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Abstract

As the key cellular effectors of adaptive immunity, T and B lymphocytes utilize specialized
receptors to recognize, respond to, and neutralize a diverse array of extrinsic threats. These
receptors (immunoglobulins in B lymphocytes, T cell receptors in T lymphocytes) are incredibly
variable, the products of specialized genetic diversification mechanisms that generate complex
lymphocyte repertoires with extensive collections of antigen specificities. Recent advances in high
throughput sequencing (HTS) technologies have transformed our ability to examine antigen
receptor repertoires at single nucleotide, and more recently, single cell, resolution. Here we review
current approaches to examining antigen receptor repertoires by HTS, and discuss inherent
biological and technical challenges. We further describe emerging applications of this powerful
methodology for exploring the adaptive immune system.
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Lymphocyte antigen receptors: diverse sequences and specificities

Adaptive immunity can provide acute and long-term protection against a virtually limitless
array of pathogenic hazards. To contend with the broad variety and unpredictability of
potential threats, the adaptive immune system relies on somatic diversification processes that
generate immense sequence variation in B cell immunoglobulin (herein referred to as B cell
receptor, BCR) and T cell receptor (TCR) genes to create massive repertoires of
lymphocytes with distinct immune receptors and antigen specificities. Upon recognition of
their specific antigens, lymphocytes can undergo clonal expansion with appropriate
pathogen-targeted effector and subsequent memory functions.

Although functionally distinct, BCRs and TCRs are similarly organized and correspondingly
diverse (Figure 1A). Both are composed of two distinct subunit chains, each chain
containing a variable domain that contributes to the antigen binding surface of the
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heterodimeric receptor. Primary diversification of the genes encoding these variable domains
proceeds by analogous mechanisms for BCRs and TCRs. On account of these similarities,
hereafter we refer to BCRs and TCRs collectively as antigen receptors, with specific
distinction where appropriate. During lymphocyte development, variable antigen receptor
gene segments (Variable, Joining, Diversity: V, J, D) are rearranged through targeted DNA
recombination events (Figure 1B, reviewed in [1]). Substantial sequence complexity is also
introduced by the addition or removal of nucleotides at the junctions of these segments.
While the entire variable region shapes receptor function, sequence within several
complementarity determining regions (CDRs), and CDR3 in particular, contribute most to
BCR and TCR specificities [2]. As this recombination process occurs separately for both
sub-unit chains, subsequent heterodimeric pairing brings forth still greater combinatorial
diversity. Taken together, the diversity established through these molecular mechanisms is
staggering, with the theoretical number of distinct BCRs and ap TCRs estimated to exceed
1013 and 1018 [2], respectively. In addition, upon antigen recognition, mature B lymphocytes
may also undergo secondary diversification processes in lymphoid germinal centers. Here,
activation-induced cytidine deaminase (AID) and error-prone repair mechanisms introduce
somatic hypermutation (SHM) in BCR variable region sequences, enabling selection of
lymphocytes with superior BCR properties (a process known as affinity maturation) [3].
BCRs may also undergo class-switch recombination (CSR), in which gene segments
encoding immunoglobulin constant regions are recombined to ‘switch the isotype of the
expressed antibody, thereby altering its effector properties [4].

As the principal sites for antigen recognition, BCRs and TCRs are fundamental in
lymphocyte development, effector function, and immune memory. As such, immunologists
have developed a variety of techniques in attempts to measure diversity and/or perturbations
of antigen receptor repertoires. Traditional molecular cloning techniques coupled with
Sanger sequencing provided early perspectives on TCR [5] and BCR variation (reviewed in
[6]), but were relatively limited in their capacity to assess repertoire diversity by their
inherently low throughput. Spectratyping strategies, in which CDR3 length distributions in
lymphocyte pools are measured from PCR-amplified VVDJ segments, offer a more general
view of repertoire diversity (reviewed in [6]). However, despite its effectiveness in
estimating overall heterogeneity and assessing monoclonal expansions, spectratyping is
relatively limited in resolution and interrogates only a single property of receptor diversity
(CDR3 length), without providing the underlying sequence information that encodes
specificity.

