DE GRUYTER

Biol. Chem. 2022; 403(5-6): 455-477 a

Review

Bernhard Valldorf, Steffen C. Hinz, Giulio Russo, Lukas Pekar, Laura Mohr, Janina Klemm,
Achim Doerner, Simon Krah, Michael Hust and Stefan Zielonka*

Antibody display technologies: selecting the

cream of the crop

https://doi.org/10.1515/hsz-2020-0377
Received November 25, 2020; accepted March 5, 2021;
published online March 23, 2021

Abstract: Antibody display technologies enable the suc-
cessful isolation of antigen-specific antibodies with ther-
apeutic potential. The key feature that facilitates the
selection of an antibody with prescribed properties is the
coupling of the protein variant to its genetic information
and is referred to as genotype phenotype coupling. There
are several different platform technologies based on pro-
karyotic organisms as well as strategies employing higher
eukaryotes. Among those, phage display is the most
established system with more than a dozen of therapeutic
antibodies approved for therapy that have been discovered
or engineered using this approach. In recent years several
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other technologies gained a certain level of maturity, most
strikingly mammalian display. In this review, we delineate
the most important selection systems with respect to
antibody generation with an emphasis on recent
developments.

Keywords: antibody display; antibody engineering; anti-
body screening; antibody selection; genotype phenotype
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Introduction

Monoclonal antibodies (mAbs) have proven to be remark-
ably versatile therapeutics for disease treatment including
cancer and inflammatory disorders (Chan and Carter 2010;
Scott et al. 2012; Yasunaga, 2020). This is exemplified by
the fact that as of November 2019, around 80 mAbs have
been granted marketing approval either in the US or the EU
and 79 antibody-derived modalities were investigated in
late stage clinical trials (Kaplon et al. 2020). Also, from a
commercial perspective, antibody-based therapeutics are
tremendously successful. In 2018, the global mAbs market
was valued approximately 115 billion US dollars and is
expected to grow to about 300 billion US dollars until 2025
(Lu et al. 2020). Moreover, the majority of top 10 drugs by
global sales are antibody (Ab) therapeutics with Humira
(Adalimumab) still being the most profitable entity
(Urquhart 2020). As such, antibody-based therapeutics are
one of the main drivers of revenues of the pharmaceutical
market.

Antigen-specific mAbs can be obtained by immuniza-
tion combined with hybridoma technology, which was
pioneered in the 1970s by Kdhler and Milstein and still
remains state-of-the-art in Ab hit discovery (K6hler and
Milstein 1975). Alternatively, Ab display systems such as
phage display or yeast surface display enable the isolation
of molecules with prescribed properties essentially result-
ing in several mAb therapeutics approved by healthcare
authorities (Bradbury et al. 2011; Deng 2019; Frenzel et al.
2016; Lu et al. 2020). Herein, the key feature enabling the
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isolation of a desired candidate relies on the linkage of the
protein of interest (POI) (i.e. the phenotype) to its genetic
information (i.e. the genotype). Hence, this principle of
genotype phenotype coupling allows for ‘barcoding’ of up
to several billion different protein variants of which
binders can be selected via high-throughput identification
in an iterative process. Several different display technolo-
gies are available today, comprising for instance ribosomal
display, mammalian display, phage display or yeast sur-
face display, with phage display being the most estab-
lished one (Doerner et al. 2014). We aim at summarizing
core principles of different platform technologies with an
emphasis on recent developments and trends.

Antibody structure and formats
utilized for display

Humans produce five different isotypes of immunoglobu-
lins (Igs) referred to as IgG, IgM, IgA, IgD and IgE. Among
those, IgG, which can be further divided into four different
subclasses, is the most prevalent isotype in the serum
(Schroeder and Cavacini 2010). Importantly, IgG is also the
most relevant class in terms of therapeutic applications
(Grilo and Mantalaris 2019). The Y-shaped IgG is a complex
heterotetrameric protein composed of two identical heavy
chains (HCs) as well as two identical light chains (LCs) with
a molecular weight of approximately 150 kDa (Figure 1).
Each light chain, either assigned to the k- or A-type, forms a
heterodimer with a heavy chain and two of those resulting
heterodimers, which are linked via disulfide bonds (LC-HC
as well as HC-HC), represent the intact Ig. Within the
molecule, each light chain is generally composed of a
N-terminal variable domain (VL) as well as a constant
domain (either CLk or CLA), whereas each of the heavy
chains of an IgG1 consists of a N-terminal variable domain
(VH) followed by three constant regions (CH1-CH3). From a
functional perspective, this isotype has two identical
fragments responsible for antigen binding (fragment
antigen binding, Fab) and the fragment crystallizable
(Fc part) that mediates effector functions as well as long
serum half-life via binding to several distinct Fc receptors
and complement proteins (Lu et al. 2018; van Erp et al.
2019).

Each Fab fragment is a heterodimer consisting of the
VH-CH1 region of the heavy chain and the entire light chain
(VL-CLk or A). Within the Fab region domain, VH and VL
harbor the antigen binding site, i.e. the paratope. This
paratope is composed of three hypervariable loops of the
variable domain of the heavy chain and light chain,
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respectively. These hypervariable loops are referred to as
complementarity determining regions (CDRs) and offer
extraordinary variability with respect to loop length as well
as amino acid composition (most strikingly in CDR-H3).
Overall, those CDRs mediate highly specific antigen bind-
ing. Since Abs contain two identical Fab arms, antigen
binding is bivalent and monospecific by nature. Simulta-
neous bivalent binding of two identical targets is enabled
by the hinge region, which connects both Fab arms as wells
as the Fc part and mediates sufficient flexibility (Thouve-
nin et al. 1997). Due to their complex nature, display of
full-length IgGs is usually difficult to achieve using pro-
karyotic display systems or technologies engaging lower
eukaryotes [of note, full IgGs can readily be displayed
using mammalian systems (Dyson et al. 2020)]. Conse-
quently, Ab fragments are typically utilized for those
platform technologies. Those include Fab fragments
(de Haard et al. 1999) as well as single chain variable
fragments (scFvs) (Vaughan et al. 1996). ScFvs only consist
of the VH and the VL domains connected by a flexible
linker (Figure 1). In addition to this, camelids and sharks
produce heavy chain only Abs, where antigen binding is
mediated by a single variable domain (JovCevska and
Muyldermans 2019; Konning et al. 2017b; Zielonka et al.
2015). Single domain antibodies (sdAbs) display several
beneficial attributes for instance multiple reformatting
options when it comes to the construction of bi- and mul-
tispecific Abs (Bannas et al. 2017; Krah et al. 2016; Pekar
et al. 2020; Ubah et al. 2018). sdAb repertoires can also be
efficiently accessed employing genotype phenotype
coupling (Roth et al. 2020; Sellmann et al. 2020; Uchaniski
et al. 2019). Moreover, the display of bispecific entities as
well as engineered Ab scaffolds has been described in
literature (Fagéte et al. 2017; Wozniak-Knopp et al. 2010).

