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Current status and recent advances of next generation
sequencing techniques in immunological repertoire
X-L Hou, L Wang, Y-L Ding, Q Xie and H-Y Diao

To ward off a wide variety of pathogens, the human adaptive immune system harbors a vast array of T-cell receptors (TCRs) and
B-cell receptors (BCRs), collectively referred to as the immune repertoire. High-throughput sequencing (HTS) of TCR/BCR genes
allows in-depth molecular analysis of T/B-cell clones, providing an unprecedented level of detail when examining the T/B-cell
repertoire of individuals. It can evaluate TCR/BCR complementarity-determining region 3 (CDR3) diversity and assess the clonal
composition, including the size of the repertoire; similarities between repertoires; V(D)J segment use; nucleotide insertions and
deletions; CDR3 lengths; and amino acid distributions along the CDR3s at sequence-level resolution. Deep sequencing of B-cell and
T-cell repertoires offers the potential for a quantitative understanding of the adaptive immune system in healthy and disease states.
Recently, paired sequencing strategies have also been developed, which can provide information about the identity of immune
receptor pairs encoded by individual T or B lymphocytes. HTS technology provides a previously unimaginable amount of sequence
data, accompanied, however, by numerous challenges associated with error correction and interpretation that remain to be solved.
The review details some of the technologies and some of the recent achievements in this field.
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INTRODUCTION
The adaptive immune system drives the immune response via
specific hypervariable molecules: B-cell-generated immunoglobu-
lins (Igs) and Ig-like T-cell receptors (TCRs) on T lymphocytes.
These molecules are formed by genomic recombination enabling
them to recognize a multitude of potential pathogens. The TCR is
critical for peptide/major histocompatibility (pMHC) recognition,
and B-cell receptors (BCRs) are necessary to bind diverse antigens
and produce an effective humoral immune response. According to
the type of TCR, T cells are classified into αβ T cells and γδ T cells.
The most common form of TCR comprises a α and β chain and is
present on over 90% of T cells in humans. BCRs comprise two
identical heavy-chains (IgHs) and two identical light-chain
proteins. TCR/BCR diversity is generated in a number of ways,
and TCR genes are organized similar to Ig genes. The Ig and TCR
gene loci contain many different variable (V), diversity (D) and
joining (J) gene segments, which are subject to rearrangement
processes during early-lymphoid differentiation.1,2 In addition,
trimming and addition of non-template nucleotides at the V(D)J
junction sites (N-diversity mechanisms) further increases the
diversity.3,4 Take the αβ-TCR, for example, in humans, the TRA
locus (position 14q11.2) comprises 47 TRA (T-cell receptor alpha) V
genes, 57 TRAJ genes and a single TRAC gene; VJ recombination
can rearrange these 105 genes into 2679 unique α-chain VJC gene
combinations. The T-cell receptor beta (TRB) locus (position 7q35)
contains 54 TRBV genes, 2 TRBD genes, 13 TRBJ genes and 2 TRBC
genes. VDJ recombination can rearrange these 71 genes into 2808
unique β-chain VDJC gene combinations. Merging all α- and β-
chain gene combinations, an impressive 7 522 632 gene combina-
tions are possible. Subsequent deletions and insertions of

nucleotides at the junctions result in a theoretical repertoire of
1015–1020 different TCRs that could be generated in humans.5

Unlike TCRs, rearranged BCR genes are further diversified by
helper T-cell-mediated somatic hypermutation—a process of
stepwise incorporation of single nucleotide substitutions into
the V gene.6 Through clonal affinity selection for enhanced
antigen binding, non-germ-line somatic hypermutation-mediated
variation contributes significantly to the diversification of the
mature B-cell repertoire.7,8 Theoretically, the potential for TCR/BCR
diversity is nearly infinite, but actual diversity in a biological
repertoire is restricted by deletion of over- and under-reactive
cells during thymic maturation and is molded continuously by the
clonal expansion of antigen responsive cells in the periphery.9,10

A normal adult polyclonal T-cell compartment comprises an
estimated 2.5 × 107 different αβ T-cell clones each expressing a
unique TCR.11 However, studies by other investigators revealed
that this figure is considered a conservative estimate, with the
upper bounds potentially comprising 108–1011 unique αβ TCR
structures per individual,11,12 and a much more diverse B-cell
repertoire. For both TCRs and BCRs, much of the diversity is
focused in the third complementarity-determining region (CDR3),
which interacts most closely with the antigenic peptide
(Figure 1).13 The diversity of CDR3 amino acid sequences provides
a measure of T/B-cell diversity in an antigen-selected T/B-cell
repertoire.
Over the past two decades, several strategies have been

developed to probe human TCR diversity. Fluorescence activated
cell sorting is a powerful tool for analysis of T lymphocytes,
including TCR expression. However, it is strongly restricted by the
availability and the specificity of anti-TRB antibodies and no TCR
sequence information can be gained.14 To overcome the
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disadvantage of fluorescence activated cell sorting analysis, PCR-
based methods (including multiplex PCR and RACE-based PCR
methods) have been developed in many laboratories. However,
specific primers were not available for all the V segments defined
previously. In addition, different amplification efficiencies among
individual primers and cross-reactivity between subfamilies have
hampered the estimation of precise frequency of individual TCRB
(T-cell receptor beta-chain) V families.15 An immunoscope
technique, CDR3 spectratyping that analyzes CDR3 length
polymorphisms, is more widely used. Unfortunately, this approach
has a keyhole perspective that has important drawbacks.16 First, it
does not give a full-repertoire perspective. Second, it cannot
quantitatively compare the clonal aberrations found across the
repertoire. Third, it is prone either to miss clonal aberrations in the
first screening step or experience false positive aberrations due to
low input. Although Sanger sequencing technique can deliver
single clone resolution, it is laborious and generally limits data to a
few hundred, or in rare cases a few thousand, TR sequences per
investigation.17 Nowadays, with the advent of NGS technologies, it
is now possible to sequence millions of receptor clones
representing the entire immune repertoire in a routine experi-
ment. Immune Repertoire Sequencing (IR-SEQ) refers to a method
to evaluate the diversity of immune system by amplifying the CDR
of BCR or TCR using multiple-PCR or 5′-rapid amplification of

complementary DNA (cDNA) ends (RACE) methods, followed by
HTS, which can be used to investigate the association between
immune repertoire and diseases.18 However, most of existing IR-
SEQ technologies yield data on only one of the two chains of
immune receptors and thus cannot provide information about the
identity of immune receptor pairs encoded by individual B or T
lymphocytes.19 Fortunately, recently, paired sequencing strategies
have also been developed, which includes high-throughput VH:VL
pairing technique,20 single-cell paired TCR sequencing method.21

In these methods, some need isolated single cell, some do not
need. In summary, advanced IR-SEQ technologies are powerful
tools to dissect the BCR and TCR populations at high resolution;
however, the enormous quantity of reads generated by NGS
technologies necessitates cautious interpretation. Potential errors
during the sequencing process may skew the interpretation. In the
present article, we aimed to present recent progress in under-
standing the immune repertoire and to discuss the methods used
to recognize and eliminate PCR and sequencing errors.

