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Introduction

Summary

Recent scientific discoveries fuelled by the application of next-generation
DNA and RNA sequencing technologies highlight the striking impact of
these platforms in characterizing multiple aspects in genomics research.
This technology has been used in the study of the B-cell and T-cell recep-
tor repertoire. The novelty of immunosequencing comes from the recent
rapid development of techniques and the exponential reduction in cost of
sequencing. Here, we describe some of the technologies, which we collec-
tively refer to as Rep-Seq (repertoire sequencing), to portray achievements
in the field and to present the essential and inseparable role of next-gen-
eration sequencing to the understanding of entities in immune response.
The large Rep-Seq data sets that should be available in the near future call
for new computational algorithms to segue the transition from ‘classic’
molecular-based analysis to system-wide analysis. The combination of
new algorithms with high-throughput data will form the basis for possible
new clinical implications in personalized medicine and deeper understand-
ing of immune behaviour and immune response.

Keywords: B cell; immunological repertoire; next-generation sequencing;
T cell

These sequences, in turn, will be transcribed and then
translated into protein, to be presented on the cell sur-

Next-generation sequencing (NGS) has established itself
as a highly useful platform in characterizing multiple
aspects of genomics research. It has been used to
re-sequence the genome of previously sequenced organ-
isms (re-sequencing);' sequence the genomes of organ-
isms with unknown sequences (de novo sequencing, e.g.
application” and algorithm®); determine RNA abundance
levels (RNA-seq);* determine protein-DNA binding
regions (ChIP-seq);” determine protein-RNA binding
sequences (CLIP-seq)® and more.””” This technology has
been used in the study of the immunoglobulin repertoire.
Described here, through the collection of presented
works, is how a systematic, accurate, unbiased analysis of
the immunological repertoire is within reach.

The immunological repertoire is the collection of trans-
membrane antigen-receptor proteins located on the sur-
face of T and B cells. The combinatorial mechanism that
is responsible for encoding the receptors, does so by
reshuffling the genetic code, with a potential to generate
more than 10" different T-cell receptors (TCRs) in
humans,'” and a much more diverse B-cell repertoire.

face. The recombination process that rearranges the gene
segments for the construction of the receptors is key to
the development of the immune response, and the correct
formation of the rearranged receptors is critical to their
future binding affinity to antigen. The power of NGS can
only be used on DNA and RNA molecules, which necessi-
tates the proper collection of significant numbers of T/B
cells and their isolation from test samples (the meaning
of ‘significant’ will be further discussed). DNA or RNA
are produced from sorted cells, and sequenced via differ-
ent technologies (454, Illumina, Solid — see below).
Sequencing methods have been part of mainstream
biology since the 1980s. The novelty of immunosequenc-
ing comes from the recent rapid development of tech-
niques and the exponential reduction in cost of
sequencing. The number of sequences that can be pro-
duced within a single run is currently around 400 billion
bases and improves regularly. This leads, for example, to
the possibility of sequencing all the T or B cells of small
organisms, such as the zebrafish (which is discussed
later). At the rate at which sequencing technologies
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progress, larger organisms such as the mouse will follow.
In humans the rationale is different, and the hope is to
obtain a sufficient amount of sequences to provide bio-
markers for disease risk, diagnosis or prognosis. The fol-
lowing text details some of the technologies and some of
the recent achievements in this field.

High throughput sequencing - technology

In this review we focus on two technologies: Illumina
(Solexa; San Diego, CA)" and Roche 454 (San Francisco,
CA).'"'? The underlying technology for both machines is
‘sequencing by synthesis’, which involves the sequencing
of the complementary strand of a given sequence with an
enzymatic reaction. Each machine uses a different
approach; we briefly detail them here.

Mlumina uses reversible deoxy-nucleoside triphosphate
(dNTP) terminators. DNA segments are attached to prim-
ers on a slide and amplified with four types of dideoxy-
NTPs (ddNTPs). These ddNTPs are labelled with a
fluorescent dye and blocked at the 3’-OH, ensuring that
only one nucleotide is added at each step. After incorpo-
ration, the remaining nucleotides are washed away. A
scan detects the last nucleotide added and the fluorescent
blocking label is chemically removed, enabling the next
sequencing cycle to start.'""”