The exquisite specificity and memory capacity of the adaptive immune system operates at
the level of individual receptor sequences of single lymphocytes. Therefore, antigen receptor
repertoires are ideally examined at the nucleotide level with individual receptor resolution.
Moreover, very large numbers of individual sequences are needed to capture even a
moderate degree of the diversity present in a typical lymphocyte repertoire. These demands
make BCRs and TCRs attractive targets for high throughput sequencing (HTS) technologies.
Yet, while HTS has become nearly routine for genome and transcriptome sequencing, its
application to lymphocyte repertoires poses unique technical challenges, due in large part to
the excessive diversity it aims to examine. However, with careful methodological
consideration and experimental design, antigen receptor repertoire HTS techniques are

Trends Immunol. Author manuscript; available in PMC 2016 April 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Calis and Rosenberg Page 3

powerful tools with which to explore lymphocyte biology. Although not without limitations,
these new methods have already provided unprecedented new insights into lymphocyte
development, repertoire diversity, infectious disease, autoimmunity, and beyond.

HTS of antigen receptor repertoires: technical strategies and
considerations

HTS and analysis of antigen receptor repertoires can be used to characterize key features of
adaptive immunity, such as repertoire diversity, clonal expansion, and receptor properties, in
a variety of immunological contexts (including steady-state, infection, vaccination,
lymphocyte development, autoimmune disease, among others). However, despite the
standardization of ‘traditional” HTS applications such as RNA-Seq or genome resequencing,
there is no ‘one size fits all” approach to immune repertoire HTS; at present, technical
limitations and evolving methodologies demand that investigators carefully consider
different approaches to define an HTS strategy appropriate for each particular
immunological problem.

‘What to sequence?’

When designing an HTS experiment directed at BCRs or TCRs, an important first question
is “‘what to sequence?’ Although antigen receptors are heterodimeric, until recently, technical
obstacles have limited HTS analyses to individual receptor subunit chains. While “paired
chain’ techniques are now becoming available (discussed later), most methods target single
subunits (typically BCR heavy chains, TCRa or TCRp chains). These approaches are more
straightforward and provide sufficient information to measure many immunological
parameters. Additionally, although some questions may require sequencing of complete
variable regions, many HTS approaches target only CDR3. With its tremendous potential for
diversity in both BCRs and TCRs, CDR3 sequence can be used as an identifier of
lymphocyte clonal origin, and can be effectively sequenced with shorter reads and higher
throughput. Nevertheless, CDR3-targeted strategies may not be appropriate for certain
applications, such as examining complete SHM profiles and/or heavily-mutated BCRs, as
found in some broadly-neutralizing HIV antibodies [7-9].

Another nontrivial technical consideration of ‘what to sequence’ is the type of material used
as input for HTS library construction: genomic DNA or transcript RNA. In genomic DNA,
recombined gene segments are present within the context of ‘unused’ segments and introns,
which can create PCR amplification challenges. In addition, genomic DNA libraries
typically contain all VDJ receptor recombinants, whether they contribute to a productive
coding sequence and expressed receptor or a nonproductive segment arrangement. The
presence of nonproductive sequences in HTS datasets can be advantageous for studying
receptor diversification and selection in lymphocyte development, but can also supply
unwanted reads and obfuscate analysis of the expressed receptor repertoire. When
lymphocyte RNA is used as input material, nonproductive receptor transcripts are
dramatically underrepresented [10]. In addition, the close proximity of variable and constant
regions following mRNA splicing can facilitate simplified PCR amplification strategies
(discussed later). Highly expressed TCR and BCR RNA transcripts are far more abundant
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than their genomic DNA templates, which in the case of antigen receptor recombinants are
limited to one copy per cell. Although a potential obstacle when input material is limited, the
consistent copy number of genomic DNA offers considerable advantages in quantifying
lymphocyte clonal expansions within diverse repertoires. Assuming no bias in genomic
DNA amplification and library preparation, the number of HTS reads representing a
particular CDR3 sequence should be directly proportional to the number of clonal
lymphocytes bearing a certain receptor. One strategy for quantifying clonal frequencies
employs replicate library preparations, in which a lymphocyte DNA sample is partitioned
into multiple amplification reactions and sequenced in parallel [11-14]. As genomic DNA
contains discrete counts of template molecules (one productive V(D)J segment per cell),
CDR3 sequences observed in more than one PCR library must therefore be derived from
different cells. The number of replicates in which each CDR3 sequence is observed can be
used to estimate clonal frequencies. RNA-derived libraries may also be used to approximate
clone sizes, but quantification can be affected by irregular BCR [15] and TCR [16] transcript
abundance among different cells.