Sources of antibody diversity

Different sources of diversity can be harnessed for the
construction of Ab libraries. In principle, libraries can be
divided into immune libraries and libraries of universal
use. Immune libraries are typically constructed from tis-
sues or blood samples of immunized animals (Clackson
et al. 1991; Grzeschik et al. 2019; Rasetti-Escargueil et al.
2015; Rossant et al. 2014; Wang et al. 2016). With the advent
of transgenic animals harboring the (partial) human Ig
variable region gene repertoire (Briiggemann et al. 2015;
Ching et al. 2018; Green et al. 1994; Lonberg 2005; Lonberg
et al. 1994; Murphy et al. 2014; Osborn et al. 2013), fully
human Abs can be obtained nowadays by the combination
of immunization with an Ab display platform of choice
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sdAb

(Schroter et al. 2018). Moreover, those libraries can be
generated based on humans that either have received
vaccination or from patients who have suffered from a
disease (Cai and Garen 1995; Coomber et al. 1999; Duan
et al. 2005, 2009; Trott et al. 2014; Wenzel et al. 2020a, b).
These kinds of libraries are heavily biased towards a given
target since the Ab repertoire has already been pre-selected
as well as affinity optimized in vivo. Hence, they typically
contain high-affinity variants. However, their applicability
is usually limited to single use only.

On the contrary, universal libraries can be considered
as ‘one-stop-shops’ for the isolation of antigen-specific Abs
against virtually every target. Accordingly, these types
of libraries are of general use. Universal libraries can be
sub-divided into naive, synthetic and semi-synthetic
approaches (Almagro et al. 2019). Naive libraries make
use of rearranged Ig V genes from non-immunized donors
and, as consequence, typically access the IgM repertoire
(de Haard et al. 1999; Kiigler et al. 2015; Omar et al. 2018;
Schofield et al. 2007). One of the hallmarks of such libraries
relies on their combinatorial nature, i.e. during library
construction heavy and light chains are randomly com-
bined. While much efforts were made recently to keep the
natural heavy and light chain pairing for immune libraries
(Adler et al. 2018; Wang et al. 2018), this random i.e. un-
natural pairing is generally considered to be advantageous
in case of universal libraries (Lerner 2016). Many thera-
peutic antigens are self-molecules, but during B cell
maturation autoreactive Abs expressed on the B cell sur-
face (i.e. B cell receptors) are usually eliminated. Generally,
it is considered that owing to the random combinatorial
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Figure 1: Antibody formats used in different
display technologies.

(A) Schematic structure of an IgG antibody.
VH, variable domain of the heavy chain; VL,
variable region of the light chain; CL,
constant domain of the light chain; CH1-
CH3, constantregions of the heavy chain; H,
hinge region; Fab, fragment antigen
binding, Fc, fragment crystallizable.

(B) Model structure of an IgG based on pdb
entry: 5dk3 (Scapin et al., 2015) generated
using PyMOL v0.99. Variable domains
colored in light green, constant regions in
dark green and CDRs of one paratope are
highlighted in red. (C) Schematic depiction
of fragments used for display. ScFv, single
chain fragment variable; sdAb, single
domain antibody. Schemes depicted in

(A) and (C) generated with biorender (www.
biorender.com).

assembly of heavy and light chains, this immunological
tolerance can be circumvented (at least partially), enabling
the generation of Abs targeting self-antigens. Synthetic
strategies are intended to maximize the functionality of
libraries, e.g. by focusing on developable scaffolds or by
precise control of loop length and amino acid composition
using state-of-the-art methods of molecular biology
(Almagro et al. 2019; Chen and Sidhu 2014; Fellouse et al.
2007; Knappik et al. 2000; Nilvebrant and Sidhu 2018;
Prassler et al. 2011; Weber et al. 2014). Semi-synthetic
approaches typically combine natural and synthetic Ab
sequences or sequence parts (Frenzel et al. 2016).
Regarding this, one extravagant example was described by
Hoet and colleagues, who combined light chains from
autoimmune patients with the human IGHV3-23 framework
harboring autoimmune patient-derived CDR-H3 as well as
synthetic CDR-H1 and CDR-H2 regions (Hoet et al. 2005).
Beyond, libraries can also be constructed for a specific
intended purpose, i.e. for humanization of candidates or
for affinity maturation (Hu et al. 2015; Lai et al. 2018; Lou
et al. 2010; Rader et al. 1998; Tiller et al. 2017).

Phage display

The most successfully applied platform technology in the
context of Ab discovery is phage display (PD). As of today,
14 marketed therapeutic Abs were identified or engineered
using this Nobel prize-awarded approach (Smith 2019)
(Table 1), and a multitude of PD derived molecules are
currently investigated in clinical trials (Frenzel et al. 2016).
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Table 1: Antibodies granted marketing approval discovered or engineered using phage display or yeast surface display.

Name Trade Company Display Approach Target Approval Indication(s)
name technology
1 Adalimumab Humira Abbott (Abbvie) Phage Humanization TNF-a 2002 Rheumatoide arthritis,
display by guided (UsA), psoriasis, Morbus
selections 2003 (EU) Bechterew, Morbus
Crohn
2 Ranibizumab Lucentis  Novartis, Gen- Phage Humanization,  VEGF-A 2006 wet macular
entech/Roche display affinity (USA), degeneration
maturation 2007 (EV)
3 Belimumab Benlysta  CAT, human Phage Initial selection B-lymphocyte 2011 Systemic lupus erythe-
(LymphoStat-B) genome Sciences, display stimulator (USA, EU) matosus (SLE)
GlaxoSmithKline (BLyS, BAFF)
(GSK)
4 Raxibacumab ABThrax Human genome Phage Initial selection  B. anthracis PA 2012 Anthrax
Sciences/CAT, GSK display (USA)
5 Ramucirumab Cyramza  Imclone (Dyax)/ Phage Initial selection VEGFR2 2014 Stomach cancer, non-
Lilly display (USA, EU) small-cell lung carci-
noma (NSCLC)
6 Necitumumab Portrazza  Eli Lilly Phage Initial selection EGFR 2015 NSLCC
display (USA, EU)
7 Ixekizumab Taltz Eli Lilly Phage Humanization IL-17a 2016 Psoriasis
display (USA, EV)
8 Atezolizumab Tencentrig Roche/Genentech  Phage Initial selection PD-L1 2016 Bladder cancer
display (USA),
2017 (EV)
9 Avelumab Bavencio  Merck KGaA/EMD Phage Initial selection PD-L1 2017 (EU, Merkel-cell carcinoma
display USA)
10 Guselkumab Tremfya Morphosys Phage Initial selection IL-23 2017 (EU, Psoriasis
display USA)
11 Lanadelumab Takhzyro  Dyax/Shire Phage Initial selection Plasma 2018 Hereditary angioedema
display Kallikrein (USA, EV)
12 Caplacizumab  Cablivi Ablynx Phage Initial nanobody von Willebrandt 2018 Thrombotic thrombocy-
display selection Faktor (USA), topenic purpura
2019 (EV)
13 Moxetumomab  Lumoxiti Medimmune/ Phage Murine scFv, af- CD22 2018 Hairy cell leukemia
pasudotox AstraZeneca display finity maturation (USA)
14 Emapalumab Gamifant  Novimmune Phage Initial selection INF-Gamma 2018 Hemophagocytic lym-
display (USA) phohistiocytosis (HLH)
15 Sintilimab Tyvyt Innovent Biologics/ Yeastsur- Initial selection PD-1 2018 Hodgkin lymphoma
Eli Lilly face display (China)