IR-SEQ IN FEATURE MINING OF IG AND TCR PROFILING
HTS of lymphoid receptor genes is an emerging technology that
can comprehensively assess the diversity of the immune
system. The kinds of analysis enabled by high-throughput DNA

Figure 1. T-cell receptor–antigen–peptide–MHC interaction and TCR gene recombination. (a) A T-cell (pink) encountering an antigen-
presenting cell (APC; blue). The APC presents peptide antigen (Ag; yellow) in complex with the larger major histocompatibility complex (MHC;
turquoise). The T-cell receptor (TCR; multi-colored) binds to both the antigen and MHC, and if the binding avidity is sufficiently high the T-cell
is activated. (b) A TCR heterodimer, composed of an α and β chain, engaging peptide–MHC (pMHC). Moving outward from the T cell, the
constant region (green) of the TCR is anchored to the cell membrane, followed by the J region (red). In TCR α chains, the J region is followed
by the V region (orange), whereas in TCR β chains a D region is located between the V and J regions. The complementarity-determining region
3 (CDR3) domain, ~ 45 nucleotides long, comprises the VJ (for TCR-α) or VDJ (for TCR-β) junction. Color gradients at junctions represent the
regions encoded by arbitrary, untemplated nucleotides introduced during somatic recombination, and which represent a primary source of
sequence diversification and TCR variability (see c for details). The CDR3 regions are the main domains of the TCR that are in contact with
peptide antigen and largely determine TCR specificity. (c) Simplified representation of TCR-β VDJ gene recombination resulting in TCR
diversity. The TCR-β locus is located on chromosome 7 and is ~ 620 kb in length. Initially one of the two D regions is joined with one of 13 J
regions (both randomly selected), followed by joining of the DJ region to one of more than 50 V regions (also randomly selected), yielding a
final VDJ region that is ~ 500 bp in length. The mechanism by which gene segments are joined also introduces base pair variability, which
together with the combinatorial selection of these segments results in TCR diversity. A completely analogous process occurs for the TCR α
chain, without the D gene segment included.13
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sequencing of TCR or Ig rearrangements can be classified into
three main categories.22 First, this method can be used to measure
overall repertoire features, including: V, D and J segment usage
frequencies; CDR3 length, VD indel length and DJ indel length; the
pattern of amino acid usage in the CDR3 region; and the number
of distinct sequences present, which can be used to estimate
repertoire diversity. Second, the receptors expressed by clonally
expanded B cells or T cells can be detected and characterized,
whether or not one knows the antigen specificity or other
functional features of the expanded clones. Third, B-cell or T-cell
clones of interest that have previously been identified and
correlated with known function can be tracked. Each of these
types of analysis can yield insights into lymphocyte populations
and the features of Ig and TCR repertoires.

Estimation of immune repertoire diversity
The diversity of immune repertoire is vitally important for health.
The more subtypes of immune proteins one has, the more
powerful the immune system is, and vice versa. In addition, many
other factors can also affect the diversity of the immune
repertoire, including age, environment, diseases and medicine
and so on. Relevant to this investigation, Robins et al.23

demonstrated that the number of unique TCRβ CDR3 sequences
in the adult repertoire significantly exceeded previous estimates
based on first generation sequencing technology.11 In their study,
the sum of the calculated number of unique TCR CDR3 sequences
from the four flow cytometrically defined T-cell compartments
(CD4+CD45RO+, CD4+CD45RO-, CD8+CD45RO+, CD8+CD45RO-)
in the peripheral blood of the two healthy male donors is three to
four million, which was at least fourfold higher than previous
estimates. In a recent study, Warren et al.24 sequenced the TCR
repertoire, and successfully obtained 41 billion raw reads from a
single blood sample, with a yield of about 200 million TCR-β
nucleotide sequences. In addition, they confirmed that a 20 ml
blood sample captured only a portion of the diversity present
within an individual’s peripheral blood repertoire, which indicated
that TCRB diversity was greater than that captured by a single
library or a single blood sample. Sequencing is a numbers game.
To try and reach the best coverage of the immunological
repertoire, we aim to reach an SI (sequenced Igs): TI (total number
of Igs) 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. In zebrafish, the equivalent would be a 1:1
sampling; that is, current machinery enables the sampling of all
the T or B cells in the zebrafish. However, sampling of the
repertoire in humans could be thought of as sampling a
swimming pool using a single tablespoon. Cell count intervals
that are calculated according to the Poisson model suggest that a
comprehensive analysis of a population containing a diversity of
107 (estimated individual TCR beta diversity) requires analysis of a
sample of at least 108 cells.23 The corresponding number of T cells
is contained in ~ 50–70 ml of blood from a healthy individual. It is
also necessary to mention that the T-cell repertoire is not static. As
we know, immune system is a dynamic system. Binding of a naive
T cell's TCR to a structurally compatible pMHC on an antigen-
presenting cell will initiate rapid clonal expansion to generate a
population of effector cells carrying identical TCRs. Ordinarily,
once the antigen that initiated the immune response has been
cleared, the expanded pool gradually contracts and persists as a
smaller number of memory cells, which are poised for another
potential encounter with the antigen. Thus, the T-cell repertoire is
continuously molded by the input of new T cells and response to
immune challenge.9,13 Therefore, a direct measure of total
diversity remains out of reach owing to following reasons: first,
the practical and ethical limitations on obtaining very large
numbers of T cells from research subjects; second, the sampling is

just a snapshot. No matter how well and exhaustive we sample we
probably will never comprehensively profile the repertoire; third, it
is difficult to distinguish rare clonotypes from sequencing errors.
In basic and clinical research, the principal concern is how to
determine whether a given sample has different TCR content from
another sample, which is difficult when sampling is incomplete
and sampling depth is often variable. In addition, it is important to
recognize that the required depth of TCR repertoire analysis could
vary across a wide range according to the questions posed. Much
smaller bottleneck limits can be estimated for the analysis of a
narrower T-cell population, such as a fraction of effector or
memory T cells or a pre-sorted subpopulation of specific TCR V
beta family T cells, Treg cells or MHC-tetramer sorted cells and so
on.25,26 Overall, a clear understanding of the parameters that
determine the sample preparation bottlenecks and their minimal
required size is important for an adequate experimental design.
The diversity of the TCR/BCR repertoire can be calculated based

on the Simpson index of diversity (Ds),27 Shannon–Wiener
index (H′)28,29 and the diversity 50 (D50) value. Ds and H′ are
function of both the relative number of clonotypes present
(richness) and the relative abundance or distribution of each
clonotype (evenness),27,30 which are calculated as follows.