HTS library strategies for variable antigen receptor sequences

Whether DNA or RNA is selected as input material, selectively incorporating antigen
receptor sequences into sequencing libraries is typically achieved by targeted PCR
amplification. However, as BCR and TCR variable region sequences are extraordinarily
diverse by definition, the principal challenge is the design of PCR strategies that allow for
comprehensive and unbiased amplification of exceedingly variable template mixtures.
Minimizing amplification bias is particularly critical for experiments in which receptors
and/or lymphocyte clones are to be quantified by HTS, as uneven amplification efficiencies
can skew clonal frequency measurements.

These challenges have been addressed with a variety of amplification strategies (Figure 2).
Several approaches employ multiplex PCR with complex mixtures of forward primers
complementary to many or all possible V segments [12,17-24]. J segments or constant
region exons (for mRNA transcripts) are used for reverse priming. However, achieving
unbiased amplification of the multitude of different antigen receptors in a typical repertoire
is extremely challenging [25]. Furthermore, in the case of BCRs, SHM has the potential to
alter primer-binding sequences within V and J segments. Bias can be minimized through
multistep PCR [21,22] or adjusted for using synthetic template controls [25]. However, there
are also alternative strategies that circumvent multiplex amplification by priming PCR from
engineered adaptor sites [26-28]. In these methods, used with RNA input material, an
invariable adaptor sequence is introduced upstream of transcript V regions prior to (by RNA
ligation [29]) or concordant with (by template switch [26,28,30,31]) reverse transcription.
PCR amplification is performed with a single forward primer (complementary to the adaptor
sequence), and reverse primers targeting J segments or constant regions. As the priming sites
are invariable, amplification bias is effectively minimized. Furthermore, the resulting library
contains the complete variable region open reading frame (ORF). Effectively captured by
long read HTS platforms, these sequences can be used in engineering and expressing TCRs
or immunoglobulins for functional studies.
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HTS platforms

Several different HTS platforms are suitable for sequencing antigen receptor repertoires;
each differs in read lengths, sequencing depth, error frequency, and error type, all of which
impact BCR and TCR analysis [32]. Reads must be of sufficient length to include regions of
interest (CDR3 or complete variable region), and greater read depth permits the examination
of larger and more complex repertoires. Depth is also important for managing the relatively
high error rates of HTS by enabling consensus assemblies from multiple reads per sequence.
Not accounting for ‘real’ errors introduced during library preparation (e.g., low-fidelity
reverse transcription, introduction and perpetuation of mutations during PCR), rates and
types of nucleotide errors vary among different HTS platforms. For example, Roche-454,
lon Torrent, and Pacific Biosciences instruments are prone to insertions or deletions (indels),
which are relatively rare on Illumina technology [33-36]. Indel errors can be particularly
problematic in antigen receptor HTS, specifically in differentiating them from the “true
indels’ present in CDR3 sequences, the result of nucleotide addition and deletion during
recombination. At present, lllumina instruments (MiSeq for longer reads, HiSeq for CDR3-
targeted short reads) provide a reasonable read length, depth, and error profile for most
studies, although other platforms are preferred for certain applications. As HTS technology
advances at a rapid pace, new and superior options are expected in the coming years [37].