PD has its origins in 1985, when George P. Smith was able to
display and affinity purify short peptides (genetically)
fused to the pIll minor coat protein of M13 filamentous
phage (Smith 1985). With respect to Ab discovery, it was
independently shown by three groups in the early 1990s
that PD can be exploited for the in vitro selection of Ab
fragments: the working groups around McCafferty and
Chiswell in Cambridge (McCafferty et al. 1990), Barbas in
LaJolla (Barbas et al. 1991) as well as Breitling and Diibel in
Heidelberg (Breitlin et al. 1991). In general, the Ab candi-
date fused to plII can be integrated into the phage genome
(McCafferty et al. 1990). However, due to its enhanced

flexibility, nowadays, the phagemid system is used much
more frequently (Bass et al. 1990; Breitlin et al. 1991). Here,
expression of the antibody::plllI fusion is uncoupled from
phage replication and phage protein production. For
single-stranded DNA replication and packaging into phage
particles, a morphogenic signal is added. Assembly of
functional phage particles is then facilitated by helper
phage providing all crucial components for M13 phage
packaging. This also allows for utilization of specialized
helper phage, e.g. Hyperphage, enabling multicopy
display and consequently avidity-based selections (Rondot
et al. 2001; Soltes et al. 2007). Eventually, incorporation of
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Figure 2: Schematic representation of scFv-displaying phage (A) and phage display procedure (B).

Main components of antibody-displaying phage are shown (A). plll, phage protein lll; pVl, phage protein VI; pVIl, phage protein VII; pVIII,
phage protein VIII; pIX, phage protein IX. (B) Overview of phage display panning. After library construction, antibody displaying phage are
incubated with a particular antigen (here shown with surface immobilized antigen). Subsequently, unspecific phage are removed by washing
followed by elution of antigen-specific phage via enzymatic treatment or pH-shift. Afterward, antigen-enriched phage are exploited for
infection of E. coli for propagation. Co-infection with helper phage enables production and amplification of enriched phage. This procedure is
commonly repeated for 2-5 cycles. Finally, after reinfection, scFvs can be produced in microtiter plates and utilized for characterization.

Components created using biorender (www.biorender.com).

the antibody::pIll fusion into the phage coat results in
display on the phage surface, while the corresponding
genetic material resides within the phage particle
(Figure 2). Albeit display of full-length Igs has been
described (Mazor et al. 2010), usually Ab fragments such as
scFvs (Vaughan et al. 1996), Fabs (Hoet et al. 2005) or single
domain entities (Sellmann et al. 2020) are employed for PD,
owing to a more robust and reliable processing by the
bacterial expression host Escherichia coli (E. coli). In
addition to this, fragment libraries can also be displayed on
the surface of bacteriophage lambda (Garufi et al. 2005).
Albeit being used less frequently, lambda display allows
for N-terminal as well as C-terminal fusions of library
candidates to phage proteins and might be especially
beneficial when proteins cannot be secreted throughout
the bacterial periplasm as phage fusion or when proteins
are toxic for the host cell (Garufi et al. 2005; Gi Mikawa et al.
1996; Sternberg and Hoess 1995).

One of the main advantages of PD compared to most
other platform technologies described in this review is the
ease of library generation comprising huge diversities. In
this respect, libraries with more than 10" clones have been
constructed (Table 2) (Schwimmer et al. 2013; Tiller et al.

2013). Hence, highly specific and high-affinity variants in
the low nanomolar to sub-nanomolar range can be readily
obtained not only from immune libraries (Miethe et al.
2014; Rasetti-Escargueil et al. 2015; Sellmann et al. 2020),
but also from universal approaches, as elegantly reviewed
by Almagro and co-workers (Almagro et al. 2019). Ab
library generation can be conducted in several ways, for
instance by sequential cloning of the light and heavy chain
repertoire (Kiigler et al. 2015), via splicing by overlap
extension PCR (Davies et al. 1995; De Jaeger et al. 1997) or
utilizing type IIs restriction enzymes for simultaneous
introduction of heavy and light chain diversities (Nelson
and Valadon 2017; Sellmann et al. 2020).

Once constructed, library candidates with desired
characteristics such as affinity, selectivity or stability can
be selected in a process referred to as panning (Figure 2),
inspired by the process of gold mining. To this end, the
library of Ab-displaying phage is incubated with the
respective antigen. On the one hand, antigens can be
immobilized to a solid surface e.g. to nitrocellulose (Haw-
lisch et al. 2001), magnetic beads (Moghaddam et al. 2003),
column matrixes (Breitlin et al. 1991), polystyrene tubes
(Hust et al. 2002) or microtiter plates (Barbas et al. 1991;
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Table 2: Antibody gene library sizes per platform technology.

Display Library size References

technology (unique clones)

Phage display 10"712 Schwimmer et al. 2013; Tiller
etal. 2013

Bacterial display 10" Bessette et al. 2004

Yeast surface 10° Benatuil et al. 2010; Rosowski

display etal. 2018

Mammalian 10’ Parthiban et al. 2019; Wald-

display meier et al. 2016

Ribosome 10" Lipovsek and Pliickthun 2004;

display Pliickthun 2012

Russo et al. 2018) with high protein binding capacities. On
the other hand, panning can alternatively be performed in
solution using biotinylated antigens followed by ‘pull-
down’ employing streptavidin-coated beads (Wenzel et al.
2020a, b). Moreover, selections can be carried out on pri-
mary cell lines or utilizing recombinant cells expressing
the target of choice, clearly demonstrating the vast flexi-
bility of PD. By applying stringent washing steps, the
excess of target-unspecific phages can be removed and
subsequently, antigen-bound phage are eluted [e.g. enzy-
matically (Kiigler et al. 2015; Sellmann et al. 2020) or by
pH-shift (Harrison et al. 1996; Smith 1985)] and used for re-
infection and re-amplification of E. coli. Since phagemid-
harboring E. coli cells only express the antibody::plIl
fusion, helper phage infection is again needed for the
production of functional phage particles. This iterative
procedure is typically repeated for several rounds in order
to highly enrich for antigen specific clones followed by
soluble Ab fragment production and screening for specific
binding either by ELISA (Russo et al. 2018), immunoblot
(Hust et al. 2002) or flow cytometry (Ayriss et al. 2007). The
ability to produce soluble Ab fragments simultaneously to
the expression of the pllIl fusion derives from the pres-
ence of an amber stop codon placed in frame between the
Ab gene and the plII gene in combination with the utili-
zation of an amber-suppressor strain of E. coli. Afterward,
the genetic information of positive hits is retrieved
by sequencing. Moreover, sorting stringencies can be
increased by implementing different depletion strategies
(Droste et al. 2015; Even-Desrumeaux and Chames 2012).
Due to its high versatility, PD has been applied in
manifold ways for Ab discovery and engineering. In this
respect, this technology commonly is the method of choice
for the de novo generation of candidates from universal
library approaches and consequently a plethora of uni-
versal libraries is known today, as described elsewhere
(Almagro et al. 2019; Hoet et al. 2005; Knappik et al. 2000;
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Kiigler et al. 2015; Prassler et al. 2011; Schwimmer et al.
2013; Weber et al. 2014). Moreover, typical other applica-
tions of PD are Ab humanization (Baca et al. 1997; Nishibori
et al. 2006; Rader et al. 1998) as well as affinity maturation
of Abs. Affinity optimization of library candidates by phage
display can be executed in many ways, for instance using
different mutagenesis strategies (Gram et al. 1992; Tiller
et al. 2017). Another prominent approach is referred to as
light chain shuffling (Kang et al. 1991; Osbourn et al. 1996).
Here, the heavy chain of a pre-selected binder (or heavy
chains from a panel of binders) is paired with the light
chain repertoire of a universal library (e.g. naive) and re-
selected under enhanced stringencies in order to obtain
affinity-matured hits (Frenzel et al. 2017). A very elegant PD
strategy relies in guided selection (Osbourn et al. 2005).
Here, usually a rodent Ab is employed as template and
each of its variable domains (e.g. the VH domain) is paired
with the complementary human antibody variable domain
repertoire (e.g. the human VL repertoire), respectively, and
selected against the original target. Subsequently, both
enriched human VH and VL repertoires are combined and
further panned in order to isolate antigen-specific binders.
Ultimately, this strategy leads to the identification of
human Abs having similar properties as the parental non-
human clone. Guided selection has been used in combi-
nation with PD for the generation of Adalimumab (Frenzel
et al. 2016; Salfeld et al. 1998). However, it was shown that
‘shuffling approaches’ might result in a drift in the targeted
epitope (Ohlin et al. 1996). Beyond, PD has proven to be
versatile for a more extravagant engineering of ‘next-gen-
eration’ mAb entities such as common light chain bispe-
cifics (Merchant et al. 1998), common heavy chain
bispecifics (also known as kA-bodies) (Fischer et al. 2015) or
Abs comprising pH-dependent binding properties (Bonvin
et al. 2015; Murtaugh et al. 2011).