The 454 sequencing uses a pyrosequencing method,
which consists of two steps. First the DNA is cut and
attached at both ends to oligonucleotide adaptors. These
fragments are then individually attached to a bead, and
each bead is amplified by PCR in droplets of an oil-water
micelle, generating multiple copies of the same DNA
sequence. These micelles also contain enzymes for the
sequencing step. Each nucleotide type is added separately;
one or more identical nucleotides may be added at the
same time. When each nucleotide is incorporated, it
releases a pyrophosphate which will eventually produce
light through the luciferase enzyme. The light strength is
proportional to the number of added nucleotides.'>"?

Different machines provide different advantages and
disadvantages. Compared with 454-based sequencing, Illu-
mina sequencing presents a better yield. A single Illumina
run (which would take roughly 4-5 days) may produce
up to 400 giga-bases of sequence. The 454 yields less —
~ 1 giga-base. On the other hand, 454 sequencing is
distinguished by a longer and greater read-length range —
~ 400 bp, whereas the Illumina platform provides read
lengths no longer than 200 nucleotides. In a recent study,
Warren et al.'* sequenced the TCR repertoire, and suc-
cessfully obtained more than one billion raw reads from a
single blood sample, which is the deepest immune recep-
tor sequencing to date, with a yield of about 200 million
TCR-f nucleotide sequences.

There are other sequencing machines available, each
with its own advantages and disadvantages. We concen-

trate on the two machines mentioned above, as they are
the only machines used so far in sequencing the immuno-
logical repertoire. Other machines include the SOLiD
sequencer (Life Technologies, Grand Island, NY), Helicos
(Cambridge, MA), PacBio (Menlo Park, CA), and Ion-
Torrent (Life Technologies, Grand Island, NY). L1516

The task at hand, for unbiased Rep-Seq protocols, is to
isolate the relevant sequences, from the source B and T
cells. These sequences are then sequenced by an NGS
machine. To determine relative abundance of different
sequences within the repertoire, a proper account for each
of the source sequences is made. Any biased amplification
of some of the sequences will leave us with a skewed view
of the repertoire. If, for example, one of the sequences in
the process is favoured for amplification in one of the
stages of the protocol, then we are left unable to discrimi-
nate such amplification from actual dominance of the
clone in the repertoire. Causes for amplification are there-
fore an extremely sensitive issue in Rep-Seq and different
groups provide different solutions (see below).

Upon isolation of the appropriate genetic material
(RNA/DNA, B cells/T cells), Rep-Seq requires the ‘lifting’
of the relevant immunoglobulin coding region. This is
mostly done through a PCR-based amplification step. This
amplification involves DNA primers with complementarit-
ies to the target regions. The standard technique uses mul-
tiple sets of primers, which are usually compatible with
germline V and J segments'’* (Fig. 2a). It is impossible
to design primers for all the numerous gene segments; for
this reason primers are designed for families of genes or
consensus sequences so that most gene segments are
detected.”> A common primer should be designed to recog-
nize the highest consensus region, whereas unique or fam-
ily primers should recognize the least consensus region
within a segment. In addition, specific tags can be added to
the primers; for example, to identify from which sample a
sequence was amplified.”' However, using a multiplex PCR
amplification system, a strong bias is expected towards spe-
cific V and ] segments, and so observed sequence relative
abundances may not accurately reflect real amounts. To
deal with these issues, 5 rapid amplification of cDNA ends
(5'-RACE) has been used (see refs 14,24,25; Fig. 1b). The
group of Daniel Douek at the National Institutes of Health
(Bethesda, MD) have recently established their own 5’
RACE protocol.?® The advantage of this technique is that
only one primer has to be designed to a known region
within the mRNA sequence to amplify it. Other primers,
such as the second ‘general primer’, complementary to a
homopolymeric tail, and synthetically added to the mRNA
at the 3’ end, or the sequencing primers themselves, are
already limited to a single isolated strand, ‘lifted’ by the
initial 5° RACE approach. In the case of TCRs and B-cell
receptors, the known region is the constant region of the
receptor located just after the J segment in the mRNA tran-
script. This method induces less bias, compared with prim-
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Figure 1. An overview of the process of obtaining the immunologi-
cal repertoire. Starting with the relevant biological sample, T or B
cells are isolated. According to the specific method used, recombined
sequence regions are isolated and sequenced on a massive parallel
sequencing machine. According to output sequences, clones are
quantified.

ers directed at the V and ] segments, which are diverse
across the genome.

