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Summary

Monoclonal antibody discovery and engineering is a field that has tradi-
tionally been dominated by high-throughput screening platforms (e.g.
hybridomas and surface display). In recent years the emergence of high-
throughput sequencing has made it possible to obtain large-scale informa-
tion on antibody repertoire diversity. Additionally, it has now become
more routine to perform high-throughput sequencing on antibody reper-
toires to also directly discover antibodies. In this review, we provide an
overview of the progress in this field to date and show how high-through-
put screening and sequencing are converging to deliver powerful new
workflows for monoclonal antibody discovery and engineering.
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Introduction

Monoclonal antibodies are an institution in life science, as
they have had a tremendous impact as clinical therapeu-
tics. There are currently over 50 licensed monoclonal anti-
bodies against a diverse panel of disease phenotypes
(Center for Drug Evaluation and Research — List of
Licensed Biological Products as of 6/2017) with another
~540 in ongoing clinical development (source: The Anti-
body Society). As a result, monoclonal antibodies have rev-
olutionized the biopharmaceutical market." In addition
to therapeutics, the consistency and stability of monoclonal
antibodies provide superior properties for diagnostic and
research reagents when compared with polyclonal sera.*

In nature, antibodies (or immunoglobulins) denote
secreted effector molecules of the humoral arm of the adap-
tive immune response. Initially displayed as membrane-
bound receptors on the surface of B lymphocytes [B-cell
receptors (BCRs)], they constitute a highly polymorphic class
of glycoproteins, thereby accounting for the myriad of
pathogenic antigens that they have to recognize and fight off.
The ensemble of antibodies and BCRs in an individual at
any given time is often referred to as the antibody repertoire.

Antibody repertoire diversity is shaped on multiple
levels, before and during antigen-guided B-cell differentia-
tion and development. Initially, precursor B cells rear-
range their germline variable (V), diversity (D) and
joining (J) gene segments in an imprecise combinatorial
process called V(D)J recombination. During this process,
which occurs first at the heavy-chain locus and then
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proceeds at the light-chain locus (after allelic exclusion),
(non-)templated N/P nucleotides are inserted and/or
deleted at the joining regions of the germline segments,
thereby contributing additional junctional diversity to this
combinatorial recombination process. Heavy and light (x
or A) chains are then paired randomly on the repertoire
level. Given the number of V, D and ] segments in the
human genome, combinatorial diversity can generate
1-9 x 10° combinations; when taking junctional diversity
into account, a number in the order of 10'' BCRs is
reached. Cells expressing self-reactive receptors are
depleted in the process of negative selection (central tol-
erance), and the remaining population constitutes the
immature B-cell pool of the individual. The repertoire
development stages described so far take place in the
bone marrow, but immature B cells migrate to the
periphery where they form a population of mature naive
B cells that express functional, non-autoreactive but still
antigen-inexperienced BCRs. Following antigen engage-
ment in peripheral secondary lymphoid organs (spleen,
lymph nodes, mucosal lymphoid tissues), naive B cells
become activated and form microstructures called germi-
nal centres, where the final process of antibody diversifi-
cation results in an even deeper level of repertoire
specialization. This is through the process of somatic
hypermutation and affinity maturation, where random
mutations are introduced in the V regions of the anti-
body genomic loci, eventually resulting in higher-affinity
variants that are selected for improved antigen-binding.
Combined together, these mechanisms are theoretically
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able to generate > 10" different antibody variants in
humans.” As will be described in the following sections,
the naive as well as the highly mutated antibody reper-
toire have both been exploited in an effort to access and
successfully harness the adaptive immune system’s molec-
ular diversity, which has been the foundation for the
discovery and engineering of monoclonal antibodies.

Screening antibody repertoires

The emergence of monoclonal antibody discovery occurred
nearly 40 years ago, following the invention of the hybri-
doma technology by George Kohler and César Milstein.*”
Hybridomas are comprised of the fusion between B-cell
splenocytes from antigen-immunized mice and a myeloma
tumour cell line, which results in immortalized antibody-
producing clonal cell lines that can be screened for anti-
gen-specific binding. Decades later, it is still common prac-
tice to discover monoclonal antibodies by immunizing
mice to generate a strong humoral response, followed by
hybridoma generation and screening.® '° Therefore, char-
acterizing the molecular diversity of antibody repertoires
that occur following immunization may offer a means to
augment the monoclonal antibody discovery process, while
also providing valuable insight into humoral immunity.

