment in the rAb(-) population, especially in a relatively high
concentration of rAb. However, the relative enrichment ratios of some qAbs did not show a strong
correlation with their affinity magnitude as expected. For instance, the qAb Per, which has the
highest binding affinity to HER2 among six scFvs from pertuzumab, did not exhibit the anticipated
highest relative enrichment ratio within the Pert-AF647 (-) cell population (Fig. 4-4-2-2b, d).
Alongside the varied initial abundance of each qAb in the original library, potential reasons for
these unexpected results include PCR errors and NGS errors (such as base-calling errors,
sequencing artifacts, and biases arising from technical variability or experimental noise). To
address these issues, optimizing PCR conditions and performing replicate sequencing that involves
repeated sequencing of the same sample using the same sequencing platform and protocol, might
be useful.

Moreover, the successful isolation of epitope-similar qAbs from the libraries (Fig. 4-4-2-2,
Fig. 4-4-2-3a-d) demonstrates the utility of Epitope Binning-seq in epitope-specific antibody
screening. While there are various epitope-directed selection strategies, such as animal
immunizations with epitope-containing polypeptides[111, 112] or recombinant fusion proteins[113,
114], the removal of off-target binders from the library using epitope-masked antigen mutants[115,
116], and the incorporation of noncanonical photoreactive amino acids near the desired epitope to
capture specific binders[117], these methods often require engineered antigens, which may
compromise native conformations of target antigens. In contrast, the approach I described allows
for epitope-directed antibody identification using surface-displayed antigens that retain their native
conformation, without the need for introducing any mutations. This is particularly advantageous
for identifying antibodies targeting conformational epitopes.

Intriguingly, Epitope Binning-seq showed that high-affinity qAbs could be specifically
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isolated even under high rAb concentrations (Fig. 4-4-2-2d, Fig. 4-4-2-3d). In competitive binding
assays, the balance between the quantities of qAb and rAb determines the predominant interaction,
deciding whether qAb-antigen or rAb-antigen complexes are formed. Under conditions of low rAb
concentrations, qAbs preferentially bind to antigens on the cell surface because of the limited
presence of competing rAbs targeting the same epitope. Conversely, high concentrations of rAb
exert intense competitive pressure on antigen-bound gAbs, leading to their displacement. The
gqAbs with high affinity are capable of withstanding this pressure and maintaining binding to the
antigen, whereas those with low-affinity surrender to the pressure and are replaced by the rAb. As
a result, when subjected to high concentrations of rAb, high-affinity qAbs were preferentially
enriched, while a low concentration of rAb enabled the identification of low-affinity qAbs as well.
This property, which depends on the concentration of rAb, suggests that this system performs
epitope binning while also considering the antigen-binding affinity.

Epitope Binning-seq holds promise for application in antibody affinity maturation. In this
scenario, parental and mutant antibodies would act as rAb and qAb, respectively, and Epitope
Binning-seq would identify qAbs with superior binding affinity compared to the rAb. Previously,
a competitive binding-based affinity maturation method has been studied, in which mutant
antibodies were secreted from the engineered mammalian cells co-displaying the chimera antigen
and parental antibody[53]. The secreted mutant antibodies bound to the antigen, competitively
inhibiting the binding of the engineered parental antibody, thereby preventing the dimerization of
chimera antigen and activation of cell death signaling, ultimately enabling the survival of cells that
secreted affinity-matured antibodies. Although this method successfully identified affinity-
matured anti-HER2 antibodies, it does have some potential weaknesses, such as a high false
positive rate resulting from secreted mutant antibodies binding to antigens expressed by nearby
cells, as well as limitations on the applicable antigens that cannot endure complex engineering. In
contrast, Epitope Binning-seq platform allows for the presentation of mutant antibodies with
minimal interference from neighboring cells and can be applied to a wide range of native antigens,
including single-pass membrane proteins, G-protein coupled receptors, and ion channel proteins.
In other words, Epitope Binning-seq holds the potential to serve as a more precise and versatile

affinity maturation method than existing techniques.
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Throughout the extensive process of therapeutic antibody discovery, the most primary and
straightforward strategy for candidate selection relies on the strength of antigen-antibody binding.
While this strategy yields numerous target-binding antibodies, mere binding to the antigen does
not guarantee an antibody the ability to mediate the function of the target antigen, let alone disease
treatment. Targeting a physiologically functional epitope is a prerequisite for the development of
effective therapeutic drugs. Epitope characterization represents one of the most important aspects
during antibody drug development, it not only aids in elucidating molecular MOA but also
facilitates the optimization of therapeutic strategies. Epitope binning, which focuses on epitope
similarity among pairs of antibodies rather than exact epitope residues, offers a cost-effective
option for epitope characterization during the early stages of antibody discovery. The fundamental
experimental approach for epitope binning involves competitive binding assays, wherein pairs of
antibodies are assessed for their ability to inhibit each other's binding to the same antigen. The use
of recombinantly expressed antibodies, whether in the form of culture supernatant or purified
antibodies, poses a challenge when testing large-scale candidates due to the requirement for
individual construction of recombinant plasmids, expression, and potential purification for each
antibody. In addition, in most available methods, each rAb-qAb pair is tested separately, leading
to labor-intensive processes and complicated data processing when evaluating a larger number of
antibodies. The purpose of this study is to develop an epitope binning approach capable of
assessing multiple antibodies simultaneously while circumventing the need for individual antibody
production. To achieve this objective, I repurposed MAGPIE, originally designed as a mammalian
display system co-presenting antigen and a peptide library for screening target-binding peptides
through competitive bindings, for the epitope similarity evaluation and epitope binning. The
platform, now designated as Epitope Binning-seq, successfully assessed epitope similarities for
multiple antibodies simultaneously and grouped them into respective epitope bins without
requiring separate antibody production.

