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Genomic studies have been revolu-
tionized by the use of next genera-
tion sequencing (NGS), which delivers
huge amounts of sequence information
in a short span of time. The number of
applications for NGS is rapidly expand-
ing and significantly transforming
many areas of life sciences. The field of
antibody research and discovery is no
exception. Several recent studies have
harnessed the power of NGS for analyz-
ing natural or synthetic immunoglobulin
repertoires with unprecedented resolu-
tion and exploring alternative paths for
antibody discovery. Thus, appreciating
and then exploiting these advances is
essential for staying at the edge of anti-
body innovation.

Next Generation Sequencing

In the past decade several sequencing
technologies that are alternative to the
Sanger method have been developed.
Although these next generation sequenc-
ing (NGS) platforms rely on different
principles and differ in the number and
length of sequencing reads that they
deliver during a run, they have dra-
matically increased sequencing outputs
and lowered costs."> Depending on the
technology, the sequencing of a human
genome can now be completed in weeks
for less than $100,000. The availabil-
ity of NGS platforms is thus completely
changing the landscape in many areas
of basic, applied and medical research.
Genomic studies first benefited from
these advances, as whole genome sequenc-
ing and re-sequencing became possible
even for individual research groups."?
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However, as is often observed when major
technological advances become available,
the scope of their use rapidly spreads as
applications
their own field of interest. In particular,

scientists  explore within
quantitative applications, such as gene
expression (RNA-seq), chromatin immu-
noprecipitation sequencing (ChIP-seq),
microRNA profiling, as well as epigenetic
and chromatin structure studies (DNAse-
seq), have been used to exploit the power
of NGS.** A wide variety of key biologi-
cal processes ranging from protein-DNA
interactions to temporal and spatial gene
expression profiles can now be studied
at nucleotide resolution, often revealing
additional and sometimes unsuspected
layers of complexity.”!°

Therefore, it is not surprising that sev-
eral groups have also applied NGS to anti-
body research. From recent reports and
studies carried out in our laboratories, it
appears that NGS will not only contribute
to a better understanding of the humoral
arm of the immune system, but can also
significantly improve and streamline anti-
body discovery.

Characterization
of Natural Antibody Repertoires

DNA sequencing was essential for under-
standing antibody structure, function
and diversification by the immune sys-
tem. Antibody variable and hypervari-
able regions were initially identified
Similarly,
sequencing greatly contributed to our

by sequence comparisons."

understanding of how the immuno-
globulin repertoire is generated through
recombination of germline gene segments
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Figure 1. Different applications of next generation sequencing to antibody research and discovery. Deep sequencing of natural immunoglobulin
repertoires (A). Quality control of natural and synthetic antibody libraries (B). Alternative approaches for antibody discovery, bypassing screening and
applicable to both in vitro selection and immunization strategies (B and C).

and how additional mechanisms fur-
ther introduce diversity to fine-tune the
interaction with an antigen. While the
human germline immunoglobulin genes
have been identified, the limited out-
put of Sanger sequencing provides only a
glimpse into the expressed and constantly
evolving nature of the antibody repertoire.
NGS is ideally suited to extensively char-
acterize this complex and plastic system
(Fig. 1A). Although the potential size of
the human repertoire (10') cannot be cov-
ered by current NGS platforms, the limited
B cell number present in certain spe-
cies, e.g., zcbrafish, enables coverage
and comparison of gene usage between
individuals.!>

Analyzing natural antibody sequences
in which diversity is spread across all com-
plementary determining regions (CDRs)
requires long sequencing reads. Currently,
the 454 system is the only NGS platform
able to provide sequence of 250—-400 base
pairs (bp), but generates at least 10-fold
less reads per run compared to other sys-
tems.! Another limitation of whole reper-
toire sequencing is that the original VH
and VL pairing found in the lympho-
cyte cannot be determined, although it

is an important contribution to diversity.
Nevertheless, the sequencing of over a
million immunoglobulin variable genes
from several hundred individuals allowed
for the analysis of germline usage, CDR
lengths and amino acid composition with
unprecedented depth.”

Quality Control
of Antibody Libraries

Various approaches have been described
for the generation of antibody librar-
ies and their use for in vitro identifica-
against
targets.' Diversification strategies have
been mainly based on the amplification
and random association of naturally rear-
ranged heavy and light chain variable
genes or the introduction of synthetic
diversity into the CDRs of selected anti-
body frameworks.””" A crucial charac-
teristic of a library is its size and diversity
as they correlate with the number and
affinity of target specific antibodies that
can be isolated.” Diversity is limited by
the number of transformants obtained at
the bacterial or yeast transformation stage

tion of antibodies numerous

or by the number of molecules present
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in_a defined volume for non-cell based
in vitro selection systems. As such, claim-
ing the largest library size has been a source
of competition in the past. However, the
actual functionality of the libraries, which
is in fact the most important parameter,
could only be superficially evaluated by
sequencing. At most, only several hundred
clones were routinely assessed, which rep-
resented a minute fraction of these librar-
ies that usually had a size between 10° to
10" purported variants.