Surface display platforms enable screening of antibody
repertoires, which typically consist of recombinant
libraries that are directly cloned from a pool of B cells or
synthetically designed and constructed. The strength of
display platforms resides in their ability to recapitulate the
four key steps of the in vivo immune response in a test
tube: (i) generation of genotypic diversity in variable
region genes; (ii) coupling genotype with phenotype; (iii)
selective pressure favouring antigen-specific binding; (iv)
expansion of selected clones and variants.'' Over the
course of many years, continued development in this field
has resulted in several platforms using a variety of host
expression systems, which relative to one another have
various advantages and disadvantages.'” For example, the
format and complexity of the antibody molecule expressed
[e.g. single-chain variable fragment (scFv), full-length 1gG]
is highly dependent on the host. Furthermore, the size and
diversity of the library that can be physically screened is
also influenced greatly by the host expression system. This
is especially pertinent considering that naive libraries are
not biased by any antigenic exposure and so need to be
considerably larger than libraries generated from an
immunized or infected individual, which are expected to
be substantially enriched in specificity for a particular anti-
gen. Finally, libraries can be generated synthetically — or
semi-synthetically — to have more control over the struc-
ture and diversity of the antibody sequence space.'""?

The origin of surface display technologies goes back
nearly 30 years ago, when George P. Smith discovered
that bacteriophage (phage) coat proteins could be
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modified to express recombinant peptides, which could
then be exploited as binding moieties for selection.'*
Phage display was adapted for antibody screening and
discovery shortly thereafter and has become a widely used
platform ever since, most notably culminating in the first
phage-derived antibody therapeutic being approved in
2002 (Humira, adalimumab, anti-tumour necrosis factor-
)."” Typically, antibody fragments [scFv or fragment
antigen binding (Fab)] are fused to the minor coat pro-
tein plII (present in three to five copies on the phage sur-
face) of the filamentous M13 phage. Phages are used to
infect Escherichia coli, in which they replicate and assem-
ble into antibody-displaying phage particles. During the
biopanning process, phage particles are subsequently
selected based on binding to solid-state antigen (i.e. plates
or tubes), unbound phage is washed away and remaining
antigen-specific phages are eluted and recovered. As more
cycles of selection are typically necessary to reach the
desired level of enrichment,'®'® phages are often used to
re-infect bacteria so that the process can be repeated."”
The first studies with model antigens were crucial in
unravelling the possibility to enrich positive clones from
phage libraries,”>*' and potential therapeutic relevance
was further highlighted when high-affinity antibodies
against the HIV gpl120 antigen were found in a highly
diverse library (10'' range) obtained from an HIV
patient.”* The high diversity that can be achieved with
phage display also motivated the strategy of using a ‘sin-
gle-pot’ library; these are large, non-immune libraries that
have been generated and successfully screened to find bin-
ders for a variety of antigens.'”*>*> A major advantage of
naive libraries compared with focused immune libraries is
that antibodies could potentially be discovered against
antigens that do not often elicit strong immune responses
(i.e. self-antigens). Considerable efforts have also been
invested in constructing synthetic libraries that aim to
recapitulate the diversity present in naive repertoires. For
example, a fully human library has been constructed that
has an overall size of 2 x 10° members, originally
designed to be adapted to multiple display hosts;*® in
phage, an exemplary application allowed discovery of
binders against potential disease targets.”’”

Antibodies in their native context are produced by
eukaryotic hosts, therefore it is intuitive to expect that a
eukaryotic expression system would offer certain advan-
tages for surface display and screening. The budding yeast
Saccharomyces cerevisiae has therefore become another
dominant surface display system for screening recombi-
nant antibody repertoires.”® Yeast surface display is medi-
ated by a fusion with the Aga2p subunit of a-agglutinin,
anchored to the cell’s surface through disulphide bonds
with the cognate subunit Agalp. The possibility to screen
yeast display antibody libraries using fluorescence-acti-
vated cell sorting provides valuable benefits.** > For
example, peptide expression tags (e.g. hemagglutinin,
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c-Myc) are often incorporated into the antibody scaffold,
making it possible to select correctly assembled proteins
and normalize the antigen-binding signal according to the
surface expression level.***** Furthermore, protein vari-
ants with modest affinity have been enriched a hundred
times with one single round of screening.’® In one of the
most prominent examples by Boder et al,”® it took only
four rounds of screening to discover an scFv against fluo-
rescein with femtomolar binding affinity.