Bacterial display

Bacteria have been utilized for surface display in order to
combine fast growth rates as well as easy and cost-efficient
handling with real-time multiparameter fluorescence
analysis for cell sorting. Additionally, high library sizes
have been reported for bacterial display, clearly repre-
senting a beneficial attribute (Table 2) (Bessette et al.
2004). Unlike PD or yeast surface display (described
below), where mainly one specific methodology dominates
the display field, many different systems of bacterial sur-
face display have been developed in parallel of which some
will be discussed in the following.
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Francisco and colleagues, e.g., utilized the trans-
location properties of the major lipoprotein (Ipp) of E. coli
in combination with the outer membrane protein A (ompA)
mediating the anchorage of the antibody on the outer
membrane to achieve surface presentation (Francisco et al.
1993). Subsequently, this system was used to affinity
mature an anti-digoxin scFv, which resulted in the isola-
tion of a binder with sub-nanomolar affinity (Daugherty
et al. 1998). Additional approaches employ alternative
bacterial proteins either for display on the outer
membrane, such as peptidoglycan associated lipoprotein
(PAL) (Dhillon et al. 1999; Fuchs et al. 1991), f-domains of
EhaA and intimin (Veiga et al. 2004), or for the display on
the inner membrane.

In 2004, the anchored periplasmic expression tech-
nology (APEx) was published (Harvey et al. 2004). Here, in
contrast to the Ipp-ompA setup, the Ab fragment is either
fused to lipoprotein NlpA (N-terminal setup) or to M13
phage gene 3 minor coat protein (g3p) (C-terminal setup)
and displayed on the inner membrane. Another approach
is the MAD-TRAP system, described by Karlsson and col-
leagues, which utilizes the twin-arginine translocation (tat)
pathway to achieve inner membrane display of scFv
molecules (Karlsson et al. 2012). Due to the location of the
displayed Ab fragment, the outer membrane and cell wall
need to be permeabilized or removed with EDTA and
lysozyme in order to achieve accessibility for antigen and
staining reagents.

The more sophisticated display of full-length Abs was
achieved by Mazor and colleagues expanding the APEx
system. To this end, the protein A-derived Ab-binding
ZZ-domain was fused downstream of NIpA and displayed
on the inner membrane of E. coli (Mazor et al. 2007).
Additional expression of the light as well as the heavy
chains and subsequent secretion into the periplasm
allowed for capturing the full-length Igs via the ZZ-domain.
In contrast to the display of immobilized Ab fragments, the
periplasmic expression with cytometric screening (PECS)
technology exploits periplasmic expression of Abs, which
are retained by the outer membrane (Chen et al. 2001).
Further, the antibody-antigen complex is detected by
antigen-fluorophore conjugates which are limited to
around 10 kDa owing to same permeability limitations
retaining the Ab in the periplasm. More recently, Lombana
and colleagues employed a lpp knock out E coli strain for
non-immobilized full-length IgG display (Lombana et al.
2015). Due to the lpp gene deletion and supplementation
with EDTA, the loss of outer membrane integrity allowed
for antigens and immunostaining agents of up to 100 kDa
to enter into the periplasm.
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Besides surface display employing gram-negative
bacteria, several approaches emerged relying on gram-
positive bacteria such as Staphylococcus xylosus, Staphy-
lococcus aureus or Staphylococcus carnosus. In these
approaches, Ab fragments are either anchored by the cell
surface attachment regions of protein A (XM domain)
directly on the cell wall (Gunneriusson et al. 1996; Hu et al.
2018) or by endogenous sortase mediated attachment to
peptidoglycan (Cavallari 2017). The capabilities of the
gram-positive bacterial display method were demonstrated
by e.g. Fleetwood and colleagues, who screened a VHH
immune library against GFP and isolated several high
affinity variants (Fleetwood et al. 2013). However, low
transformation efficiencies for gram-positive bacteria still
seems to limit their broad applicability in Ab discovery.
Additionally, non-human-like post-translational modifi-
cations are drawbacks still existing for the different bac-
terial display platforms.

Yeast surface display

In addition to PD, another platform technology that suc-
cessfully demonstrated to be suitable for the generation of
therapeutic Abs is yeast surface display (YSD). YSD
enabled the generation of the PD-1 blocking Ab molecule
Sintilimab, which has gained marketing approval in China
for the treatment of refractory classical Hodgkin’s lym-
phoma (Table 1) (Hoy 2019; Wang et al. 2019; Zhang et al.
2018). This technology was pioneered in 1997 by Boder and
Wittrup and relies on the genetic fusion of the library
candidate to a microbial cell surface protein (Boder and
Wittrup 1997). Albeit several different anchor proteins have
been evaluated for displaying proteins on the surface of
Saccharomyces cerevisiae (Kondo and Ueda 2004; Sato
et al. 2002; Ueda and Tanaka 2000), the most commonly
and successfully applied system is composed of the
a-agglutinin complex subunits Agalp and AgaZp
(Figure 3). Here, the POI can be fused N-terminally or C-
terminally to Aga2p, clearly enabling flexibility with
respect to the optimal orientation that might be needed for
a particular protein (Boder and Wittrup 1997; Wang et al.
2005). Typically, the resulting plasmid-encoded fusion
protein is produced under the control of the galactose-
inducible GAL1/10 promoter system, whereas Agalp,
which is also controlled by a galactose-inducible promoter,
is integrated into the yeast genome. Upon expression,
Aga?p forms two disulfide bonds with Agalp (Pepper et al.
2008). Hence, covalent tethering of the POl is facilitated on
the yeast surface, usually resulting in the display of 1010
copies of the library candidate (Boder and Wittrup 1997).
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Figure 3: Overview of yeast surface display.