Data processing and analysis

Given the complexity of both the biological input and digital output, antigen receptor HTS
data requires specialized computational tools and workflows. Interpretation of experimental
results requires two independent but related tasks: data processing, in which raw sequence
reads are filtered, assembled, and corrected for errors; and data analysis, which will vary
considerably by project.

Data processing workflows focus on managing the relatively high error rates of HTS.
Although not major obstacles to identifying germline V and J segments, sequence errors can
be confounding for measuring repertoire diversity; without proper correction, it can be
impossible to differentiate real sequence differences in the receptor repertoire from
artifactual differences caused by sequencing errors. A typical strategy for identifying and
correcting sequencing and late-cycle PCR errors involves generating consensus assemblies
from highly similar reads. However, depending on the algorithm used, grouping by sequence
can result in erroneous clustering (and consensus building) of reads derived from highly
similar but distinct antigen receptor sequences, thereby eliminating ‘real’ diversity from
subsequent analysis. Related strategies address these issues by coupling error management
demands with library construction, in which random sequence ‘barcodes’ are appended to
input templates prior to amplification. During data processing, which can be performed with
software tools specialized for antigen receptor HTS [38,39], reads are organized by barcode,
effectively grouping those sequences that originated from the same template molecule for
consensus assembly [22,39]. These approaches also enable the direct quantification of input
template molecules, which can aid in normalization and comparative analyses [40]. While
effective, barcode strategies cannot entirely correct for errors introduced prior to, or during
early cycles of, PCR amplification. Managing such errors remains a significant challenge,
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although recently developed tools designed to address erroneous amplification in TCR
sequences by detecting and correcting for PCR error ‘hotspots’ show promise [39].

Making ‘immunological sense’ of antigen receptor HTS data can be challenging. While
particular questions may require specialized methods, most analysis workflows involve
sequence annotation and some combination of measurements for diversity, clonal expansion,
selection, and/or SHM (for BCRs). Select strategies and computational tools for analysis are
summarized in Box 1. Although beyond the scope of this review to describe these tools in
detail, it should be noted that it is often the details that matter most in appropriately
informative data analysis. We advise researchers to familiarize themselves with a given
approach and assess how outcomes might be influenced by factors such as repertoire size,
clonality, sequencing errors, or undersampling.

Immunological applications of antigen receptor HTS

The advent of HTS technology and its application to antigen receptors has enabled new
perspectives on adaptive immunity. In just the past several years, these approaches have led
to notable advances in both fundamental immunology and clinical applications.

Antigen receptor repertoire analysis

Determining the size and complexity of lymphocyte repertoires has been a long-standing
challenge in immunology. Previously, estimates of repertoire complexity were extrapolated
from relatively low throughput Sanger sequencing data (reviewed in [6]). HTS approaches
have enabled more direct measurements of repertoire diversity. One of the first antigen
receptor repertoires to be analyzed by HTS, the zebrafish BCR heavy chain complement was
estimated at approximately 5000-6000 unique sequences per fish [41]. Considerably more
sequence complexity has been assessed in human lymphocyte populations: tens of thousands
of distinct BCR heavy chains [12,22,42] and up to 2 million TCRp chains [18,21,27,43,44]
have been independently and directly observed in single individuals. These data have been
used to estimate the total BCR heavy chain repertoire between 0.5 x 10% and 5 x 108 per
individual [12,22]. The TCRp repertoire has been estimated to contain at least 0.5 x 106 to 3
x 106 unique sequences per individual [18,21]. These values are still estimates, as truly
comprehensive sequencing of a complete repertoire is limited not by HTS capabilities but by
practical restraints: lymphocyte numbers in even large volumes of blood undersample total
diversity [27] and only a fraction of the complete lymphocyte repertoire may be present in
peripheral blood [45,46].