Ribosome display,”® an alternative in vitro display plat-
form, is able to access the highest potential diversity
(10'2-10"%) and overcomes some of the limitations of
microbial platforms.'"*”*' Ribosome display relies on an
intentionally ‘incomplete’ translation process where, due
to the lack of a STOP codon, the polypeptide remains
attached to the ribosome, and the antibody-ribosome-
mRNA (ARM)* complex can be panned against the
antigen.’® The approach is entirely dependent on PCR,
abolishing the need for a transformation step and the
consequent loss of clones; therefore, ribosome display is
particularly well suited for affinity maturation by using,
for example, an error-prone PCR.*’

Sequencing antibody repertoires

Access to the genetic information encoded in antibody
repertoires provides a valuable resource that can be used
for both monoclonal antibody discovery and immune
profiling. However, the complexity and exceptional diver-
sity present within repertoires offers a number of unique
challenges. Low-throughput (Sanger) sequencing of anti-
body variable genes has been instrumental in characteriz-
ing in vivo screening platforms relying on B-cell
immortalization or cloning; indeed, when a single target
is investigated, Sanger sequencing commonly reaches
enough coverage and robustness to obtain accurate
sequence information.** However, no reasonable low-
throughput sequencing strategy could cover a section of
the repertoire large enough to provide a comprehensive
snapshot of an immune response, so limiting its utility
for antibody discovery purposes.*” The rapid advance-
ment in high-throughput sequencing technologies (e.g.
Illumina) and bioinformatics has led to an explosion of
rescarch in antibody repertoires. High-throughput
sequencing of the variable regions of B cells, convention-
ally referred to as immunoglobulin sequencing or Ig-seq,
not only offers the potential to unravel features of the
immune response on a large scale but can also be directly
implemented for monoclonal antibody discovery and
engineering,*’

Much of the appeal of Ig-seq relates to pathologically
and/or immunologically relevant settings; in this context,
the response to influenza vaccination has been extensively
evaluated.***® The potential use of Ig-seq as a diagnostic
tool was further demonstrated in patients with
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lymphocytic malignancies, where it was possible to detect
highly expanded clones.*” Although Ig-seq on a popula-
tion of B cells (bulk sequencing) is advantageous, because
of its cost and accessibility, thorough characterization of
the repertoire would ideally require paired variable heavy-
chain (Vi) and variable light-chain (V1) sequence infor-
mation, that is to say, a single-cell level resolution. Taking
advantage of a variety of different strategies, such paired
sequencing methods have been established in recent years.
Among the first examples, DeKosky et al.”>° established a
workflow where single cells deposited in a microwell plate
were lysed, allowing for mRNA to be coupled to microbe-
ads, followed by subsequent emulsion-based PCR to pro-
duce a construct with physically linked Vi and Vi
regions, which was then ready for high-throughput
sequencing. A further improvement of this method used
a single-cell emulsification step to bypass the initial com-
partmentalization in the microwells.”’ > Other single-cell
sequencing methods, such as barcode-tagging®*> and pri-
mer matrices,”®>” have also been developed and proved
very valuable in interrogating the antibody repertoire (see
next section).

The potential to capitalize on sequence information for
the discovery of monoclonal antibodies offers one of the
most promising applications for Ig-seq. Inferring antigen
specificity by combining large-scale sequencing data and
bioinformatics would offer several advantages over stan-
dard single-cell, hybridoma, or surface display screening
platforms.*” First, compared with low-throughput single-
cell sorting and cloning, Ig-seq delivers a more compre-
hensive picture of the total clonal repertoire landscape,
thereby revealing somatic variants that may offer
improved biophysical characteristics (binding affinity, sta-
bility) for downstream development. Second, costly labo-
rious screening is omitted because candidate antibodies
are identified in silico. Besides time and cost savings, this
feature becomes even more important considering that
antibody-display selections often suffer from screening
artefacts®> or the propagation of false-positive clones in
selections due to a certain growth advantage.”>' Finally,
most relevant B-cell subsets can be comprehensively inter-
rogated by Ig-seq, which is not the case with hybridomas
and other approaches that suffer from low immortaliza-
tion efficiencies.