Ds ¼ 1 -
Xc

i¼1

ni ni - 1ð Þ
n n - 1ð Þ

H0 ¼ -
Xs

i¼1

ni
N
ln
ni
N

In both Ds and H′, ni is the clonal size of the ith clonotype
(that is, the number of copies of a specific clonotype). C (in Ds) and
S (in H′) are the number of different clonotypes, and n (in Ds) and
N (in H′) are the total number of TCR/BCR sequences analyzed. Ds
uses the relative frequency of each clonotype to calculate a
diversity index ranging from 0 to 1, where 0 represents the
minimum and 1 represents the maximum diversity. A sample of
TCRs/BCRs containing more than one clonotype will have
maximum diversity when all clonotypes have equal clone size.30

TCR/BCR repertoire diversity can be calculated at different
resolutions of distinct DNA sequences, amino acid sequences
and V–J combinations. In addition, D50 is defined as the minimum
percentage of distinct clonotypes or CDR3 peptides accounting for
at least half of the total clonotypes or CDR3 peptides in a
population or subpopulation of immune system cells; the higher
the number, the greater the level of diversity.30 Moreover, many
other methods widely used in ecology have also potential utility in
comparing immune repertoires. Examples include the Morisita–
Horn similarity index for determining the similarity, or overlap,
between samples.31 Earlier studies also explored various bioinfor-
matic tools for TCR-seq data processing and analysis. ImMunoGe-
neTics (IMGT)/HighV-QUEST32 (http://www.imgt.org) is a useful
tool for medium-scale TCR-seq data handling and annotation.
Another new tool for TCR-seq data processing called MiTCR
(developed by MiLaboratory; http://mitcr.milaboratory.com/
downloads/)33 is a recent and welcome addition, as is the
Cancer-related Immunological Gene Database (CIG-DB),34 a new
repository for TCR and Ig sequences. This program has an
automate adjust mechanism for errors introduced by sequencing,
PCR and so on. It will feedback alignment statistic information like
CDR3 expression and INDEL.
In addition to TCR structural diversity as mentioned above, the

diversity of immune repertoire includes the T-cell functional
diversity.9 Such diversity was observed when populations of
antigen-specific T cells (as judged by the binding of specific pMHC
tetramers) were found to have heterogeneous proliferation;
cytokine and chemokine secretion; cytotoxic T lymphocyte
activity; and expression of natural killer-cell receptors; chemokine
receptors and integrins; as well as migratory patterns and other
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features.35–38 Similar functional heterogeneity was also observed
in T cells expressing the same TCR, indicating that at least part of
the functional heterogeneity could be independent of TCR
structural features.37–40 However, it remains unclear whether and
how TCR structural diversity influences functional diversity, and
what is the impact of functional diversity on pathogen resistance.
In conclusion, many important initial steps have now been made
in quantifying TCR diversity in different lymphoid compartments
and across various biological processes, providing an excellent
platform from which to continue studies of role of TCR diversity in
immune defense. Despite such encouraging advances, the
diversity of the immune repertoire requires further investigation.

Distribution characteristics of CDR3 length
IgH CDR3 loops can vary in both length and sequence, allowing
for the ability to recognize diverse antigens;41 however, such
variation must also be constrained to prevent the accumulation of
poorly functional or autoreactive Igs. Experiments in mice showed
that the average length of the IgH CDR3 loop increases during
murine B-cell development.42 However, long HCDR3 loops have
been associated previously with antibody auto-reactivity and
polyreactivity that are removed from the human repertoire during
B-cell development.43–45 To understand better how selection
processes balance the benefits of Ig repertoire diversity with the
risks of non-functionality and auto-reactivity of highly variable IgH
CDR3s, Larimore et al.46 collected millions of rearranged germline
IgH CDR3 sequences by deep sequencing of DNA from mature
human naive B cells purified from four individuals and analyzed
the data computationally. They found that human IgH rearrange-
ment had evolved several mechanisms to generate longer CDR3
loops for the repertoire, including the use of long D gene
segments, insertion of large N regions and usage of multiple D
gene segments in tandem. However, via a comparison of
productive and out-of-frame IgH rearrangements, they observed
a selection bias against long HCDR3 loops, which agreed with
previous findings. In addition, they identified that at least 69% of
initial productive IgH rearrangements were removed from the
repertoire during B-cell development. A previous study demon-
strated that 55–75% of antibodies cloned from human early
immature B cells were self-reactive based on in vitro-binding
assays, with the majority of this self-reactivity removed during
development,43 which supported their calculation of the preselec-
tion repertoire size based on the extensive data set from
peripheral B cells. Taken together, these results suggest that
self-reactivity, rather than non-functionality, might be the major
reason for loss of productive IgH rearrangements during devel-
opment. In addition, some studies reported shorter CDR3 lengths
in relation to CD4 single-positive cells in the thymus.47 A previous
study showed that splenic BCR CDR3 length distributions are
characterized by low standard deviations and few local maxima,
compared with peripheral blood distributions, and established a
supervised machine learning model, based on CDR3 length
distribution features, can detect myelodysplastic syndromes with
�93% accuracy.48 Taken together, the CDR3 length distribution
contains important information regarding the immune system’s
condition, the details regarding differences and functions of the
longer and shorter CDR3 groups require further research.

Nucleotide insertions and deletions bias
Much of the CDR3 diversity in the TCR-β chains is created by the
template-independent insertion of nucleotides at the Vβ–Dβ and
Dβ–Jβ junctions by terminal deoxynucleotidyl transferase (Tdt).
The frequency at which Tdt inserts each of the four nucleotides
has been estimated. Robins et al.23 found there were nucleotide
insertion bias at the Vβ–Dβ and Dβ–Jβ junctions, such that Tdt is
biased toward insertion of C and G over A and T. This confirmed
the results from the study by Freeman et al.49 who found that non-

templated bases at the V–D junction are 62.9% GC and the non-
templated bases at the J–D junction are 54.3% GC. Interestingly,
they also observed an interesting phenomenon that the number
of insertions and deletions at the Vβ–Dβ and Dβ–Jβ junctions
were the features that were most closely correlated with
frequency, and demonstrating an inverse correlation. Indeed,
recent studies have suggested that higher frequency clonotypes
were more commonly shared between compartments (that is,
naive and memory compartments) and individuals, and high-
frequency TCRβ CDR3 sequences with fewer insertions and
deletions have receptor sequences that are closer to the germline
sequence.25,50 It was also interesting to note that extensive
N-nucleotide addition is a mechanism that contributes to IgH
CDR3 length.46 In summary, nucleotide insertion/deletion on CDR3
creates extreme diversity in the antigen recognition regions of
TCRs or BCRs. Previously, we thought that this process is random,
however, based on the findings detailed above, we appreciate
that the process is not completely random, and the mechanism
needs to be clarified further.