Antigen receptor HTS has also been used to compare lymphocyte repertoires between
individuals, and thereby explore factors that shape differences and similarities. HTS analyses
have demonstrated that although the frequencies of BCR segment (V, J, and/or D) usage are
often correlated between unrelated individuals, significant deviations of individual segments
are not uncommon [47,48]. Measurements of similar segment usage patterns in monozygotic
twins suggest that segment preferences are determined genetically [48]. Indeed, Boyd et a.
took advantage of the single nucleotide resolution of BCR HTS data to detect sequence
polymorphisms and infer genomic structural variations at the heavy chain locus, and suggest
that these differences can affect the frequency of segment representation in the BCR
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repertoire [47]. At the level of CDR3 amino acid sequences, steady-state repertoires have
been described as largely unique to each individual [48,49], although some minimal overlap
has been observed [49].

In similar HTS analyses, TCRp repertoires exhibit common segment usage patterns [43].
Furthermore, considerable numbers of identical TCRB CDR3 nucleotide [27,44] and amino
acid [27,43,44,50] sequences have been observed in different individuals. Of note, the
degree of observed overlap between TCRp repertoires has been shown to be directly related
to the depth at which the repertoires are sampled [51]. The surprising amount of TCRp
repertoire overlap observed by HTS methods may be explained, at least in part, by
convergent recombination models, in which certain CDR3 clonotypes are consistently
generated at higher efficiencies during V(D)J recombination [52], and therefore more likely
to be shared in different individuals. Furthermore, although at least one study has inferred
that HLA-matched individuals display increased TCRpB CDR3 repertoire overlap [27], other
deep profiling studies of unrelated subjects [43,50] and/or monozygotic twins [50] suggest
that repertoire overlap between individuals is generally independent of HLA type. These
results raise questions about the impact of environmental exposure, genetics, and thymic
selection in shaping the mature T lymphocyte repertoire. Although these types of
comparisons can suffer from undersampling [27] and present significant statistical
challenges [53], more conclusive answers may become available as additional repertoires are
surveyed at greater depth.

Comparative analysis of HTS receptor data has also been used to study lymphocyte
development and lineage commitment. Exploring long-standing questions about the
stochastic nature of VV(D)J recombination, Callan and colleagues exploited the large, high-
resolution datasets produced by TCR HTS to generate a probabilistic model for the
generation of CDR3 sequences [54]. Using genomic DNA sequences from nonproductive
recombinants to exclude effects of selection, these analyses provide insight into the degree
to which different molecular processes of TCR diversification contribute to repertoire
composition, and will likely prove useful in future TCR HTS studies. Analysis of V(D)J
recombinants can also be used to trace lymphocyte lineage history. For example, using a
genomic DNA library construction and HTS strategy, Sherwood et a/. observed that only 4%
of y8T cells contain rearranged TCRp loci, while all af T cells contain rearranged TCRy
loci [19]. These data support a model in which developing T lymphocytes commit to the aff
lineage only after diverging from the y& program.

Additional comparative studies have explored how a variety of factors shape immune
repertoires. Adaptive immune diversity and function are known to decline with age, but the
mechanistic underpinnings of this deterioration are incompletely understood [55,56]. HTS
methods enabling direct assessment and comparison of antigen receptor diversity have
demonstrated diminished TCR diversity [40] and perturbed BCR CDR3 patterns [13] in
aged versus young individuals. Moreover, HTS methods have been particularly useful in
detecting pronounced differences in BCR hypermutation patterns and CDR3 lengths in
elderly vaccine recipients [57-59]. A related analysis revealed significant B lymphocyte
repertoire perturbations associated with CMV seropositivity [13]. These initial studies not
only demonstrate the utility of comparing repertoires at the sequence level but also hint that
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similar tools might one day be useful in measuring immune function based on lymphocyte
diversity. Indeed, several clinical studies have already demonstrated the utility of antigen
receptor HTS for assessing diversity in lymphocyte repertoires derived from hematopoietic
stem cell transplants [60-62].