Antibody discovery by sequencing immune
repertoires

In order to discover new monoclonal antibodies by high-
throughput sequencing and bioinformatic analysis, vari-
ous immune compartments from different mammalian
hosts have been investigated post-immunization. In this
regard, three distinct strategies have been proven to be
successful. In a first attempt to discover monoclonal anti-
bodies by Ig-seq, Reddy et al.®* separately mined the Vi
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and Vy repertoires from the bone marrow plasma cell
compartment of immunized mice; these plasma cells were
chosen because they are responsible for the majority of
functionally active circulating antibodies in the serum. Six
days after the secondary immunization, the repertoire was
found to be significantly polarized with a few highly
expanded clones dominating the total plasma cell reper-
toire. Since clonal expansion (reflected by clonal frequen-
cies in the sequencing data sets) was assumed as a
sufficient metric for antigen specificity, highly expanded
Vi and Vi genes were paired based on their relative fre-
quencies and expressed recombinantly as scFvs, which
were then verified to be predominantly antigen-specific
binders. In follow-up studies, similar strategies were used
to discover antigen-binding clones from total spleno-
cytes. 536+

In addition to bulk sequencing, single-cell sequencing
that reveals native Vi and Vy, chain pairing has also been
employed for antibody discovery. For example, Wang and
colleagues isolated plasmablasts from the draining lymph
nodes of immunized mice and obtained Vi and Vi chain
pairing by following the method described previously (see
previous section).””®>% After sequencing paired reper-
toires, it was again revealed that plasma cell diversity in
lymph nodes was also polarized to a great extent. After
recombinant expression, the most abundant clones were
antigen specific, further indicating that clonal expansion
represents a viable predictor of antigen specificity. Simi-
larly, using recently tetanus-vaccinated human patients,
antigen-specific plasmablasts were isolated and single-cell
sequencing was performed to obtain Vy and Vi pair-
ings.”® In two consecutive studies by Tan et al,>** plas-
mablasts from human donors were single-cell sorted into
96-well plates by flow cytometry and both Vy and Vi
transcripts were tagged with a unique well-identifier bar-
code at the 3’ end of the first-strand cDNA during reverse
transcription and a plate-identifier barcode was added
during subsequent library preparation. After sequencing,
antibody Vi and Vi chain-pairs were retrieved based on
identical barcodes and candidate antibodies were chosen
based on clustering frequency or similarity to the consen-
sus sequence of a given clonal family.

Recently, single-cell emulsion-barcoding workflows
such as InDrop®” or DropSeq®® have been developed for
whole-transcriptome RNA-seq. A similar approach has
lately been adapted for sequencing human B cells, notably
from an HIV elite controller.®” In brief, single cells were
encapsulated in emulsion droplets, lysed and cDNA was
tagged with both unique molecular identifiers for error
correction”® as well as droplet-specific barcodes to infer
chain-pairing. In more detail, unique molecular identi-
fiers, carrying a universal 5’ adapter sequence that was
incorporated during a template-switch reaction and dro-
plet barcodes that were initially diluted to approximately
one molecule per droplet, were PCR-amplified. Droplet
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barcodes were subsequently appended to ¢cDNA by com-
plementary overlap extension. After final library prepara-
tion and sequencing, nearly 40 000 filtered Vi : Vi pairs
were obtained, representing a paired recovery rate of
~11%. To identify novel potentially broadly neutralizing
antibodies, Vi sequences were compared against previ-
ously reported broadly neutralizing antibodies identified
from the same individual, including PGT121, which was
found to be very potent.”' Vi sequence comparison
resulted in the isolation of eight new PGT121-like anti-
bodies. Interestingly, separate phylogenetic tree analysis of
Vu and Vi genes revealed a highly similar topology for
the respective paired sequences. Finally, when expressed,
these monoclonal antibodies showed a high level of func-
tional activity in pseudovirus neutralization assays.