(A) Schematicillustration of yeast surface display based on S. cerevisiae strain EBY100. In this representation, expression of the heavy and the
light chain forantibody Fab display is enabled by employing a one plasmid system under the control of galactose-inducible promoters. Surface
display is achieved by genetically fusing the C-terminus of the CH1 domain to Aga2p, which upon secretion forms a covalent linkage with
Agalp. Of note, chromosomally integrated Agalp is not shown. Utilization of fluorophore-labeled detection reagents (in this scheme directed
against domain CL) as well as fluorescently labeled antigen allows FACS-based gating for functional surface expression simultaneous to
antigen binding. (B) Process of library selection via FACS. After library generation, Fab-displaying yeast cells are incubated with the
fluorophore-labeled antigen (labeling with detection reagents not shown). Hence, cells displaying an antigen-specific antibody fragment can
be detected as fluorescence-positive event and sorted. Depending on the type of library, 2-5 rounds of selection can be carried out before the
genetic information is obtained by sequencing. Scheme generated with biorender (www.biorender.com).

Although full-length Ig display has been achieved for YSD
(Rakestraw et al. 2011; Rhiel et al. 2014; Rouha et al. 2015),
Ab fragments, for instance scFvs and Fabs, are most
commonly exploited in the context of Ab engineering via
YSD (Boder and Wittrup 1997; Chao et al. 2006; Roth et al.
2019; Sivelle et al. 2018; van den Beucken et al. 2003;
Weaver-Feldhaus et al. 2004). Moreover, sdAbs (Uchafiski
et al. 2019; Zielonka et al. 2014) as well as scaffold proteins
are frequently engineered using this platform approach
(Konning and Kolmar 2018). YSD libraries can be con-
structed in manifold ways, e.g. by conventional cloning
(Graff et al. 2004), in a homologous recombination-based
process referred to as gap repair cloning (Swers 2004) or by
Golden Gate Cloning involving type IIs restriction enzymes
(Krah et al. 2018; Rosowski et al. 2018).

One of the main benefits of YSD is its compatibility with
fluorescence activated cell sorting (FACS), enabling online
and real-time analysis of library candidates and conse-
quently precise control over selection on a quantitative basis
(Doemer et al. 2014). In this regard, a two-dimensionally
sorting strategy can be implemented using fluorescently
labeled antigens as well as immunofluorescence staining to

gate for clones with structural integrity (i.e. clones without
frame shifts or stop codons). This can be accomplished by
either employing epitope tags or by using fluorescently
labeled detection reagents directed against constant com-
ponents of the protein to be displayed, such as reagents
targeting the constant region of the light chain in the case of
Fab display (Figure 3) (Boder and Wittrup 1997; Schréter
et al. 2018). Alternatively, reporter systems have been
described which couple functional protein display to a
fluorescence reporter read-out (Grzeschik et al. 2017; Lim
et al. 2017) This allows for fine discrimination of clones
based on binding affinities or kinetics. Moreover, due to the
presence of more sophisticated quality control machineries
for proper protein folding, it is believed that YSD enables the
engineering of more complex molecules compared to tech-
nologies involving prokaryotes (Boder et al. 2012; Bowley
et al. 2007; Doerner et al. 2014). After library sorting,
enriched cell populations are expanded, followed by sub-
sequent FACS-based selection rounds. Finally, the genetic
information is obtained by sequencing. Additionally,
enriched clones can directly be characterized in terms of
binding functionality or affinity via flow cytometry without
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the need for subcloning. In direct comparison to PD, the
main bottleneck of YSD is confined library sizes (Table 2).
While libraries in the range of 10° clones can be readily
constructed for YSD (Benatuil et al. 2010; Blaise et al. 2004;
Rosowski et al. 2018), libraries for PD are able to outperform
this by several orders of magnitude (Almagro et al. 2019).
Nevertheless, it was shown that YSD also allows for the
isolation of antigen-specific Abs from universal libraries
(Feldhaus et al. 2003; Puri et al. 2013; Zielonka et al. 2014).
Moreover, the daily throughput of FACS is limited to the
range of approximately 10° cells, which, however, can be
increased for huge libraries by a pre-enrichment using
magnetic-activated cell sorting.

One of the main applications of YSD in Ab engineering
is affinity maturation (Boder and Wittrup 1997; Rappazzo
et al. 2021; Tillotson et al. 2015b; van den Beucken et al.
2003). Similar to PD, this can be achieved utilizing different
randomization strategies, such as CDR-targeted mutagen-
esis (Yang et al. 2018; Zielonka et al. 2014) or light chain
shuffling (Blaise et al. 2004). In a recent work, we were able
to demonstrate that also natural ligands for immune cell
activating receptors can be affinity optimized by
combining a semi-rational library approach with YSD
(Pekar et al. 2021). Additionally, it has been shown that YSD
allows for facile isolation of high-affinity candidates after
animal immunization (Grzeschik et al. 2019; Roth et al.
2019; Schroter et al. 2018; Wang et al. 2016). Related to this,
Johnson and colleagues demonstrated that the construc-
tion of natively paired Ab libraries (i.e. libraries retaining
the original pairing of the heavy and the light chain from a
distinct B cell) yield proteins with higher sensitivities and
specificities after immunization than libraries with random
paired chains (Adler et al. 2018). Consequently, sophisti-
cated techniques have been established aiming at the
maintenance of this natural heavy and light chain pairing
(Adler et al. 2018; Wang et al. 2018). Additionally, YSD can
be employed for mAb humanization (Elter et al. 2020). Like
PD, YSD has proven to be versatile for the engineering of
next-generation Abs such as pH-dependent mAbs (Bogen
et al. 2019; Hinz et al. 2020; K6nning et al. 2016; Schréter
et al. 2015; Tillotson et al. 2015a), common chain entities
(Krah et al. 2017; Rosowski et al. 2018), anti-idiotypic
entities (Konning et al. 2017a) or antigen-binding Fc parts
(Wozniak-Knopp et al. 2010). A very elegant approach for
the isolation of mAbs exhibiting excellent developability
properties originating from YSD libraries has been pub-
lished by Krauland and colleagues (Xu et al. 2013). During
Ab selection, the authors implemented a depletion step,
i.e. a negative selection by employing a polyspecificity
reagent, in order to enrich for clones with significantly
reduced polyspecific binding. In another work, published
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by Lerner and colleagues, it was demonstrated that also
complex antigens such as G protein-coupled receptors can
be targeted by YSD in a FACS-based biopanning approach
(Yang et al. 2019). In addition, yeast display can be utilized
to scrutinize PD selection outputs in a high-throughput
manner eventually improving selection by combining the
high diversity of phage display libraries with specificity
and affinity advantages provided by YSD (Ferrara et al.
2012).

Mammalian surface display

Similar to bacterial display, many different systems of
mammalian surface display have been developed in par-
allel. With the advent of sophisticated tools of gene editing
and genetic engineering, e.g. CRISPR/Cas9 or transposon
technologies, tremendous progress has been made within
recent years. This section aims at briefly giving an overview
about some of the main techniques and recent trends.

Mammalian Ab display offers some distinct advan-
tages compared to other selection techniques described in
this review due to the use of cells not only suitable for
selection but also for the production of the desired pro-
teins. The mammalian expression and secretory apparatus
is particularly favorable for the production of properly
folded full-length Ig molecules with human-like glycosyl-
ation patterns and other post-translational modifications.
The vast majority of marketed Ab therapeutics is produced
in mammalian cells (Birch and Racher 2006; Wurm 2004).
Hence, a mammalian platform technology for Ab selection
enables processing of library candidates similar to the final
production cell line. This facilitates a thorough selection
with respect to developability besides the binding func-
tionality by FACS (Dyson et al. 2020).