The use of RNA (and not DNA — more below) is
another source of bias: there are different quantities of
mRNA in different cells. For example, active B cells and
plasma cells produce vastly increased amounts of mRNA
compared with resting B cells. Given that we aim to
derive the structure of the repertoire, as it is defined per
cell in the immune system, these different quantities of
RNA may introduces a major bias toward sequences
expressed by cells that are more actively producing RNA.
Sorting for the removal of plasma cells may help to pre-
vent such bias. In T cells, the problem may be more sub-

Rep-Seq: NGS for the immunological repertoire

tle, as activated cells may or may not produce more
TCRs, depending on the stage of cell activation.

Diversity in the immune receptor repertoire

Large-scale repertoire analysis of immune receptors can
provide powerful results. First, it may provide an insight
to better understanding, or a temporal snapshot of the
adaptive immune repertoire. Second, it may provide
improved understanding of the way by which the
immune system disposes of unwanted infections. Further,
this knowledge could be used in therapeutic contexts,
most obviously in vaccine development, but in principle
in every aspect of maintaining organism homeostasis.

The B and T cells, key players in the adaptive immune
system, are typically activated by antigen contact via their
receptors. The receptors are diversified through a
sequence of mechanisms that maximize this diversity to
enable a potential response to every presented peptide.
Heavy-light chain and f-o chain genes, generating the
B-cell and T-cell heterodimer receptor, respectively,
undergo non-precise V(D)] segment rearrangements, tem-
plated and non-templated nucleotide additions and dele-
tions.””*® Immunoglobulin chains further diversify through
somatic hypermutations — a process of stepwise incorpo-
ration of single nucleotide substitutions into the V gene,
underpinning much of the antibody diversity and affinity
maturation.”>”°

This immense theoretical combinatorial diversity chal-
lenges immunology. As recent as 2006, it was practically
impossible to sequence enough DNA or RNA to obtain a
statistically sound sample of the repertoire. The rapid
advance in sequencing technologies provides improvements
in read length, throughput and cost. These advances enable
the current data sets of the immunological repertoire.

Sequencing is a numbers game. When we try and reach
the best coverage of the immunological repertoire, we
actually aim to sequence as many immunoglobulin
sequences as possible, out of the whole repertoire. That is,
we aim to maximize the ratio between sequenced
immunoglobulins (SI) to the total number of immuno-
globulins (TI) in the organism. We aim to reach an SI : TI
ratio of 1. When this SI : TI ratio has been reached, an
account for the entire repertoire can be obtained.

Smaller model organisms, therefore, provide a better
starting point from which to reach this ratio. Smaller
organisms contain significantly fewer cells in total and,
obviously, fewer immune cells. Much smaller organisms
(e.g. the round worm) are sufficient for some aspects of
immunology (see refs 31,32) but not for studying the
lymphocyte repertoire. Zebrafish, Danio rario, are an ideal
model system for studying the adaptive immune system
for two reasons: first, they have the earliest recognizable
adaptive immune system whose features match the essen-
tial human elements, and second, the zebrafish immune
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system has only ~ 300 000 antibody-producing B cells,
making it three orders of magnitude simpler than mouse
and five orders of magnitude simpler than human. Recent
works study the zebrafish B-cell repertoire via high
throughput analysis.>

An important issue in the immune receptor diversity
analysis is clone identification, e.g. classification of the
obtained reads into clusters, under the assumption that
relatively close sequences originate from the same clonally
expanded cell. V(D)J segment identification is usually car-
ried out by performing local alignment to germline
sequences [available on the International InMunoGeneT-
ics (IMGT) database®*]. However, D segment classifica-
tion is more complex because of the short length of the
sequence, as opposed to V and ] genes. Furthermore,
nucleotide deletions and P/N additions occur frequently
during somatic recombination processes at the V-D and
D-J junctions.

Much immunological interest is focused on the com-
plementarity determining region 3 (CDR3) of the
chains, 1820222533 the most variable locus of the
three CDR regions, and especially the f chain of the
TCR.!*!18720222% A recent study focused only on a small
portion of the TCR-f repertoire by capturing only
sequences generated by a specific gene recombination.*”
Read length is a critical parameter in this case, as the
entire V(D)] region is ~ 300 nucleotides in length,
including its V and ] segments. This has been solved by
either using the 454 method (with longer reads), the
Douek approach (see above) or special methods of read
assembly as in refs 14,25.