The combination of proteomics and Ig-seq offers an
alternative and more direct way to profile the functional
polyclonal serum antibody response of immunized
hosts.”>7* This approach starts with antigen-based affinity
purification of antibody proteins derived from serum,
which reduces sample complexity by enriching for antigen
specificity. Next, antibody proteins are fragmented by
protease digestion and analysed by liquid chromatography
coupled to tandem mass spectrometry (LC-MS/MS). To
reconstruct the original antibody sequence, whereby the
complementarity determining region 3 (CDR3) peptide
serves as an important sequence anchor, identified pep-
tides are finally compared against an individual reference
database created by bulk-sequencing of the antibody Vi
and V7 repertoires of the respective animal. The creation
of such a database is necessary because publicly available
databases like IMGT”®> would not contain sequences pre-
sent in hypervariable CDR3 or sequences that evolved
post-immunization due to somatic hypermutation. How-
ever, this approach cannot provide information on native
variable Vi and Vi chain pairing due to proteolysis and
reduction of disulphide bonds during peptide prepara-
tion. Recombinant candidate antibody selection and
expression have therefore been carried out based on com-
binatorial chain-pairing of most frequent clones if both
Vi and V. gene repertoire databases were constructed.””
If peptides were only compared against a Vi repertoire
database, candidate single-domain nanobodies were
directly constructed and tested’* or candidate heavy
chains were paired with the total V| repertoire” and
Vi -chain shuffled libraries were screened for each candi-
date Vi by phage display.”® Probing the human serum
repertoire by a combination of LC-MS/MS and Ig-seq has
also been successful. For example, Lavinder et al. followed
two human donors after having received a tetanus toxoid
booster immunization and discovered monoclonal anti-
bodies by a dual strategy: CDR3 peptides were identified
by serum proteomics and were either compared against a
paired Vi : Vi*° or a Vy-only database. This led to the
recombinant expression of nine cognate Vi: Vi
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candidates and four Vi candidates that were combinato-
rially paired with the respective Vi plasmablast-cDNA
repertoire.”” All antibodies were confirmed to bind teta-
nus toxoid antigen and several were shown to be specific
for the same linear epitope that is required for the toxin
to enter the host cell, thereby providing a plausible expla-
nation for the high effectiveness of the tetanus vaccine.

In another approach, Ig-seq has been combined with
methods in bioinformatics and evolution to discover anti-
bodies from human samples. Zhu et al. used the sequence
of a previously described HIV-specific broadly neutraliz-
ing antibody (10E8) as a guide, bulk-sequenced both Vi
and Vi chain repertoires from the same donor and con-
structed phylogenetic lineage trees. Phylogenetic trees dis-
playing comparable branch topologies relative to the 10E8
sequences enabled selective in silico chain pairing based
on relative genetic distances from the 10E8 wild-type.”®
Not only did this strategy result in the isolation of 11
functional 10E8-like antibodies with neutralizing activity
but it also proved successful in a consecutive ‘cross-donor
analysis’ setting, where new variants of another known
broadly neutralizing antibody were isolated in an unre-
lated HIV-positive donor.”

Besides de novo discovery of monoclonal antibodies, Ig-
seq has also been used for other exciting biotechnological
applications. As humanizing murine antibodies by resur-
facing®»®' or CDR-grafting®>®’ has not always turned out
to be successful, major efforts by industry have been put
into making commercial mouse strains that carry the
human germline immunoglobulin locus in their gen-
ome.*™ In this regard, Lee et al.® used Ig-seq as a qual-
ity-control system to benchmark their humanized mouse
strain, where they could validate that the majority of anti-
body transcripts were of human origin. Furthermore,
sequencing data revealed a functional recombination pro-
cess between human gene segments and the introduction
of junctional diversity. In another compelling setting, Ig-
seq was also used to monitor the maturation trajectory of
specific antibodies in the repertoire of transgenic mice
after immunization with computationally designed HIV
immunogens engaging germline antibody precursors.*® It
could be shown that certain boosted antibodies display
intermediate genetic characteristics of a highly potent
class of broadly neutralizing antibodies (VRCO1), thus
showing how Ig-seq could also be exploited for vaccine
profiling.

Sequencing recombinant antibody repertoires

Besides directly mining natural B-cell-derived antibody
repertoires of animals and humans, Ig-seq can also be
used to interrogate a diverse set of recombinant antibody
libraries like naive,*”*® focused,™ °' immune, semi-syn-
thetic”>”?

toires are compatible with in vitro screening platforms

and fully synthetic libraries.”*® These reper-
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such as phage,”””>*® yeast®® or ribosome display.”” One
of the primary objectives of these sequencing efforts is to
capture and elucidate characteristic library quality metrics
that are indicative of the chances of successfully isolating
antibodies with desired properties from a given recombi-
nant library.