The distribution of amino acids along the CDR3 region
Amino acid residues within CDRs can contribute to antigen
binding directly, via contribution of a side group that makes
contact(s) with the antigen. In addition, the amino acids can have
an indirect effect on the conformation of the peptide backbone in
a manner that facilitates direct interaction of neighboring amino
acid side groups.51 Therefore, it is important to analyze the amino
acid composition along the CDR3 region. Wu et al.52 used deep
sequencing technologies to study human B-cell Ig heavy chain
repertoires, and compared the characteristics of amino acid
composition of transitional, naive, IgM memory and switched
memory B cells. They found that average CDR3 sizes were
comparable between transitional and naive cells, but there was a
decreased proportion of positively charged amino acids in naive B
cells, resulting from a difference in arginine composition. In
addition, there was also a decrease in the aliphatic index in naive B
cells compared with transitional cells, with an accompanying
downward trend in hydrophobicity. Moreover, they also observed
that IgM memory cells had fewer negatively charged amino acids
than switched memory cells, while the levels of positively charged
amino acids did not appear to vary. Thus, the amino acid
composition varies among these different B-cell populations.
However, it is difficult to predict what kinds of antigen might
select for this characteristic. Liaskou et al.53 used HTS to determine
if disease-associated TCRs could be identified in the non-viral
chronic liver diseases primary biliary cirrhosis (PBC), primary
sclerosing cholangitis and alcoholic liver disease. They showed
that 8–42 clonotypes were detected uniquely in each of the 3
disease groups (⩾30% of the respective patient samples). Notably,
they identified that disease-associated clonotypes shared com-
mon amino acid characteristics. The presence of one hydrophobic
residue glycine (G) among two polar residues threonine (T) and/or
serine (S) was present in the CDR3 region of 62.5% of the primary
sclerosing cholangitis-associated clonotypes (T-G-T, TS-GG-T, GG-T,
TS-GG-T, S-G-T). An aspartic acid (D) or glutamic acid (E) was
present in 87.5% of primary sclerosing cholangitis disease-
associated clonotypes. The presence of glycine–asparagine (G–N)
was evident in 62.5% of the alcoholic liver disease-associated
clonotypes. In summary, it may be that different cell populations
and disease-associated clonotypes share similar protein character-
istics. To study the protein (or amino acid) characteristics will help
us to clarify the interaction between the antigen and the T/B-cell
receptor more deeply, and provide the basis for the development
of antibodies and vaccines.

Immune repertoire sequencing techniques
X-L Hou et al

4

Genes and Immunity (2016) 1 – 12 © 2016 Macmillan Publishers Limited



V(D)J segment use and combination
Recently, a study by Freeman et al.49 used a 5′-RACE and Illumina
sequencing strategy to sample CDR3β diversity in normal human
peripheral blood leukocytes (PBL) pooled from 550 individuals.
Their laboratory data revealed that TRBV gene usage ranged from
0.01% for TRBV17 to 24.6% for TRBV20-1. TRBJ gene usage ranged
from 1.6% for TRBJ2-6 to 17.2% for TRBJ2-1. In addition, they
identified 562 TRBV–TRBJ combinations, among which TRBV20-1
to TRBJ2-1 was the most frequent pairing, accounting for 4.1% of
all pairings. These data reflected the TRB (V/D/J) family usage
pattern in a population, but it could not provide an insight into
individual repertoire features because their samples were derived
from blood pooled from multiple individuals. However, for
individual repertoires, a large body of work has also demonstrated
that certain TRBV and TRBJ genes are utilized commonly while
others are relatively rare, and the pairing of TRBV and TRBJ is not
random.54,55 Relevant to this investigation, Robins et al.50 assessed
the realized CD8+TCRβ CDR3 sequence repertoire in the blood of
seven healthy adults. They found that the frequency with which
specific Vβ–Jβ combinations were utilized was highly variable in
each of the seven individuals; the frequency with which specific
combinations were observed varied by 410 000-fold. In addition,
they provided evidence that rearrangement between Vβ and Dβ
gene segments was random, while that between Dβ and Jβ gene
segments was not. They hypothesized that the apparent non-
random association between specific Dβ and Jβ gene segments
was likely attributable to the organization of the TCRβ locus, in
which Dβ1 lies 5′ of all 13 Jβ segments, while Dβ2 lies 3′ of the 6
members of the Jβ1 cluster but 5′ of the 7 members of the Jβ2
cluster. The Dβ1 segment was observed at roughly equal
frequency with all 13 Jβs, while Dβ2 was much more frequently
paired with members of the Jβ2 compared with the Jβ1 family. In
this regard, Boyd et al.56 observed preferential pairwise segment
associations for at least three combinations (D2-2with J6, D3-3with
J6 and D3-22 with J3) across the group of individuals. Over-
representation of these D/J combinations was observed in
122/138, 119/138 and 113/138 sequenced aliquots, respectively.
Preferential TRBV/TRBD/TRBJ recombination is a prerequisite for
the emergence of a public response. The reasons for the bias are
not clearly understood but are probably caused by a combination
of proximity effects and recombination signal sequence compat-
ibilities that influence initial TCR development, plus thymic
selection and immune challenge that modify the representation
of selected clones in the extant repertoire.57

Public T/B-cell repertoires
Public T-cell responses, in which T cells bearing identical TCRs are
observed to dominate the response to the same antigenic epitope
in multiple individuals, have long been a focus of immune T-cell
repertoire studies. Nowadays, public TCRs have been observed for
a variety of T-cell responses in many different species.58–60

Previous experiments from our laboratory showed that any two
individuals in the healthy control group share 4.85 ± 2.50% of their
DNA sequences and 12.17 ± 0.81% of their expressed CDR3 amino
acid sequences (non-redundant sequences for each subject).18 In
addition, studies in syngeneic mice showed that up to 27% of the
peripheral repertoire of one naive mouse overlapped with that of
another.61 What is the molecular basis for public T-cell responses?
Several lines of evidence support the hypothesis that recombina-
tion biases, convergent recombination and T-cell selection play
important roles in shaping the observed pattern of CDR3
sharing.62 First, convergent recombination results in a range of
production frequencies, with some TCRs being produced rarely,
some TCRs being produced at an intermediate frequency and
other TCRs being produced frequently. Public repertoires are
produced more efficiently than private ones by the recombination
machinery. Subsequently, other factors, such as TCR affinity for the

pMHCI and stochastic events, further influence clonal dominance.
In addition, Warren et al.24 recently reported a strong association
between the sharing of HLA class 1 alleles and the proportion of
shared TCRB sequences (Po1 × 106). This aspect of the public
repertoires may have serious implications for our understanding
of the initial ability of an individual to fight incoming threats. Thus,
understanding the basis of public T-cell responses is not only
important for our understanding of immune repertoire and
diversity and hierarchy, but also has implications for immune
control of pathogens and vaccine design.