Once sequences are available, different perspectives por-
tray the repertoire: the size of the repertoire; similarities
between repertoires; V(D)] segment use; nucleotide inser-
tions and deletions; CDR lengths; and amino acid distri-
butions along the CDRs. Analysis may be performed at
the individual level or at the multi-level scale, such as
naive versus memory cells,'*?>** different B-cell isotypes
(IgM, IgG),"*"»* CD4 and CD8 T cells®®** or lympho-
cytes at different stages of development® (Table 1).

One important implementation of Rep-Seq is in estimat-
ing the number of unique receptors, i.e. the size of the
expressed repertoire in an individual at any given
moment.'*'”1*2%%* Estimates of the number of non-sam-
pled receptors are key for an accurate quantification of the
total diversity. A solution for an analogous problem was
identified > 60 years ago by the legendary statistician
Fisher. The problem, termed the ‘unseen species probleny’,
refers to the attempt to estimate the total number of species
in a given large population, based on random samples of
species.’>” Fisher et al.>’ developed an analytic solution,
assuming a Poisson distribution, which was later extended
by Efron and Thisted.> This analytical solution is mainly a
capture—recapture method, associated with statistical analy-
sis of these repeatedly sampled collections of sequences.

Various estimation attempts were made, by estimating
the number of unique V(D)J combinations. Since recep-
tor diversity is also created by nucleotide insertions and
deletions (indels) and somatic hypermutations in B cells,
these estimations are only lower boundaries to the actual
number of possible combinations. Most studies focused
on a single chain of the immune receptor and therefore
resulted in describing only a portion of the total diversity
obtained by the combination of the two chains construct-
ing the heterodimer. For example, Wang et al.*® estimated
0-47 X 10° TCR-o unique nucleotide sequences and
0-35 x 10° TCR-f sequences. Robins et al.'® suggested
that CD8" T cells express < 0-1% of the combinatorial
landscape of the f chain (5 % 10'). Weinstein et al.
showed a lower limit of 5000-6000 unique antibodies in
the zebrafish.”> Although these are only lower limits to
the actual size of the repertoire, it is clear that any indi-
vidual expresses only a small fraction of the potential
diversity (Figs 2 and 3).

In spite of substantial advances in repertoire size esti-
mates, there remain three important issues with the cap-
ture-recapture approach that require further attention:
First, the common assumption is that the number of
unique clones is distributed according to a Poisson distri-
bution. However, recent studies show evidence of a power
law distribution.*> Moreover, Fisher et al. demonstrated
that several estimation approaches conflict; in terms of
receptor sequences, they determined a ratio of the num-
ber of new and unique sequences discovered in a new
sample divided by the total size of the data (i.e. the whole
repertoire expressed in an individual). When this ratio is
<1, ie. only a portion of the sample contains new
sequences, all estimations agree. However, when the ratio
is > 1, some approaches converge and stabilize while oth-
ers completely diverge.”® The latter is probably the case in
immune receptor sequencing; one should therefore con-
sider the possibility of using other estimation approaches.
Second, clone classification is still under controversy, i.e.
how sequences are clustered together and defined as the
same clone class sequence. This definition can range from
a strict definition that does not allow any mutations to a
liberal definition that allows a small number of muta-
tions. The third issue is sample size. Some approaches
consider only unique sequences, but instil a strong bias
towards small clones. A different approach uses the entire
sample, taking into account the relative abundances of
each unique sequence, but disregards a bias that may
occur as the result of PCR amplification during sequenc-
ing; there is no certainty that the amplification process is
consistent across all DNA molecules and therefore differ-
ent abundances of sequences may not necessarily reflect a
biological difference.