A diverse array of strategies has been reported for gen-
erating recombinant antibody libraries and their subse-
quent screening by surface display technologies.'"?®
However, depending on the type of recombinant reper-
toire being investigated, the library construction and
cloning process can significantly impair the diversity and
quality of the library. Quality in this sense is defined as
the collection of different repertoire metrics, most impor-
tantly size, diversity and functionality, which when taken
together maximize the chances of isolating a diverse panel
of high-affinity antigen-specific clones that can be used
for downstream applications.”” Depending on the desired
library type and the screening platform of choice, library
construction usually involves a series of molecular and
cellular steps (reverse transcription, PCR, transformation),
which bear the risk of introducing different forms of
errors and biases and so impacting the library quality.
First, as most of the commonly used reverse transcriptase
variants do not have a 3'-5' exonuclease activity, reverse
transcription can introduce hotspot mutations into the
resulting cDNA. Second, to achieve a broad variable-gene
coverage, multiplex-PCR can introduce both errors and
variable-gene biases.!?®1°! Third, if combinatorial libraries
are constructed, assembly-PCR can lead to frameshift
mutations and/or preferential chain pairing. Fourth, even
if sophisticated guidelines are being followed for the
design of degenerate oligonucleotide libraries for the
diversification of CDR sequence motifs,'°*1% the intro-
duction of premature stop/cysteine codons as well as fra-
meshift mutations cannot be circumvented because of
intrinsic problems affecting oligonucleotide synthesis.'**
Finally, once the recombinant antibody library is cloned,
the final library size and diversity is limited by the trans-
formation efficiency into respective host cells.

Traditionally, library quality could only be superficially
assessed by Sanger-sequencing of up to a few hundred
random clones at a time. Assuming that a useful library
size lies often in the range of 10° to 10'! clones, deducing
library quality from such a low number of sequences pro-
vided only a slight glimpse of the total repertoire. How-
ever, with the emergence of Ig-seq, recombinant antibody
libraries could be analysed in a much more precise and
comprehensive manner thereby obtaining statistically sig-
nificant information on parameters such as CDR3 length
distribution, variable-gene usage, clonal frequencies and
phylogenetic clonal relationships (Fig. 1). Glanville et al.®’
first demonstrated how Ig-seq could be used for the qual-
ity control of recombinant repertoires by investigating a
naive scFv phage-display library created from a pool of
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Figure 1. Quality control of recombinant antibody repertoires by high-throughput sequencing. Recombinant antibody libraries can be generated

from a variety of sources, such as animals (immunized or untreated), human patients (healthy, vaccinated or infected), or synthetically con-

structed genes. Following cloning and expression into a screening platform (e.g. phage display), these repertoires can undergo high-throughput

sequencing. Bioinformatic analysis of repertoire data delivers statistically significant information on various library parameters such as CDR3

length distribution, variable (V) gene distribution, clonal frequency and the relatedness of library members.

over 600 human donors. By sequencing both, Vi and V.
domain amplicons as well as rolling-circle amplified shot-
gun scFv amplicons, critical library features like linker
correctness, Vi and Vi germline gene prevalence, chain
pairing, CDR3 lengths, and somatic hypermutations could
successfully be evaluated. Moreover, customized capture—
recapture estimates that were previously already success-
fully applied to the diversity assessment of the antibody
repertoire in zebrafish,'” allowed the conclusion of sepa-
rate diversity estimates for Vi and Vi, as well as for the

36

whole phage display library, thereby also offering
unprecedented insights into the human naive antibody
repertoire. Building on these findings, a follow-up study
assessed the diversity of synthetic libraries that were
designed by diversifying all six CDRs of a limited set of
variable genes by using a positional amino acid scoring
matrix deduced from human Ig-seq data.”® Sequencing
analysis of these libraries revealed that residual amino
acid incorporations as well as the frequency with which
they were incorporated were highly reflective of the initial
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in silico library design. In another example, a large-scale
rationally designed synthetic human phage display library
was assessed by Ig-seq.”® This library was created based
on 36 fixed Vi : Vi framework pairings, which were pre-
viously found to be highly prevalent in humans and pro-
vide favourable properties for antibody expression and
development. Furthermore, Vy sequence diversity was
based on optimized germline contributions for CDR1 and
CDR2, while mimicking the natural positional frequency
of amino acids in the CDR3 regions. Ig-seq analysis
revealed that the library was highly diverse, with 94% of
CDR3 Vy sequences observed only once. Finally, variable-
gene framework frequencies also reflected the initial
library design indicating unbiased library construction.