Characterizing antigen-specific immune responses

In the steady state, BCR and TCR sequences in memory lymphocyte populations offer
tractable targets for assessing the broad immune history of an individual by HTS. For
example, BCR heavy [42], TCRa [21], and TCRp [18,21] sequences in memory repertoires
have been observed as more oligoclonal than their naive counterparts.

Moving beyond steady-state measurements, HTS techniques are also capable of tracking
lymphocytes that respond to a specific antigenic challenge at exquisite sensitivity and
resolution. Recent studies are just beginning to apply HTS techniques to characterize
immune responses to vaccination. Using BCR heavy chain HTS to evaluate responses to
influenza vaccination, Quake and colleagues were able to characterize pre- and post-
vaccination repertoires, quantify their diversity, and reconstruct clonal lineages based on
SHM patterns [57]. Single cell plasmablast cloning experiments demonstrated that
influenza-specific BCR heavy chain sequences were represented in some of the identified
lineages. In another study profiling B cell responses to seasonal and H1IN1 pandemic
influenza vaccination, vaccine-induced clonal expansions were quantified from replicate
genomic DNA BCR heavy chain HTS libraries [11]. The magnitude of B lymphocyte clonal
expansion post-vaccination (day 7) was shown to correlate with serum antibody titers 2
weeks later (day 21) [11]. Furthermore, BCR heavy chain sequences expanded in response
to H1N1 vaccination shared similar characteristics (including CDR3 properties) across
several individuals, demonstrating apparent convergent immunological evolution [11]. HTS
data have also proved useful in detecting and tracking B lymphocyte memory recall
responses to repeated annual influenza vaccination [22]. These influenza studies exemplify a
new level of detail for assessing vaccine response.

Antigen receptor HTS has also enabled the characterization of immune responses to
infectious agents including HIV [7,63] and Dengue virus [14]. In the Dengue study, BCR
sequence data were used to track expanding clones during acute primary and secondary
infections in comparison to non-Dengue fever patients and healthy controls. Remarkably,
convergent and apparently Dengue-specific similar CDR3 signatures were detectable in
many individuals. Taken together with the observation of interindividual convergent
response to HIN1 influenza vaccine described above, these results suggest that in the future,
BCR HTS may have clinical utility in evaluating vaccination efficacy and/or immune
function during ongoing infection. Outside the context of infectious disease, TCR HTS has
demonstrated patterns suggestive of antigen-specific expansions among tumor-infiltrating
lymphocytes for a variety of malignancies, including ovarian [64], clear cell renal [65], and
colorectal [66] cancers.
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Assessing immune dysfunction

Antigen receptor HTS strategies have considerable potential for characterizing lymphocyte
repertoires in dysfunctional contexts, such as autoimmunity and lymphoid malignancies.
From both basic research and clinical perspectives, examining antigen receptor sequences
can serve multiple goals: (i) to identify potentially pathogenic lymphocyte clones, and (ii) to
monitor such pathogenic clones prior to and following therapeutic intervention.

At present, these goals are best exemplified by the application of receptor HTS to diagnose
and monitor lymphoid malignancies. As the product of unchecked proliferation originating
from a single lymphoid cell, malignant cells can share a dominant VV(D)J rearrangement and
antigen receptor, or somatically hypermutated versions thereof [23]. Therefore, for many
lymphoid malignancies, the clonal receptor sequence can be used as a characteristic
biomarker for malignant cells and to monitor treatment response. Recently, several groups
have demonstrated the efficacy of antigen receptor HTS to track minimal residual disease in
a variety of lymphoid malignancies, including chronic lymphocytic leukemia [12,23,67], B
lymphoblastic leukemia [68], T lymphoblastic leukemia [69], cutaneous T cell lymphoma
[70], and others. Logan et al. reported superior specificity (greater than 99.9%) and
sensitivity (1:100 000) as compared with traditional techniques [23]. Furthermore, HTS
approaches have proved useful in characterizing molecular features of certain B
lymphoblastic leukemias difficult to assess by traditional methods, such as ongoing
intraclonal V(D)J recombination and heterogeneity [68,71]. Although further development,
standardization, and validation are needed, antigen receptor HTS is fast becoming an
important tool in clinical oncology.