The use of large-scale analysis methods in studying
stages in the development of immune receptor popula-
tions, during immune development, pathological infec-
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Figure 2. Different PCR amplification techniques. (a) Multiple primers — two primers are designed to complement regions within the V and J

segments. (b) 5 RACE — only one primer is designed to complement the constant region of the cDNA. After the first amplification round, a

homopolymer is synthetically added to the 3'. The cDNA is again amplified with the first specific primer and another primer targeting the homo-

polymer.

tions, autoimmunity or cancer, is undoubtedly essential
to a better understanding of selection events in the
immune system. Indeed, recent work demonstrates that
populations of clones are dominated by the abundance of
specific clones, indicating that this is not a random mech-
anism.'”**** For example, V;-J; combination frequencies
in T cells vary greatly within the naive and memory rep-
ertoires of an individual, but show consistent behaviour
among individuals,'® suggesting a biased repertoire selec-
tion. In addition, V4-Dg-Js utilization analysis indicates
that Vj-Dg recombination is random, as opposed to
Dg—Jp combinations. These results suggest that this might
be a result of physical restrictions of the gene locus
configurations."”

Frequency analysis on the CDR3 sequences in T cells
performed by Robins et al. revealed a strong negative cor-
relation between the CDR3 sequence frequency and the
amount of insertions in the V4-Dg and Dg-J; junctions;
that is, a high frequency CDR3 generally contains a smal-
ler number of insertions in those junctions. This means
that high-frequency CDR3 cells have closer similarity to
their germline sequence.'®'? Moreover, sequences with
fewer insertions are more likely to be shared among
individuals."” This places at centre stage theories of
immunological central mechanisms such as Cohen’s
Immunological Homunculus.*®

Additional analyses of correlations between multiple
repertoires of different individuals'*'**%***? reveal much
higher similarity than expected at random. For example, a
study of the naive CD8" T-cell population demonstrated
that in any two donors the overlap is ~ 7000-fold larger

than with a random repertoire built with uniform distri-
bution."” Furthermore, evidence shows a potential influ-
ence of HLA serotype on T-cell repertoire.'*

These findings show a non-random sequence selection
during repertoire formation of the heavy/f, suggesting a
convergent recombination mechanism.'**>*> According to
this model, the same nucleotide sequences can be gener-
ated by multiple recombination events, and multiple
nucleotide sequences are translated to the same amino acid
sequence. This may explain why high-frequency clones are
shared between individuals, and might be a plausible
explanation for ‘public’ T-cell clones.'®*** This phenome-
non describes a situation in which the same TCR sequence
is produced in different individuals, as a response to iden-
tical antigen presentation. Findings also show that public
TCRs can sometimes be found within individuals sharing a
common MHC allele, for example, in response to infec-
tious diseases.'””” This aspect of the repertoire may have
serious implications for our understanding of the initial
ability of an individual to fight incoming threats. Biases in
TCRs have also been observed in cancer, autoimmune dis-
eases and in responses to allergens.’® Although these public
T-cell responses against specific pathogens may provide a
first line of defence, they may have a weakness in the rapid
response to RNA viruses, which mutate rapidly, such as
HIV and its simian counterpart.*’

A completely different and novel approach to charac-
terize the receptor repertoire is by network analysis. Many
structural features can be studied from the aspect of net-
work architecture, and so might help to better understand
the dynamics of the immune response. Extended analysis
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machinery enables the sampling of all the cells in the fish, or, in its scale parallel, sampling all of the water in a bathtub, utilizing all the water in

the bathtub.

of the zebrafish B-cell repertoire was performed by the
construction of sequence and mutation networks.*' This
analysis revealed that the fish sequence population self-
organizes into two distinct groups, based on their net-
work structure and their V-J combinations usage. The
first group shows a uniform V-] combination utilization
with a uniformly connected network, whereas the other
group of immunoglobulin
sequences, in the form of a much highly connected sub-
network and higher V-] combination frequencies. A plau-
sible hypothesis is that this second group underwent a

revealed distinct subsets

more complex immune response whereas the first one
might only have responded to a minor challenge.