Mammalian cell surface display of Abs is typically
enabled by the genetic fusion of the C-terminus of the
heavy chain constant region to a transmembrane domain
e.g. of the murine H-2Kk protein or the human platelet-
derived growth factor (PDGF) receptor (Figure 4) (Bowers
et al. 2014; Parthiban et al. 2019). While transient trans-
fection has traditionally been used for library construction
in mammalian cells (Higuchi et al. 1997), the field rapidly
shifted to stable library generation due to a much more
robust genotype phenotype coupling (Parthiban et al.
2019). Since transiently transfected cells generally produce
the Ab only for a certain time period, the introduced
plasmid DNA must typically be rescued after one round of
selection, clearly impeding throughput and convenience in
handling (Higuchi et al. 1997; Ho and Pastan 2009). This is
in stark contrast to stable library generation, where, in
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Figure 4: Schematic representation of mammalian surface display.

Antibody libraries can be generated by transfection of mammalian cells with plasmids encoding for antibody diversities. In this respect, the
use of modern genetic engineering tools ensures mono-copy integrations into a predefined site and hence, monoclonal display. Moreover,
libraries can also be constructed via transduction or transposase-mediated integration. Library sorting by FACS is similar to yeast surface
display i.e. via incubation with fluorophore-labeled antigen and detection reagents (not shown). In several mammalian systems, owing to
simultaneous display and secretion, library cells can be exploited directly for antibody production and characterization after several rounds of
FACS-based enrichment. Partially generated with biorender (www.biorender.com).

theory, infinite rounds of selection can be carried out
without plasmid loss (Beerli et al. 2008; Breous-Nystrom
et al. 2014; Ho and Pastan 2009; Parthiban et al. 2019;
Waldmeier et al. 2016).

In addition to surface display, simultaneous secretion
can be achieved, for instance, by inclusion of LoxP sites
flanking the sequence which encodes for the membrane
anchoring protein domain, yielding cryptic splice donor
sites. The alternatively spliced product lacks the trans-
membrane domain and is directly secreted into the
medium, which enables further biophysical characteriza-
tion of Abs expressed by selected cells (Bowers et al. 2014;
Parthiban et al. 2019). As example, Waldmeier and col-
leagues used the supernatants from sorted clones for
affinity determination but also checked their suitability as
antibody-drug conjugates in a secondary ADC cell killing
assay (Waldmeier et al. 2016). In a recent publication,
Aebischer-Gumy and colleagues turned this concept
upside-down resulting in a proportion of the secreted
protein as displayed molecule on the cell surface by
alternative splicing using the chicken cardiac troponin
intron 4 between the coding sequence of the HC and the

transmembrane domain (Aebischer-Gumy et al. 2020). Due
to the small size (0.5 kb) of the chicken cardiac troponin
intron 4, it can easily be used in plasmids for Ab display
compared to the natural intron of the Ig gene (5 kb), which
has been used with transposable vectors (Aebischer-Gumy
et al. 2020; Waldmeier et al. 2016). The technology called
SPLICELECT™ claims that the level of cell surface display
can be correlated with expression titers and product
quality attributes. In addition, the intron sequence can be
modified in a nature either favoring display or mAb
secretion, clearly enabling a certain degree of flexibility.
Beyond, alternative strategies for simultaneous display
and secretion have been described e.g. by a leaky trans-
lation termination signal between the HC of the Ab and a
transmembrane domain (Lang et al. 2016), by non-sense
codons (Bouquin et al. 2006) or by amber suppression
(Chakrabarti et al. 2018).

One of the biggest challenges in mammalian display is
the construction of large libraries comparable to those in
bacteria or yeast. Depending on the strategy chosen for
stable cell library generation, multiple or single copies of Ig
genes can be integrated into the genome either randomly or
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in a site-specifically manner. Standard transfection, viral
transduction or transposon technologies for library
generation can yield clones with multiple DNA integrations
encoding for different Ab genes (Beerli et al. 2008; Breous-
Nystrom et al. 2014; Waldmeier et al. 2016). Of note, poly-
clonal display negatively impacts genotype phenotype
coupling, and consequently the isolation of the genetic
information of a favored library candidate. Besides, due to
the presence of different Ab chains, mispaired heavy and
light chains are displayed and the enrichment of specific
clones can be hampered substantially. To obviate this, the
DNA utilized for transfection or viral particles can be
titrated carefully, thereby enabling an average of one
transfected cell displaying only one protein variant (Beerli
et al. 2008; Breous-Nystrom et al. 2014; Waldmeier et al.
2016).

In general, irrespective of titration in order to obtain
pseudo-monoclonal display, large libraries can be gener-
ated by random introduction of Ab genes into cells using
viral transduction or transposon technology (Beerli et al.
2008; Breous-Nystrom et al. 2014; Waldmeier et al. 2016;
Zhang et al. 2012). The Transpo-mAb display platform e.g.
applies DNA transposition to generate mammalian cell
libraries with a potential complexity of 10° by simple
transfection (Table 2) (Waldmeier et al. 2016). Libraries of
more than 10’ clones have also been generated by B cell
transduction with retroviral particles carrying light chain
and heavy chain diversities, respectively, as described by
Breous-Nystrom in 2014 (Breous-Nystrom et al. 2014).
However, one of the main downsides of random Ab gene
insertion is the variation in the expression level, which
strongly depends on the transcriptional activity at the
integration site.

In recent years, mammalian display made significant
advances due to the application of progressive genetic
engineering tools, i.e., CRISPR/Cas9 or TALE nucleases.
Genetic engineering can be used to efficiently create
libraries of up to 10’ clones with strictly monoclonal
display as well as gene insertion at a pre-defined integra-
tion site (Parthiban et al. 2019). In this respect, the group of
McCafferty was able to create a functional chain-shuffled
library of 1.8 x 10° clones using a population of VH genes
pre-selected against PD-L1 combined with a repertoire of
light chains. Novel high-affinity 1gGs specific for PD-L1
could be selected from this mammalian Ab display library
(Parthiban et al. 2019). In a different set-up Cas9-driven
homology-directed repair (HDR) has been used to generate
site-directed mutagenesis antibody libraries with about 10°
variants (Mason et al. 2018). Herein, variations were
introduced utilizing single-stranded oligonucleotides as
the donor template at individual complementarity
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determining regions of a pre-integrated Ab gene in a
modified hybridoma cell line, referred to as plug-and-(dis)
play hybridomas (Mason et al. 2018; Pogson et al. 2016).
The group was able to increase Cas9-mediated integration
efficiency by more than 15-fold in the hybridoma cell line
by improving an HDR plasmid donor setup that applies
in situ linearization (Parola et al. 2019). Furthermore, this
allowed for the efficient integration of complete VL and VH
chain cassette libraries into the genome of the hybridoma
cells. Interestingly, in another publication, the group
combined mammalian library screening with machine
learning. To this end, they trained a neural network by
screening and deep-sequencing fractions of rational site-
directed mutagenesis libraries based on the therapeutic
entity Trastuzumab. By using this approach, antigen-
binding could accurately be predicted based on Ab
sequences from an in silico library of ~108 variants, which
was confirmed by the expression and characterization of 30
mAbs (Mason et al. 2019). In future, this strategy could
guide the rational design of mammalian Ab display
libraries and help to overcome the remaining challenge of
sampling the huge theoretical sequence space.