Combining high-throughput screening and
sequencing for monoclonal antibody discovery
and engineering

In order to comprehensively access the full potential of a
given natural or recombinant antibody library (usually in
the range of 10°-10'" clones), diversity has to be signifi-
cantly reduced for high-throughput sequencing to be able
to provide a meaningful in-depth view of potential anti-
gen-specific library variants. Therefore, combining Ig-seq
with a phenotype-based sequence filter and selection pres-
sure, such as those provided by phage or yeast display,
represents a viable strategy for the selective in-depth
interrogation of antibody libraries'’ (Fig. 2). Inference of
antigen specificity is therefore grounded on the concept
that due to the very large initial library sequence space,
which becomes reduced with progressive screening, a
given sequence should ideally be observed multiple times
in the sequencing data sets if it has been enriched based
on phenotypic binding to the antigen.

In an initial study by Saggy et al., the authors used B cells
from antigen-immunized mice, and conducted a side-by-
side comparison of traditional phage-display screening and
Ig-seq analysis. They found that both approaches resulted
in the isolation of antigen-specific antibodies exhibiting
comparable affinities.®> However, out of the four clones
isolated by phage display, only two corresponding Vi
sequences were detected in the Ig-seq data and at a very
low frequency. Likewise, the high-frequency antigen-
specific sequences as determined by Ig-seq were not found
to be enriched by phage display. Antibody repertoire min-
ing by Ig-seq and phage display were therefore found to be
two complementary technologies that led to the isolation
of different antigen-specific antibodies. Conversely, follow-
ing a similar study design, monoclonal antibodies were dis-
covered by either using Ig-seq data from lymph nodes or
performing yeast display on libraries generated from bone
marrow and spleen from the same immunized mouse, even
resulting in clones that may have originated from the same
B-cell lineage.*®
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In order to more fully exploit the potential of various
antibody libraries, several studies reported the combined
use of traditional recombinant library screening and
Ig-seq analysis ®6H88 919971077109 1 gpe of the first
examples by Ravn et al.'”’, a human synthetic scFv library
was screened by phage display against an antigen (rat
anti-mouse Toll-like receptor 4 antibody) and three
rounds of panning resulted in the isolation of six specific
clones. In parallel, Ig-seq was also performed on the vari-
ous selection rounds, which revealed that most of these
antigen-specific clones ranked among the top 10 most
frequent variants in the final selection data set. However,
some clones that were observed to be enriched by Ig-seq
were not captured by phage screening. By rescuing the six
most frequently observed clones in the Ig-seq data set (in-
cluding three new clones), all antibodies were shown to
be antigen-specific. However, only clones that were previ-
ously identified by traditional ELISA screening gave a
positive signal using crude supernatants or periplasmic
extracts, so providing a plausible explanation as to why
the other variants may have been missed by conventional
screening. Likewise, when focused immune libraries from
hens were explored by a combination of successive
rounds of screening and high-throughput sequencing,
specific antibodies isolated by conventional panning as
well as many more were identified by clustering and fre-
quency analysis of Ig-seq data®’ In an attempt to
improve the affinity of a humanized anti-ErbB2 mono-
clonal antibody, a diversified CDR library was subjected
to panning and Ig-seq, resulting in the isolation of nearly
40 mutants with improved affinity.’ Almost 50% of the
highly abundant variants were missed during screening
and the majority of mutants identified by conventional
screening were found in the 100 most frequently observed
sequences in the Ig-seq data set. In another study, con-
ventional screening of a recombinant single domain anti-
body library from immunized llamas resulted in the
recovery of 13 antigen-specific clones that showed a high
degree of sequence conservation.*” To isolate a genetically
more distant panel of antibodies, evaluating the clonal
enrichment landscape by Ig-seq after panning and apply-
ing phylogenetic tree analysis of the top 100 clones led to
the isolation of two additional phylogenetically unrelated
antigen-specific antibodies. Furthermore, directly interro-
gating recombinant antibody libraries by Ig-seq based on
sequences found to be antigen-specific by phage display
screening also provided a valuable strategy to find new
sequence variants that exhibited favourable biophysical
characteristics.”