Chapter 2 investigates the feasibility of the antigen/antibody co-display system to assess
epitope similarity, both for a single rAb-qAb pair and multiple rAb-qAb pairs. As a proof of
concept, HER2 and HER2-specific antibodies pertuzumab and trastuzumab were selected as the
model antigen and rAbs, respectively. The scFvs, derived from either rAbs or non-HER2 binding
antibodies, were presented on the surface of HER2-expressing cells as qAbs, ensuring that qAbs

targeting distinct epitopes could be investigated. FCM analysis of cells co-expressing HER2/qAb
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treated with labeled-rAb revealed the presence of the rAb(-) population in cells expressing a qAb
sharing the same epitope as the rAb, suggesting the feasibility of evaluating epitope similarity
between qAb and rAb using the presence of rAb(-) population as an indicator. Furthermore, two
different rAbs were simultaneously applied to treat cell mixtures containing various scFvs, the
observed respective rAb(-) populations demonstrated the feasibility of epitope similarity
assessment for multiple qAb-rAb pairs using dual rAbs with distinct epitopes simultaneously.

Chapter 3 describes the investigation of factors influencing the sensitivity of epitope
assessment, including rAb concentrations, antigen density, and qAb affinity. First, treatment of
cells presenting antigen/qAb with rAbs at varying concentrations revealed that high rAb
concentrations beyond a specific range are unfavorable for the efficient separation of rAb(-) cells.
Subsequently, the investigation into the reason for the presence of the rAb(+) population in cells
expressing a qAb targeting the same epitope as the rA showed that rAb(-) cells expressed a higher
level of gAb but a lower level of HER2 than those of rAb(+) cells, which inspired me to explore
the effect of relative qAb/HER2 ratio. By treating K562/scFv/HER2 cells with different HER2
expression levels with rAb and analyzing the proportion of rAb(-) cells, I found that cells with a
higher qAb/HER?2 ratio (HER2 low expression) were more advantageous for epitope similarity
evaluation. Additionally, to investigate the effect of qAb affinity on the sensitivity of epitope
similarity evaluation, I performed MD simulations to identify critical residues involved in the
interactions of HER2 with pertuzumab and trastuzumab to varying degrees. I then conducted single
alanine substitutions to generate qAb variants with diverse affinities to HER2 while remaining the
same or similar epitope as the parental scFv. The resultant variants were individually displayed on
antigen-expressing cells, followed by the rAb treatment and FCM analysis. It was observed that
both low-affinity and high-affinity qAbs can be efficiently evaluated for their epitopes at relatively
low rAb concentrations, while the evaluation sensitivity decreased as the qAb affinity decreased
at a relatively high rAb concentration.

Chapter 4 describes Epitope binning-seq, an efficient platform for epitope binning that enables
simultaneous assessment of epitope similarity for multiple genetically encoded gqAbs. To
demonstrate the effectiveness of this platform, a library of 14 qAbs was displayed on the surface
of antigen-expressing cells. The resultant cell libraries of qAbs were treated with rAbs, and the
rAb(-) cells were sorted for NGS analysis to identify qAbs sharing epitopes similar to those of rAb.

Using relative enrichment ratios calculated from NGS read counts, I successfully evaluated epitope
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similarities between rAbs and these 14 qAbs at various abundances in libraries and classified these
gAbs into respective epitope bins based on their enrichment within each rAb group.

In conclusion, this study has provided a proof-of-concept for the DNA sequencing-based
epitope binning platform. The successful implementation of simultaneous epitope similarity
evaluation of multiple qAbs and effective classification of epitope bins without involving the
individual production for each antibody demonstrates the effectiveness of Epitope Binning-seq as
an approach for epitope characterization of numerous qAbs in both natural and artificial libraries.
Epitope Binning-seq would be applicable for a broad range of antibodies and antigens, especially
membrane proteins with complex structure and dynamic conformation changes. Last but not least,
the versatility of the platform extends far beyond epitope binning. Its potential applications in
antibody identification, such as epitope-directed selection and affinity maturation, hold great
promise for significantly facilitating antibody drug discovery in the future.

Overall, the methodology described in this study demonstrates high reliability, scalability, and
versatility, and would lay a strong foundation for further exploration in epitope analysis and
antibody drug development and engineering. Continued efforts to enhance the performances of
currently existing methodologies, including Epitope Binning-seq described here, and to develop
additional novel strategies will facilitate more informed epitope analyses and candidate selection
processes. This has the potential to substantially reduce drug development timelines and costs,

ultimately benefiting a greater number of patients.
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