Another benefit of mammalian cell display relies on
the possibility to directly implement somatic hyper-
mutation (SHM) in vitro. Naturally, SHM is mediated by the
enzyme activation-induced cytidine deaminase (AID) and
is an essential process for optimizing Ab affinity (Di Noia
and Neuberger 2007). In 2013, Bowers and colleagues have
used SHM directed by AID to affinity mature and isolate
antibodies (Bowers et al. 2014). In a first step, cells dis-
playing Abs with a rather low antigen affinity were selected
and their functionality was tested. In a second step, those
variants were affinity optimized by in vitro SHM mediated
by AID expression. This procedure enabled the evolution of
functional high-affinity binders. In 2020, this technology
has been further improved by Luo and colleagues through
reengineering of the AID enzyme, optimizing the Ab
sequence and the AID gene transfection procedure (Luo
et al. 2020).

Besides selection, affinity maturation and production
of antigen-specific Igs, mammalian display also allows to
directly transduce reporter cells with an Ab library and,
thereby, to directly screen for agonistic or antagonistic
molecules as shown by Lerner and colleagues (Zhang
et al. 2012). In this work, EpoR specific binders were
enriched via PD and selected genes were switched after-
ward into lentiviruses for the transduction of reporter
cells. These reporter cells were infected with one to four
different lentiviruses resulting in an expression of the Abs
inside the cell as well as a secretion of the molecules. A
subsequent phenotypic screening enabled the selection of
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heterodimeric bispecific agonistic molecules. The same
group was able to confirm this concept in another publi-
cation by selecting an agonistic Ab specific for the gran-
ulocyte colony-stimulating factor receptor (G-CSFR)
inducing human CD34+ stem cells to form neural pro-
genitor cells (Xie et al. 2013).

Ribosome display

Besides cellular display technologies or approaches
involving filamentous phage, cell-free in vitro methods were
developed with ribosome display (RD) being the most
established cell-free platform technology. Herein, compared
to cellular display systems, the number of library members
is not limited by the transformation efficiency of the host.
This allows for the generation and screening of larger
diversities in the range of 10"-10" variants (Table 2)
(Lipovsek and Pliickthun 2004; Pliickthun 2012). RD medi-
ates genotype phenotype coupling by fusing the library
candidate to its corresponding mRNA, which is reverse-
transcribed to DNA after selection, PCR-amplified and
sequenced (Figure 5) (Yan and Xu 2006). Technically, the
mRNA lacks the information of the terminal stop codon at
the end of the sequence encoding for the POI. During
translation, the ribosome is stalled at that position on the
mRNA, because release-factors cannot enter the A-position
of the ribosome, which further impedes the release of the
respective polypeptide chain. This results in the formation of
mRNA-ribosome-polypeptide complexes.

Similar to PD, selections can be carried out by using
antigen coupled magnetic beads or antigen-coating on
microtiter plates. The isolation of high affinity binders can
be promoted by applying stringencies, such as a reduced
antigen-concentration and an increased washing intensity
during subsequent selection rounds. A limiting factor of RD
is the accessibility of functional ribosomes per library re-
action, which can reduce the library-size on the protein
level (Kunamneni et al. 2020; Pliickthun 2012).

Historically, Mattheakis and colleagues demonstrated
the isolation of peptides binding a mAb with high affinity
by using the display on polysomes in 1994 (Mattheakis
et al. 1994). Hanes and Pliickthun described RD in 1997 for
the first time in the context of Ab selections and were able
to 10%-fold enrich a complete disulfide containing protein
(i.e. an anti-hemagglutinin scFv) out of a mixture with
another scFv, specific to B-lactam (Hanes and Pluckthun
1997). For in vitro translation, both groups utilized E. coli
cell extracts. In the same year, generation of antibody-
ribosome-mRNA (ARM) complexes using eukaryotic cell
extracts was described. To this end, single chain VH/x
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Figure 5: Principle of ribosome display.

The amplified DNA library consists of (5" to 3’) a promotor, the
ribosomal binding site, the gene of interest and no stop codon. DNA
is transcribed in vitro to RNA followed by in vitro translation with cell
extracts (prokaryotic or eukaryotic). At the end of translation,
mRNA-ribosome complexes are formed that are incubated with
immobilized antigen. After successive washing steps, non-binding
complexes are removed, and in situ RT-PCR followed by
PCR-amplification is applied to recover DNA of antigen binding
variants. This DNA output can either be exploited for post selection
characterization or another ribosome display cycle. Figure created
with biorender (www.biorender.com).

fragments (i.e. a fusion of VH to a complete k-light chain)
specific to progesterone were selected by application of
antigen-coupled magnetic beads enabling a 10%-10°
enrichment in a single cycle (He 1997). In another
approach, the yeast transcription factor GCN4 was utilized
for the generation of a murine immune library, which was
subsequently used for RD selection, enabling the isolation
of a scFv binding the antigen with a double digit picomolar
affinity (Hanes et al. 1998). This scFv exhibited a 65-fold
higher affinity than its “presumed” progenitor with only
one amino acid substitution in CDR-L1. Pliickthun and
colleagues hypothesized that the incorporation of this
mutation occurred during the RD process itself and not
during in vivo Ab maturation. Therefore, the use of RD for
molecule selection may overcome tedious optimization
steps, as features like the maturation of Ab affinity might be
inherent in the RD process.

Today, RD has been extensively studied, especially for
Ab affinity maturation (Dreier and Pliickthun 2012; Jer-
mutus 2001; Levin and Weiss 2006). Library candidates
from immune and PD repertoires have been affinity opti-
mized with improvements of more than 1000-fold (Groves
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and Osbourn 2005). Moreover, RD has been applied to
generate high-affinity Abs from a synthetic library (HuCAL)
(Hanes et al. 2000). Unlike cellular display approaches RD
allows the simple incorporation of additional diversity also
throughout the screening process, by applying gene-
shuffling or error-prone PCR amplification. In this regard,
selected scFvs against insulin accumulated mutations
introduced by Ab amplification with a low fidelity
DNA-polymerase, resulting in 40-fold improved binding
affinities compared to their progenitors, originally present
in HuCAL (Hanes et al. 2000).

Besides RD, mRNA-display or cDNA-display represent
complementary technologies, fusing mRNA to puromycin,
which is an analog of a tyrosyl-tRNA and mimics tyrosine
and adenosine with part of its structure. Essentially, the
amide bond in the puromycin molecule is not hydrolyzable
and resulting in a physical linkage between the mRNA and
its protein at the end of translation (Josephson et al. 2014).
As mRNA is unstable, a puromycin linker DNA is used as a
primer for reverse transcription in cDNA-display, forming
mRNA-cDNA hybrids (Yamaguchi et al. 2009). Finally,
also CIS display enables the selection of library candidates
(Odegrip et al. 2004). CIS display takes advantage of the cis
activity of a DNA replication initiator protein referred to as
RepA that exclusively binds to the DNA template from
which it has been expressed. By genetically fusing the
respective library candidate to the gene encoding RepA
genotype phenotype coupling is preserved.