Concluding remarks and future perspectives

The use of high-throughput screening and sequencing in
monoclonal antibody discovery and engineering has
demonstrated the capability to isolate a diverse set of
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Starting recombinant
antibody library

Biopanning
and selection

Antibody expression and
antigen-specific binding

Cross-sequence comparisons to identify
additional antibody variants

Library quality control by
high-throughput sequencing

M vH ‘
[ vk
Owe ‘

Sequencing depth

GAAGTGCTGCTAGCTCTCGATCTGCTGCGGAACTGATGAAACCGG
GAAGTGCAGCTGCAGTTTAGCGGCGGGGAACTGATGATACCGGG
GAAGTGCAGCTGCAGCAGAGCGGCGCGGAACTGATGAAACCG
GAAGTGCAGCTGCAGCAGAGCGGCGCGGAACTGATGAAACCG
GAAGTGCAGCTGCAGCAGAGCGGCGCGGAACTGATGAAACCG
GAAGTGCAGCTGCAGTCGATCGCTAGCTCGATCCGCGAGCGTGAAAATT
GAAGTGCAGCTGCAGCAGAGCGGCGCGGAACTGATGAAACCGGGCG
GAAGTGCAGCTGCAGCAGAGCGGCGCGGAACTGATGAAACCGTTTC
GAAGTGCAGCTGCAGCAGAGCGGCGCGTTTCGCTATCGATCTAAAATG
GAAGTGCAGCTGCAGCAGAGCGGCGCGGATTCGTACTCGATCAAATTA
GAAGTGCAGCTGCAGCAGAGCGGCGCGGAACTTTCTCCTAGCTATATA
GAAGTGCAGCTGCAGAATAGCGGCGCGGAACTGATGAAACCGGAGCTGT
GAAGTGCAGCTGCAGCAGAGCGGCGCGGAACTGATTCTAGCTATCTCTCA

Antibody clonal rescue by
high-throughput sequencing

CDR3-a
CDR3-b
CDR3c
CDR3-d
CDR3-e
CDR3-f
CDR3-g

GAAGTGCTGCTAGCTCTCGATCTGCTGCGGAACTGATGAAACCGG
GAAGTGCAGCTGCAGTTTAGCGGCGGGGAACTGATGATACCGGG
GAAGTGCAGCTGCAGCAGAGCGGCGCGGAACTGATGAAACCG
GAAGTGCAGCTGCAGCAGAGCGGCGCGGAACTGATGAAACCG
GAAGTGCAGCTGCAGCAGAGCGGCGCGGAACTGATGAAACCG

r~o

> GAAGTGCAGCTGCAGTCGATCGCTAGCTCGATCCGCGAGCGTGAAAATT
GAAGTGCAGCTGCAGCAGAGCGGCGCGGAACTGATGAAACCGGGCG
GAAGTGCAGCTGCAGCAGAGCGGCGCGGAACTGATGAAACCGTTTC
GAAGTGCAGCTGCAGCAGAGCGGCGCGTTTCGCTATCGATCTAAAATG
GAAGTGCAGCTGCAGCAGAGCGGCGCGGATTCGTACTCGATCAAATTA
GAAGTGCAGCTGCAGCAGAGCGGCGCGGAACTTTCTCCTAGCTATATA
GAAGTGCAGCTGCAGAATAGCGGCGCGGAACTGATGAAACCGGAGCTGT
GAAGTGCAGCTGCAGCAGAGCGGCGCGGAACTGATTCTAGCTATCTCTCA

Figure 2. Combining traditional antibody library screening with high-throughput sequencing. The quality of a recombinant antibody library used

in a screening platform (e.g. phage display) can be assessed by high-throughput sequencing. Following biopanning and selection of this library,

candidate antibodies can either be characterized in low-throughput by traditional ELISA screening or subjected to high-throughput sequencing.

Bioinformatic analysis of high-throughput sequencing data can reveal additional antibody sequences that were enriched during antigen-specific

selection. Antibodies discovered by traditional screening and by high-throughput sequencing can then be cross-referenced to find additional

variants.

antibodies against a variety of antigenic targets. Although
these two approaches were initially independent of one
another, continued progress has shown that they can
work in synergy to gain a wealth of knowledge on both
natural and recombinant antibody repertoires. Moreover,
by using a two-tier isolation strategy, both technologies
can be combined to isolate antibodies with complemen-
tary properties. Furthermore, new screening platforms
that combine genome editing and mammalian surface
display are emerging,''" which not only enable the
screening of full-length antibodies for antigen binding
but also allow for the integration of Ig-seq to predict
biophysical properties more optimal for downstream
therapeutic ~ development. advanced
approaches are emerging for identifying antigen-specific

Finally, new
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clones based on sequence clustering algorithms, as

was recently shown for T-cell receptors;''>''* these
methods may eventually also be employed for discover-
ing large panels of monoclonal antibodies from Ig-seq
data sets.
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