Autoimmunity is characterized by the inappropriate recognition of, and response to, self
antigens. In many autoimmune diseases pathogenesis is directly linked to specific
autoantibodies. However, in other diseases the significance of a specific immune response to
pathogenesis is unclear. In these cases, it may be that disease is triggered by the
inappropriate activation of autoreactive lymphocytes normally present in the steady-state
repertoire of susceptible individuals. Alternatively, autoimmune pathogenesis may be
initiated by the generalized dysregulation of lymphocytes bearing irrelevant and/or
polyreactive antigen receptors. Antigen receptor HTS offers a new approach with which to
address these questions. Identifying potentially pathogenic antigen receptors may be
challenging, as autoreactive lymphocyte clones may be relatively rare in the peripheral
repertoire and/or sequestered in relatively inaccessible tissues. A recent HTS-based study
identified oligoclonal BCR heavy chain sequences in the affected joints of multiple
rheumatoid arthritis patients, suggestive of potential autoreactivity [72]. These clones were
not detected in the peripheral blood of these patients; it remains unclear whether this is a
consequence of complete tissue sequestration, undersampling, or both. Although additional
reports describing HTS characterization of lymphocyte repertoires in autoimmunity have
been somewhat limited, the approach shows great promise, and we anticipate that this will
become a more active area of research as additional investigators incorporate antigen
receptor HTS into clinical study designs.
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Recent advances

‘Single chain’ sequencing techniques have been instrumental in broadening our
understanding of the adaptive immune system and will continue to be extremely important
experimental tools. However, they do not describe the combinatorial heterodimeric pairing
of receptor subunits, which is an important determinant of both BCR [73] and TCR [74]
antigen specificity. This pairing information is necessary for a comprehensive
characterization of repertoire diversity and for downstream experiments that aim to produce
complete antigen receptors and/or characterize their function. Thus, there has been
considerable interest in exploiting the advantages of HTS in the analysis of paired antigen
receptor sequences. One strategy using an abundance ranking algorithm to predict most
likely pairing frequencies from single chain HTS in antigen-specific B cell expansions has
shown efficacy in identifying high affinity antibodies [75], but this approach is limited to
samples pre-enriched for a particular specificity.

Broadly applicable paired analysis essentially requires HTS at single lymphocyte resolution
for large cell numbers. Although they vary in implementation, a series of recently developed
methodologies has been successful in ‘linking’ the sequence information of paired chains
from individual lymphocytes, either molecularly or bioinformatically. DeKosky et al. used
specially designed microwell arrays to segregate B lymphocytes during lysis and bead-based
RNA capture [76]. Following bead encapsulation in emulsion droplets, reverse transcription
proceeds separately for each bead, and subsequent PCR is used to assemble a heavy chain—
light chain fusion amplicon. This fusion is then sequenced as a single unit. A related strategy
for TCRs, in which assembly PCR couples TCRa and TCRp sequences of droplet-
encapsulated T lymphocytes, was recently described [77]. Wardemann and colleagues,
taking advantage of HTS readouts, developed a sequence barcode indexing strategy to link
BCR heavy and light chain sequence data informatically [78]. After single cells are sorted to
individual wells, RT-PCR amplification of heavy and light chain transcripts is performed
using primers appended with well-specific barcode sequences. HTS output from pooled
amplicons contains BCR heavy chain, BCR light chain, and associated barcode sequences,
which are used to connect data to the initial well/lymphocyte. These first examples of paired
antigen receptor sequencing have shown tremendous promise, but remain technically
demanding and process far fewer cells than single chain techniques. We anticipate that
additional improvements such as increased throughput and integrated, single-lymphocyte
functional analyses will enable characterization of adaptive immunity at even greater detail.