B cell selection

Albeit not being considered an engineered platform tech-
nology per se, the most natural kind of genotype phenotype
coupling is provided by the B cell itself. Besides displaying
an Ab variant on its surface in form of a B cell receptor, the
B cell carries the corresponding genetic information inside
the cell as mRNA. Hence, it is tempting to directly utilize
B cells and their Ig repertoire (e.g. after immunization) for
Ab discovery (Seeber et al. 2014). This also affords the
benefit to preserve the natural heavy and light chain
pairing of a particular B cell, which is advantageous since
random reassembly during library generation may cause a
loss of specificity and affinity (Adler et al. 2018) or even
evoke self-reactive molecules (which is wanted for uni-
versal libraries as discussed above but may be considered
as detrimental for immune approaches) (Moon et al. 2011).
In contrast to hybridoma technology, selecting B cells
directly obviates the need for cell fusion with tumor cell
lines which is typically a tedious and inefficient procedure
and might also result in polyclonal Ab variants (Bradbury
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et al. 2018). Moreover, with hybridoma one is kind of
restricted to certain species, while exploiting B cells for
selection enables mining of (in theory) every species
imaginable.

In general, single B cell Ab selection is a consecutive
multi-step process. At first (antigen-specific) single B cells
must be detected within a population of different cells.
After detection and isolation, the genetic information
encoding for the Ab variable genes have to be obtained by
molecular biology techniques, e.g. RT-PCR, and subcloned
into adequate expression vectors. Finally, the identified
variant can be produced and characterized in more detail.
Single cell B cell isolation can either be performed in a
random fashion, i.e. without selecting for the binding
functionality, or in an antigen-selective manner which
obviously is the more sophisticated and promising
approach for hit discovery. To this end, several different
techniques have been described (Gross et al. 2015) utilizing
e.g. antigen-coated magnetic beads or fluorochrome-
labeled antigens via multi-parameter FACS (Malkiel et al.
2016). In this regard, one of the most commonly
applied methodologies for the isolation of antigen-specific
B cells is fluorescence-activated cell sorting. Here, a multi-
parameter labeling strategy can easily be employed. For
instance, fluorescently labeled Abs against surface
markers of B cells (such as CD19) can be utilized to gate for
the specific B cell population within a tissue sample.
Application of fluorochrome-labeled antigen further
enables the isolation of antigen-positive B cells. In addition
to this, the involvement of next generation sequencing
(NGS) for high-throughput sequencing of Ig genes in single
B cell approaches allows for gathering detailed informa-
tion about the diversities and dynamics of B lymphocyte
populations in individuals (Goldstein et al. 2019; Singh
et al. 2019).

To this date, several human mAbs addressing different
diseases have been developed based on single B cell
selection, of which several are currently under clinical
evaluation (Bailey et al. 2018; Cox et al. 2016; Fu et al. 2016;
Morris et al. 2011; Yang et al. 2020).

Complementary to B cell selection and other in vitro
display methodologies described herein, certain hit dis-
covery campaigns demand screening of secreted molecules
directly from mAb producing cells. Recent years have seen
unparalleled development of microfluidic applications for
Ab discovery, both in academic and pharmaceutical
research (Shembekar et al. 2018; Fitzgerald and Leonard
2017; Seah et al. 2018). Microfluidics can support native
chain paired library generation (Rajan et al. 2018; Tanno
et al. 2020) as well as direct screening of Ig secreting cells
such as plasma cells obtained by rodent immunization
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(Gérard et al. 2020) or plasmablasts from human peripheral
blood (Rogers et al. 2020) (Renn et al. 2020). Abs secreted
from single cells are interrogated after compartmentaliza-
tion in droplets or nanostructures, such as nanopens or
nanowells, mostly by fluorescence-based methods allow-
ing real-time and high-throughput sorting. Methodologies
range from selection for binding on recombinant target or
cells to internalization or functional screening utilizing
reporter gene target cells, as exemplified by recent work
from Gérard and co-workers (Gérard et al. 2020). While
broad diversities of neutralizing Abs against infectious
diseases such as HIV, Ebola or COVID-19 have been iden-
tified from convalescent individuals (Renn et al. 2020;
Wang et al. 2018; Wippold et al. 2020), microfluidics can be
valid for generating tool antibodies (Winters et al. 2019) as
well as therapeutic molecules targeting cancer or immu-
nological diseases (Asensio et al. 2019; Bounab et al. 2020).
Several companies offer customizable microfluidic chips
and Ab screening campaigns (Gérard et al. 2020; Shem-
bekar et al. 2018; Wippold et al. 2020) and stand-alone
devices are commercially available (Josephides et al. 2020;
Winters et al. 2019), further driving development and
diversification of microfluidic methodologies for thera-
peutic Ab discovery.

Conclusion

Display technologies enable the selection and engineering
of Abs with therapeutic relevance. The fact that — to the
best of our knowledge — 15 mAb-derived entities have been
granted marketing approval either by US, European or
Chinese healthcare authorities (Table 1), of which 10 mol-
ecules reached market access within the last five years
(Frenzel et al. 2016), is clearly corroborating the major
impact those platform technologies have, with respect to
drug discovery. Among all therapeutics obtained by Ab
display, PD is evidently the most successfully applied
approach with 14 therapeutic molecules, either identified
or engineered using this technology. Notwithstanding,
meanwhile several mAb-derived entities obtained from
other display techniques are under clinical investigation,
culminating in the approval of Sintilimab in China (Deng
2019; Hoy 2019). Essentially, each display technology
comes with its own benefits and downsides. For instance,
YSD allows for a very precise control over selection due to
the possibility of FACS-based real-time and on-line anal-
ysis of library candidates (Doerner et al. 2014). However,
library sizes are appreciably restricted compared to PD or
RD (Almagro et al. 2019; Benatuil et al. 2010; Blaise et al.
2004; Pliickthun 2012). In recent years, mammalian display
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emerged as promising platform technology for Ab engi-
neering. At least, this can be partially explained by the
advent of sophisticated genetic engineering tools such as
Nobel-prize awarded CRISPR/Cas9 or transposase-based
systems allowing for stable generation of libraries with
adequate sizes as well as mono-copy insertions at a pre-
defined integration site (Ledford and Callaway 2020). In
this respect, a plethora of different technologies have been
described (Aebischer-Gumy et al. 2020; Parola et al. 2019;
Parthiban et al. 2019; Pogson et al. 2016; Waldmeier et al.
2016). Ultimately, mammalian display aims at ensuring
translatable features for a potential therapeutic candidate
after reformatting (i.e. biophysical properties or expression
yields), since the Ab production and processing apparatus
of the library host is quite similar to the final production
cell line. However, slow growth rates of mammalian cells
can obviously be considered as one significant limitation
compared to prokaryotic display systems or platform
technologies based on lower eukaryotes.

Beyond display technologies, microfluidic systems
were developed that have proven to support mAb discovery
from Ig secreting cells, such as plasmablasts or plasma
cells (Gérard et al. 2020; Renn et al. 2020). In addition to
select exclusively for binding, those devices also enable
the implementation of functional screenings. As such,
microfluidics has the capability to enrich the toolbox for Ab
hit discovery.

This also holds true for NGS which can be combined
with literally every platform technology imaginable (Bar-
reto et al. 2019; D’Angelo et al. 2014; Ferrara et al. 2020;
Rouet et al. 2018; Yang et al. 2017). Additionally, NGS can
be used as platform technology for Ab hit discovery on its
own (Saggy et al. 2012; Valdés-Aleman et al. 2014).

Interestingly, also novel and rather unconventional
techniques that are not within the scope of this work have
been described for genotype phenotype coupling, such as
peptide barcoding (Miyamoto et al. 2019). Eventually, it
will be interesting to see how all these different approaches
contribute to the global drug discovery engine within the
near future.
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