The enormous quantity of reads generated by NGS
technologies necessitates cautious interpretation. Poten-

© 2011 The Authors. Immunology © 2011 Blackwell Publishing Ltd, Immunology, 135, 183-191

tial errors during the sequencing process may skew
interpretation. Therefore, repertoire analysis reliability
depends on sequencing depth and coverage, but also on
sequencing accuracy. Nguyen et al** recently tried to
directly assess these error rates and proposed new
approaches to reduce the number of erroneous
sequences within the repertoire by profiling these errors
and implementing quality filters. For this, they analysed
specific transgenic TCRs obtained from RAG-deficient
mice, allowing them to express a single germline rear-
ranged TCR and therefore to compare the sequenced
receptor with the original DNA. Their findings showed
a total rate of 1-6% erroneous sequences, which are
greatly, but not totally, reduced after the filtering pro-
cess. Error rate assessment can also be performed by
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aligning the obtained sequences to TCR ] segment
germline sequences and by filtering the erroneous reads,
based on sequence redundancy.'* Finally, filtering and
error rate assessment should be performed with extreme
caution because the rare receptor sequences that are
presented at very low levels in an individual might be
mistaken for error-containing sequences and ignored.

Other uses

Construction of synthetic antibody libraries is important
for therapeutic antibody development. Recent studies
have presented novel methods for library design combin-
ing NGS. These libraries are generated by introducing
diversity in the variable region of the antibody*** and
high throughput sequencing was used to characterize the
coverage and diversity of Viy and V. sequences.

High throughput sequencing analysis can also be used
for the production of mono-clonal antibodies. Massive
production of antigen-specific antibodies is essential for
both research and clinical aspects, mainly for diagnostic
and therapeutic treatments (cancer, autoimmune diseases
etc.). Reddy et al. used massively parallel sequencing tech-
nology for antibody isolation to overcome the extremely
time-consuming step of screening for recombinant anti-
bodies that was used previously.*> Recombinant genes are
synthesized from paired VH and VL segments, based on
the understanding that VH and VL have relatively similar
expression frequencies and originate from the same B cell,
and therefore constitute the complete antibody dimer.

Large-scale sequencing of rearranged immune receptor
genes can also be of use in the detection and tracking of
clonally expanded B-cell and T-cell populations in differ-
ent physiological and pathological conditions. Lymphocyte
malignancies usually originate from a single dominant
immunoglobulin or TCR. Therefore, obtaining informa-
tion about the relative abundance of these receptors using
high throughput sequencing methods might be key for
better understanding their nature. Large-scale sequencing
of the immune receptors repertoire offers distinct and
highly detailed molecular characterization that may reform
our perception of the immune system while supporting
diagnosis, prognosis and monitoring of disease.

Rep-Seq: facing the future

Ever since its introduction as a well-established method
only a few years ago, NGS has emerged as a major player
in molecular biology, genomics, systems biology and other
fields.*® Next-generation sequencing promises to make a
similar impact in immunity, and presents, for the first
time, an opportunity for a comprehensive view of the T-
cell and B-cell repertoires. As much as this technology pre-
sents an opportunity, it brings with it major challenges in
data storage and data analysis. We need to consider

human ability to store these data, to view these data and
to produce meaning from the data. The community’s
interest in sequencing and its applications promises some
of the solutions as already available. For example, whole
genome sequencing produces hundreds of giga-bases per
sample, with tens of thousands of whole genomes expected
within the next few years, storage for these sequencing
projects is to be allocated. Rep-Seq produces orders of
magnitude less data. The issue of allocating storage for
Rep-Seq experimentation is therefore easily absorbed into
the public storage space currently allocated for sequencing
projects. Furthermore, cloud computing is being actively
used by different groups worldwide for NGS.*” There are
multiple cloud providers, both commercial and open
source, such as Amazon, Rackspace, GoGrid, Nimbus and
Eucalyptus, all provide central processing units, memory
and storage devices.* Cloud-based data storage and data
processing not only provides dynamic and parallel storage
services but also enables easy on-demand file sharing and
easy access to these data worldwide. In immunology, the
International ImMunoGeneTics database,* has positioned
itself as a highly useful tool. ImMunoGeneTics is a high-
quality integrated database specializing in immunoglobu-
lin, TCRs and MHC molecules of all vertebrate species.
ImMunoGeneTics is the main and only database that
curates all these data in one place and has actively gathered
tools for sequence analysis and alignment. However, the
rapid changes and development in the field of repertoire
sequencing call for new databases and tools for the analysis
of whole repertoires, and for the comparisons between
species. Rep-Seq provides a segue to systems immunology
approaches that, with the combination of new computa-
tional system-based tools, promise to enrich immunology.
The complexity that characterizes the immune system and
immune response can only be fully understood by a sys-
tems-approach to integrate processes, experimental data
and high-level computational algorithms.
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