Different NGS platforms have recently
been used to characterize the content
and quality of scFv libraries in a much
more precise and effective manner. The
454 platform provides the required read
lengths for libraries containing natural or
synthetic diversity in all CDRs and also
information on VH-VL pairing.”?® The
[lumina/Solexa platform delivers several
millions of shorter reads (up to 100 bp)
and has been used to characterize a scFv
library in which the diversification was
restricted to the CDR3.?! Despite the fact
that 10°-107 sequences still represent a
fraction of large libraries, NGS provides
unprecedented amounts of information

on V-gene family usage, CDR length
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distribution, amino acid composition and
ultimately, the quality of a library beyond
its theoretical size and content (Fig. 1B).

Antibody Sequence Evolution
after Immunization or Selection

A fascinating feature of the immune sys-
tem is that following exposure to a foreign
antigen, it elegantly shapes the immu-
noglobulin repertoire for optimal bind-
ing to the pathogen. NGS can provide a
better understanding of this process by
extensively sampling antibody sequences
at any given time. The immunoglobulin
repertoire from mice after immunization
has already been analyzed using NGS and
revealed the enrichment of antigen specific
V-genes and the polarization of the reper-
toire.? Using this type of approach, it is
possible to compare naive and immune
repertoires against different targets and
obtain a deeper understanding of the
humoral immune system, which could aid
in designing vaccination strategies.'?

Sequence evolution” during in vitro
antibody selection, a process that aims to
mimic the natural immune response, can
be easily scrutinized by NGS as the rep-
ertoire to be sampled is smaller. Indeed,
during the first round of in vitro selection
against a target, the number of sequences
drops drastically (to 10°-10° selected
variants) and, therefore, virtually all
the sequences can be covered by current
sequencing platforms. For the first time,
this technology provides a comprehensive
view of antibody sequences, enabling their
relative enrichment between selection
rounds to be visualized.”

Will Antibody Screening
Become Obsolete?

Whether monoclonal antibodies are gener-
ated by in vivo or in vitro approaches their
identification relies mainly on screening
of hybridoma supernatants or bacterially
expressed antibody fragments. This piv-
otal screening step can be quite intensive,
e.g., involving robotic liquid handling
systems, in order to test the largest pos-
sible number of clones and find candidates
with the desired characteristics (Fig. 1B
and C). Therefore, the ultimate goal of
any screening campaign would be to test
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all possible candidates available after a
fusion or after several rounds of in vitro
selection. The extensive sequence infor-
mation that is now available through NGS
provides a means to bypass screening as
described in two recent studies.??? In the
first, heavy and light chains were identified
and paired based on their frequencies in
the repertoire of immunized mice.?* After
gene synthesis of the selected VH and VL
pairs, a panel of target specific antibodies
was successfully generated thus effectively
bypassing classical screening (Fig. 1C).
An additional benefit of this approach was
that the bone marrow cell repertoire that
cannot be recovered by hybridoma fusion
could be exploited. In a second study from
our laboratory, phage display selections
against two targets were performed and
enrichment of CDR3 sequences between
rounds of selection was followed. The high
frequency sequences were identified and
the corresponding scFv were recovered
by a simple PCR step and subsequently
shown to-be rarget specific.?! Compared
to classical screening of the same selec-
tion rounds, this in silico identification
approach provided additional high affin-
ity candidates that were altogether missed
by the classical approach.

Onmitting the screening step can be
highly ~beneficial.  Upfront
invariably leads to the repeated identifica-

screening

tion of the same enriched candidates. In
contrast, sequence based identification
limits working with this redundancy, thus
allowing more effective and elaborate test-
ing. Furthermore, when target protein is
precious or available in limited quantities,
this approach minimizes reagent con-
sumption. Taken together, implementing
a strategy that includes NGS renders the
antibody identification process stream-
lined and more productive.

Concluding Remarks

As the current platforms become more
widely applied, NGS will continue to
revolutionize antibody research and dis-
covery. New sequencing technologies
with further increased throughput are in
the pipeline and will again change the
landscape of fundamental and applied
research.! However, the challenges and
limitations linked to NGS should not
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be underestimated. For instance, cur-
rent NGS platforms lead to a higher error
rate compared to the Sanger method,
which has to be taken into consideration
during analysis and interpretation of the
data.®® In addition, handling, transfer,
storage and bioinformatic analysis of large
quantities of information are not only

technically challenging, but also have an

impact on the overall sequencing costs.***

Nevertheless, as applied to antibodies,
NGS may lead to a deeper understanding
of the immune system and improve the
ability to select suitable therapeutic can-
didates, in turn, providing a better process
to generate tomorrow’s drugs.
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