THE APPLICATION OF IR-SEQ IN BASIC RESEARCH
Immune repertoire features of lymphocyte subpopulations
Deep sequencing enables detailed repertoire analysis for different
lymphocyte subsets. Wang et al.26 used HTS to evaluate the TCR
distribution among key T-cell developmental subsets (naive and
transitional T cell (Tn+t), activated T cell (Ta) and memory T cell
(Tm)) and effector subsets (T helper cell 1 (Th1), T helper cell 2
(Th2), T regulatory cell (Tr) and T cytotoxic cell (Tc)) from a single
donor. They found that the various T-cell subsets examined
exhibited many common features in terms of Vα, Jα, Vβ, Dβ or Jβ
utilization, CDR3 length, number of N-nucleotide additions,
nibbling at ends of germline gene segments and amino acid
usage at the CDR3 intervals, which suggested that T-cell specificity
determination precedes the differentiation of nascent T cells into
distinct phenotypic subsets, helping to resolve this longstanding
question of chronology in T-cell maturation. By estimating the
number of unique CDR3 intervals for both the TCRα and TCRβ
repertoires as a measure of the diversity of the CDR3 repertoire of
different T-cell subsets, they found the Ta subset exhibited the
least diversity among the developmental subsets. Among the
various effector populations, the Th2 subset appeared least
diverse and the Tr population exhibited the greatest diversity. In
addition, there was a significant amount of sharing of TCR
sequences among the Th1, Th2 and Tr populations, which
suggested that the choices of Th1, Th2 and Tr outcomes were
stochastic and could be driven by the same or highly similar
antigenic stimuli.
In addition, NGS technologies provide an opportunity to

understand the dynamic relationship between the naive and
memory T-cell repertoires. Venturi et al.25 reported that the CDR3
length distributions and clonotype size distributions differed
between the memory and naive TCRβ repertoires, and a subset of
TCRβ amino acid clonotypes was common to the memory and
naive pools. The notion that the diversity of the naive repertoire
greatly exceeds that of the memory repertoire has been
challenged by the observation that the memory subset, particu-
larly the CD4+ memory subset, mainly comprises a broad diversity
of low-frequency clonotypes.24,63 The human naive T-cell reper-
toire is the repository of a vast array of TCRs. On episodic or
persistent antigenic stimulation, individual naive T cells have
multiple fates and can differentiate into effector and memory
T-cell subsets. These findings have important implications for our
understanding of the dynamic relationship between the naive and
memory T-cell repertoires. Further studies are needed to
investigate the factors that steer maturation of the memory
phenotype and determine the size of memory clones.
Similarly, a recent study used deep sequencing technologies to

analyze human B-cell Ig heavy chain repertoires, and compared
the characteristics of transitional, naive, IgM memory and
switched memory B cells.52 They found that the memory B-cell
repertoires differed from the transitional and naive repertoires,
and that the IgM memory repertoire was distinct from that of
class-switched memory. Based on these findings, they concluded
that a large proportion of IgM memory B cells were not derived
from the same developmental pathway as switched memory cells.
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In addition, to identify the origin and antigen specificity of
intestinal Treg cells, Cebula et al.64 performed single-cell and HTS
of the TCR repertoires of CD4+Foxp3+ and CD4+Foxp3− T cells,
and analyzed their reactivity against specific commensal species.
They showed that thymus-derived Treg cells comprised the
highest proportion Treg cells in all lymphoid and intestinal
organs, including the colon, where their repertoire was heavily
influenced by the composition of the microbiota. Their results
suggested that thymic Treg cells, and not induced Treg cells,
mediated the tolerance to antigens produced by intestinal
commensals dominantly. Further investigation of these topics will
be greatly enhanced by the use of HTS, and by a more
comprehensive measurement of TCR or Ig rearrangements
present in different lymphocyte subpopulations.

Immune repertoire features in healthy subjects of various ages
HTS techniques also greatly enhance the analysis of how
lymphocyte diversity declines with age. Immunity declines with
age,65,66 and declining T-cell repertoire diversity associated with
aging is a contributing factor to the impaired ability of aged
individuals to mount effective immune responses to infections
and vaccines.67,68 Boyd et al.56 detected the diversity of clonal
B-cell expansions in healthy subjects of various ages (ranging from
19 to 79 years) by sequencing six-fold replicate samples of
peripheral blood Ig heavy-chains (IgHs) from each individual. The
sizes of those larger clones were estimated by the expanded
clonal sequence’s proportion of total sequences obtained from
these samples. They found that for the 54-year-old patient this
value was 0.15%, while for the 68-year-old patient the value was
1.5% of the total sequences. These results revealed that the
degree of clonal expansion in the elderly group was significantly
greater, and the T-cell repertoire of the elderly group was
relatively restricted. It is likely that accumulated infections
throughout the lifespan have caused the reduction in TCR
diversity. In turn, restrictions in the peripheral TCR repertoire can
lead to impaired immune responses. Yager et al.69 took advantage
of the well-characterized influenza virus model to address the
relationship between the naturally occurring age-associated
decline in repertoire diversity and the response of aged animals
to a newly encountered pathogen. Their data demonstrated
directly the impact of an age-associated decline in T-cell repertoire
diversity on the capacity to respond to newly encountered
antigens. Importantly, the data showed that the age-associated
decline in CD8 T-cell repertoire diversity could be so profound for
responses of those with low naive precursor frequencies as to
result in the development of 'holes' in the repertoire for normally
immunodominant epitopes, possibly to compromised protective
immunity. Herein, it was also interesting to note that BCR CDR3
length distributions of elderly people were found to be positively
skewed toward short CDR3s.48 This may be explained by the
finding that memory cells have shorter CDR3,52 combined with
the reports in the literature that older people have more B-cell
memory cells.70 Thus, therapeutic approaches for improving
survival and maintenance of naive T cells, prolonging thymic
output and reconstituting the repertoire of the elderly through
hematopoietic stem cell reconstitution should also be
considered.69,71,72 It may be also desirable to prime cellular

immunity before severe loss of thymic output, suggesting that
more vaccinations during middle age may be indicated. Further-
more, newer strategies need to focus on boosting preexisting
memory T-cell responses present within aged individuals.

NOTES ON IR-SEQ
As illustrated above, NGS has established itself as a highly useful
platform in the study of the immune repertoire. However,
performing deep, unbiased and quantitative analysis of millions
of CDR3 sequences that include highly homologous variants is
quite challenging, because of primer dimerization, accumulation
of PCR and sequencing errors, and ratio bias. Altogether, these
technical challenges lead to the loss of the original TCR/BCR
repertoire of an analyzed T/B-cell sample, generation of huge
artificial TCR/BCR diversity and the inability to interpret sequence
information in a quantitative way, thus challenging intelligent
analysis and cross-comparison of acquired datasets and generally
complicating adaptive immunity studies. Here, we compare the
three leading platforms (Illumina, 454 and Ion Torrent) for
individual TCR profiling, and present platform-specific approaches
to error correction.

Different NGS platforms for IR-SEQ
Although this technology is rapidly developing, most published
work on HTS of Igs and TCRs to date has used the leading
platforms: 454, Illumina and Ion Torrent. Different platforms
provide different advantages and disadvantages, which are
summarized in Table 1.73 The 454 GS Junior generates the longest
reads (up to 600 bases) and most contiguous assemblies but has
the lowest throughput (70 Mb per run, 9 Mb h− 1). Run in 100-bp
mode, the Ion Torrent PGM, has the highest throughput (80–
100 Mb h− 1).74 The Illumina platform comprises the HiSeq and
MiSeq sequencing systems. MiSeq is based on the existing Solexa
sequencing-by-synthesis chemistry but has dramatically reduced
run times compared with Illumina HiSeq (fastest run 4 h versus
1.5 days for 36-cycle sequencing or 16 h versus 8.5 days for
200-cycle sequencing), made possible by a smaller flow cell,
reduced imaging time and faster microfluidics.74 The key variables
in high-throughput DNA sequencing are read length, throughput,
accuracy and cost. Most published work on HTS of Igs and TCRs to
date has used either the 454 platform or the Illumina platform. The
454 instrument can capture a full Ig heavy chain V(D)J sequence in
a single read, which is very helpful when studying patterns of
hypermutation in clonally related IgHs.7,52,56,75,76 TCR sequences
can be captured by shorter reads covering the V(D)J junction, and
can take advantage of the Illumina platform’s throughput, which is
higher for comparable cost.49,56

Different starting materials and PCR amplification methods
Genomic DNA or mRNA can be used as the starting material for
TCR/BCR profiling. mRNA is more commonly used for four reasons:
First, splicing of the TCR constant region at the mRNA level
simplifies amplification strategies because all rearranged receptor
genes can be captured with a single primer,77 which avoids the
use of the complex multiplex primer sets and thus, decreases PCR
bias. Second, mRNA is less complex and multiple copies are

Table 1. Advantages and disadvantages of sequencing methods noted by Bolotin et al.73

Method Advantages Disadvantages

454 Longest read lengths Lowest read number, resulting in bottlenecks frame-shift errors
Illumina Greatest read number Highest error rate; shortest read length
Ion Torrent Frameshift errors; short fragment length requires highly multiplexed PCR, resulting in amplification bias
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present in each cell, making it easier to amplify all rearranged
receptor genes from any given sample. Third, when starting from
genomic DNA, the entire sample isolated from certain PBMC
aliquots must be amplified to gain a comprehensive representa-
tion of the TCR repertoire. This inclusion may be technically
challenging when large T-cell populations are studied. For
example, a starting sample of 10 million T cells requires
amplification of ~ 100 μg of PBMC-derived genomic DNA. In
contrast, a reasonable aliquot (5–10 μg) of an RNA sample
obtained from the same cell population is sufficient to sample
the diversity. In addition, at the DNA level, each T cell carries two
rearranged TCR beta genes, and one of them is non-functional. In
contrast, out-of-frame mRNA molecules are efficiently degraded
by the nonsense-mediated decay mechanism;78,79 thus, these
non-functional molecules are not sampled. However, the draw-
back of the use of mRNA is that the ratio of rearranged receptor
genes can be skewed if different cells harbor different numbers of
mRNA copies, due either to different levels of transcription or
decay.80 For example, active B cells and plasma cells produce
vastly increased amounts of mRNA compared with resting B cells.
Given that our aim is to derive the structure of the repertoire as it
is defined per cell in the immune system, these different
quantities of RNA may introduce a major bias toward sequences
expressed by cells that are more actively producing RNA.
Also, if mRNA is used, information about the number of cells
represented in the amplification template is lost. A given
amount of mRNA may represent a small amount of mRNA
from many cells or a large amount of mRNA from a few cells,
potentially leading to distortions in the estimate of repertoire
abundance. Fortunately, the problem of absolute copy counting
can be overcome using a barcoded template-switch primer.81 In
this technique, the template-switching effect82,83 is used to
introduce a 5′-adaptor (5′-AAGCAGUGGTAUCAACGCAGAGUNN
NNUNNNNUNNNNUCTTrGrGrGrG-3′), which carries a molecular
identifier (12 random 'N' nucleotides) and dU nucleotides (U). As a
result, each synthesized cDNA molecule is specifically labeled with
one of 412 (416.7 million) unique identifier variants. Such
molecular identifiers allow robust estimation of the number of
cDNA templates in a deeply sequenced library.81 This approach
minimizes the impact of individual donor blood characteristics or
unavoidable bottlenecks and biases during blood sampling, library
preparation and sequencing. DNA templates have the advantage
of not requiring a reverse transcription step, which can affect yield
and introduce sequence errors. In addition, one can infer the
number of cells represented in the assay because there is only one
DNA copy of a rearranged receptor gene per cell. The downside is
the lower abundance of DNA templates. Moreover, the lack of a
uniform constant region sequence means that highly multiplexed
PCR strategies are required (Figure 2).84 Multiplexed PCR reactions
using large numbers of primers specific to the V and J segments
gene families have the advantage of relatively efficiently capturing
sequences for amplification; however, a strong bias is expected
toward specific V and J segments; thus, the observed relative
sequence abundances may not accurately reflect the real
amounts. A major finding of Bolotin et al.73 was that such highly
multiplexed PCR strategies are associated with distortions in the
relative abundance of TCR Vβ families as compared with less
multiplexed amplification strategies and antibody staining. While
the 5′ RACE PCR introduced few errors, probably because of the
use of only one primer, high-fidelity polymerases and low cycle
numbers, recent studies established that the majority of errors in
TR deep sequencing occur during the solid-phase steps.85

In summary, using mRNA as a starting material and applying a
5′ RACE PCR approach is more reliable for TCR/BCR repertoire
analysis.

Methods to recognize and eliminate PCR and sequencing errors
The enormous quantity of reads generated by NGS technologies
necessitates cautious interpretation. Potential errors during the
sequencing process may skew interpretation. Therefore, the
reliability of repertoire analysis depends on sequencing depth
and coverage, but also on sequencing accuracy. Errors in the
primary sequencing data are derived primarily from two sources:
(1) nucleotide misincorporation that occurs during the PCR
amplification of TCR/BCR CDR3 template sequences, and (2) errors
in base calls introduced by the genome analyzer during
sequencing of the PCR-amplified library of CDR3 sequences.23

These errors lead to the generation of artifactual sequence
variants that could complicate the estimate of the true diversity of
an Ig or TCR library. Therefore, recognition and mitigation of
sequencing errors is essential for accurate repertoire enumeration.
How can we improve our ability to differentiate true variants from
sequencing artifacts? As suggested by Bolotin et al.,73 the more we
know about the rates and types of sequence errors produced by a
particular method, the better we can tailor our analysis. There are
several approaches for obtaining this information. One approach
is to analyze a 'gold standard' of known, fixed sequence, whereby
variants can be attributed unequivocally to sequencing errors.
Another approach is to quantify changes in the germline-encoded
regions of the somatically variable template, such as the outer
parts of the V and J segments distinct from the CDR3 core of the
TCR, which should remain invariant after VDJ recombination. In
addition, the use of known standards and repeated measurements
are critical to understand the magnitude, distribution and
variability of sequencing errors obtained with different methods,
which in turn are critical for modeling appropriate error
correction.86 In the sequencing process, we should use a well-
defined DNA fragment or synthetic TCR/BCR library (internal
control) in the control lane to monitor the sequencing quality and
estimation of error rates. In this respect, Control libraries
generated from the PhiX virus can serve as an effective control
in sequencing runs. Characteristics of the PhiX genome provide
several benefits:87 First, PhiX is a small genome, which enables
quick alignment and estimation of error rates. Second, the PhiX
genome contains ~ 45% GC and 55% AT. PhiX has a well-defined
genome sequence. Third, Illumina cluster generation algorithms
are optimized around a balanced representation of A, T, G and C
nucleotides.

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 homopolymer.84
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Notably, error rate assessment can also be performed by
aligning the obtained sequences to TCR J segment germline
sequences and by filtering the erroneous reads based on
sequence redundancy. For example, Warren et al.24 aligned raw
reads to the known TCR J gene segments to assess sequence
accuracy. From the aligned raw single pass reads, they observed
9.4 errors per kb, but when they added the requirements of (1)
double-strand coverage, (2) minimum quality score of Q30 and (3)
no high-quality discrepancy between strands at any position, the
error rate fell to 2.2 errors per kb. Nguyen et al.85 analyzed specific
transgenic TCRs obtained from RAG-deficient mice, allowing them
to express a single germline-rearranged TCR and therefore to
compare the sequenced receptor with the original DNA. Their
findings showed that the overall frequencies of erroneous CDR3β
sequences for the three TCRs were similar at 5.23 ± 0.21%,
5.24 ± 0.12% and 6.00 ± 0.34% for the 5C.C7, OT-1 and DO11.10
TCRs respectively, which were greatly reduced after the filtering
process. At a phred (q) values = 30 and cutoff of 1% of single nt
mismatch sequences, only 0.0086 ± 0.002%, 0.030 ± 0.006% and
0.057 ± 0.008% of the total sequences were erroneous for the
three CDR3s respectively. Therefore, additional filtering of
sequence based on quality scores and filtering single nt
mismatch sequences have the potential to dramatically
decrease overall error rates in CDR3s acquired by NGS. More-
over, it is also important to recognize that PCR amplification
per se is non-linear, and there are differences in the efficiency of
PCR amplification of CDR3 regions using different Vβ and Jβ
gene segments. To estimate the magnitude of any such bias,
Robins et al.23 compared the number of observations of 30 000

sequences in the 25-cycle lane with the number of observations
in the 40-cycle lane. They found that of the TCRβ CDR3
sequences observed in the 25-cycle PCR lane, 97% were also
observed in the 40-cycle PCR lane, and identified that each
cycle of PCR amplification potentially introduces a bias of
average magnitude 1.51/15 = 1.027. Accordingly, efforts to limit
the number of amplification cycles will reduce quantitative
distortions, as well as error rates. 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, leading to under-
estimation of certain TCR/BCR clonotypes. Based on these
considerations, Bolotin et al.73 proposed an advanced error
correction algorithm for processing Illumina TCR profiling data.
To some extent, this algorithm provides efficient and safe
elimination of PCR and sequencing errors with minimal
information loss.
Overall, rational analysis of the TCR repertoire by NGS to make

firm and clear statements based on the data obtained demands
intelligent design of the whole experimental pipeline, including
blood sampling, DNA/RNA purification, cDNA synthesis, PCR
amplification, pre-sequencing preparation, sequencing depth,
platform choice and intelligent interpretation of the NGS output
with regard to all potential errors accumulated above. We believe
that as the technology develops, improvements in the accuracy of
the sequencing technologies themselves and the reliability of the
base-calling quality information provided will make the task of
analysis easier.

Figure 3. Technical workflow for ultra-high-throughput VH–VL sequencing from single B cells. (a) An axisymmetric flow-focusing nozzle
isolated single cells and poly(dT) magnetic beads into emulsions of predictable size distributions. An aqueous solution of cells in PBS (center,
blue with pink circles) and cell lysis buffer with poly(dT) beads (gray with orange circles) exited an inner and outer needle and were
surrounded by a rapidly moving annular oil phase (orange arrows). Aqueous streams focused into a thin jet, which coalesced into emulsion
droplets of predictable sizes, and cells mixed with lysis buffer only at the point of droplet formation (Supplementary Figure 1). (b) Single-cell
VH and VL mRNAs annealed to poly(dT) beads within emulsion droplets (blue figure represents a lysed cell, orange circles depict magnetic
beads and black lines depict mRNA strands). (c) poly(dT) beads with annealed mRNA were recovered by emulsion centrifugation to
concentrate aqueous phase (left) followed by diethyl ether destabilization (right). (d) Recovered beads were emulsified for cDNA synthesis and
linkage PCR to generate an ~ 850-bp VH–VL cDNA product. (e) Next generation sequencing of VH–VL amplicons was used to analyze the
native heavy and light-chain repertoire of input B cells.90
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ADVANCES IN PAIRED TCR/BCR SEQUENCING
It is worth noticing that most published TCR/BCR repertoire
studies have been limited to a single chain (for example, TCR β-
chains). This approach disrupts cognate pairing of TCR alpha and
beta chains (or heavy and light chains) and cannot provide
information about the identity of immune receptor pairs encoded
by individual T or B lymphocytes, so that they revealed only 'half
the truth'. To reconstitute TCRs/BCRs for functional analysis,
therapeutic use or modeling of receptor–antigen binding, the
TCRA (T-cell receptor alpha chain) and TCRB chains from a
complete TCR (or the heavy and light chains from a complete BCR)
must be identified as a pair. There have been multiple attempts to
pair heavy and light chains in B, and α and β chains in T cells using
single-cell technology. One approach is to isolate individual
lymphocytes and physically link the chains by bridge PCR before
sequencing; alternatively, the heavy and light chains can be
barcoded at the single-cell level. However, these approach are
limited by low efficiency or low cell throughput and require
fabrication and operation of complicated microfluidic devices.21,88

Chudakov and co-workers88 recently reported the use of one-pot
cell encapsulation within water-in-oil emulsions, achieving cell
lysis by heating at 65 °C concomitant with reverse transcription of
the genes encoding TCRα and TCRβ and linking by overlap
extension PCR to determine TCRα–TCRβ pairings, albeit only for
TCRβV7 and with a very low efficiency (~700 TCRα–TCRβ
pairs recovered from 8× 106 PBMCs). Likewise, it was recently
demonstrated that thousands of Ig heavy- and light-chain pairs
could be obtained by bead capture of single B-cell mRNA followed
by linkage PCR in single-bead-containing emulsion droplets.20

Although the yield of each of these approaches is modest, and the
techniques themselves are technically challenging, these studies
represent very important advances toward the goal of deep,
cheap and fast profiling of dimeric antigen receptors. With the in-
depth study and advancement of experiment technology, paired
sequencing strategy has also been improved. Inspired by methods
for the production of highly monodisperse polymeric micro-
spheres for drug delivery purposes,89 DeKosky et al.90 developed a
low-cost, single-cell, emulsion-based technology for sequencing
antibody VH–VL repertoires from 42 × 106 B cells per experiment
with demonstrated pairing precision 497%. The experimental
procedure is shown in Figure 3a—simple flow-focusing apparatus

is used to sequester single B cells into emulsion droplets
containing lysis buffer and magnetic beads for mRNA capture;
subsequent emulsion reverse transcription–PCR generate VH–VL
amplicons for next-generation sequencing. The workflow pre-
sented here is high throughput, which permits sequence analysis
of the entire population of human B cells contained in a 10-ml
blood draw, or, if needed, even in a unit of blood (450 ml) in a
single-day experiment. In addition, Howie et al.91 presented a
technology to pair lymphocyte receptor sequences at high
throughput without the need for isolated single-cell methods.
Their strategy uses combinatorics, rather than physical isolation, to
match the pairs. Figure 4 shows how these ideas are implemented
in a pairSEQ experiment. Moreover, they demonstrated the high
accuracy and throughput of pairSEQ by identifying TCR pairs from
a wide range of clonal frequencies in multiple sample types,
including more than 2 00 000 pairs from a single 96-well plate.
Taken together, as DNA-sequencing technologies continue to

progress, low-cost high-throughput single-cell antibody sequen-
cing can enable paired antibody repertoire analysis at great depth
in large study cohorts and clinical patients, which enables rapid
interrogation of the immune response and can be applied to
investigate B-cell maturation, vaccine efficacy, immune system
health and autoimmunity in clinical and research settings. As
indicated earlier, pairSEQ can be used to identify the TCRs of
tumor-infiltrating lymphocytes, and the resulting information can
be used to engineer T cells to express tumor antigen-targeting
receptors.

CONCLUSIONS
NGS technologies have revolutionized the study of immune
repertoires. These methods provide a previously unimaginable
amount of sequence data. As in many areas of biology, the rate
limiting steps now seem to be data management and analysis
rather than acquisition. Therefore, the rapid changes and
development in the field of repertoire sequencing call for new
databases, computational algorithms and software to analyze
whole repertoires, and for the comparisons between species, to
produce meaningful data. Bashford-Rogers et al.92 developed a
novel computational approach for BCR repertoire analysis using
established NGS methods coupled with network construction and

Figure 4. Schematic of the pairSEQ approach. A fixed number of T cells are randomly allocated to each well on a 96-well plate, and their mRNA
is extracted, converted to cDNA, and amplified by TCR-specific primers. Well-specific barcodes are attached, and the TCR molecules are pooled
for sequencing, followed by computational demultiplexing to map each TCR sequence back to the wells in which it originated. The immune
repertoire is highly diverse, and the probability that two clones will occupy exactly the same sets of wells is miniscule, so any pair of TCRA and
TCRB sequences that uniquely shares a set of wells can be inferred to have come from the same clone.91
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population analysis. Based on this approach, they showed the
short-term effect of therapy on the B-cell repertoire in chronic
lymphocytic leukemia. Moreover, enormous quantity of reads
generated by NGS technologies necessitates cautious interpreta-
tion. Potential errors during the sequencing process may skew
interpretation. For antigen receptors, the challenges posed by the
vast quantities of data generated by NGS technologies will require
dedicated solutions beyond those developed for genome
sequencing, which may differ depending on the sequencing
technology used and the purpose of the experiment. Many
investigators are developing such methods, based on different
sequencing platforms, but critical details of protocol and
performance are proprietary. The field will move forward when
these methods are shared and standardized, and when the
accuracy, sensitivity and reproducibility of various sequencing and
analytic methods are evaluated using standardized samples in
comparative experiments. Moreover, it is worth noticing that bulk
deep sequencing while offer advantages of generating massive
amount of data they do not offer paired structure, while recent
Paired-Seq offers to resolve complete repertoire, which should
have been widely applied to promote research into the nature and
antigen specificity of many medically important protective or
pathological T/B-cell responses, allowing for the development of
novel diagnostic, therapeutic or preventive strategies. For
example, recently published results have shown that the pairSEQ
technology has the potential to rapidly identify sequence pairs of
tumor-infiltrating lymphocytes, which can then be used to
reconstruct TCR receptors within T cells engineered for cancer
immunotherapy.91

In conclusion, currently, the major issues are: how best to
prepare immune-receptor-sequence libraries, which sequencing
technologies to use, how to analyze the data, and how to relate
sequence data to the functional activities of the Ig or TCR
complexes. We believe that as the technology develops rapidly,
scientific discoveries in TCR/BCR repertoire studies will form the
basis for new clinical applications in personalized medicine and
will provide a deeper understanding of immune behavior and
immune response.
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