Concluding remarks, future directions and challenges

While antigen receptor HTS techniques continue to advance at a rapid pace, numerous
technical, scientific, and clinical problems remain to be addressed. In the technical category,
additional, broadly applicable strategies for managing errors in antigen receptor sequences
are needed. In addition, standardization of techniques and data analysis will be important for
sharing and comparing results across experiments and between laboratories [79].
Furthermore, emerging HTS technologies may offer opportunities to circumvent some of the
current difficulties in library preparation. Aside from these technical improvements, new
methods for augmenting antigen receptor HTS datasets with phenotypic gene expression
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data would be an important advance. This might be achieved by integrating flow cytometry
approaches with single-cell resolution library preparations [78], or more directly by
simultaneously assessing transcript expression and receptor sequences with HTS. Indeed, a
recent report described a medium throughput, single-cell RT-PCR approach, in which TCR
transcripts and a panel of lymphocyte phenotypic marker transcripts are amplified and
barcoded by microplate well, with each well containing a single lymphocyte [80]. Following
HTS, these ‘cellular barcodes’ are used to link expression of phenotypic markers to
corresponding TCR sequences. Improving the throughput and sensitivity of these and similar
methods will be necessary to assess functionally larger portions of the lymphocyte
repertoire.

Clinical applications for antigen receptor HTS are likely to increase in the coming years. For
some applications, such as monitoring lymphoid malignancies and hematopoietic
transplants, progress has been rapid and additional data and methodological validation may
soon establish these techniques as widely used tools in oncology. Autoimmune disease
represents a key area for future research with antigen receptor HTS; comparative repertoire
analyses are expected to be useful in better understanding pathogenesis, and perhaps also in
characterizing clinical isolates. Lastly, as more repertoire data become available, it may be
possible to begin establishing the parameters that define a ‘normal’ or ‘healthy” immune
repertoire; such metrics would have research and clinical utility.

One of the most demanding research challenges for high throughput immune repertoire
analysis is effectively linking large collections of BCR and TCR sequences to antigen
specificities. Emerging methodologies integrating BCR HTS with mass spectrometry have
demonstrated feasibility in identifying antibody sequences with specificities to antigens of
interest [81-83]. Conversely, recently described peptide-MHC screening strategies can be
used to identify antigenic peptides recognized by TCRs of interest [84,85]. Additional
development of these and related techniques, along with corresponding computational
methods, is needed for the high throughput integration of sequence data, antigen specificity,
and immune function. These and other advances will help ensure that antigen receptor HTS
continues to contribute to important advances in our understanding of adaptive immunity.
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Box 1. Selected analysis strategies for antigen receptor HTS
V(D)J germline segment classification

Identifying the V, D, and J segments present in antigen receptor sequences is a common
first step in many analysis workflows. VDJ assignment (and CDR3 annotation) is useful
for general classification, diversity measures, and repertoire comparisons. Moreover,
discrepancies between germline reference sequences and HTS data may be used to
identify SHM or sequencing errors. In general, VDJ classification tools identify segments
by alignment to reference databases from NCBI [86] or IMGT [87], although alignment
methods vary. A noncomprehensive list of select tools and strategies appears as follows,
although not all are specifically tailored to HTS data:

. IMGT/V-QUEST [88] and recently developed IMGT/High\V-QUEST [87] for
HTS data
. BLAST

(@) IgBLAST [86]
. Hidden Markov model strategies
O iHMMune-align [89]
O  SODAZ2[90]
. Additional strategies
O VDJsolver [91]
O Ab-origin [92]
@) JOINSOLVER [93]
O  VBASE2[94]
O MITCR (specialized for extraction of CDR3 sequences from HTS
TCR data) [95].

Repertoire diversity analytics

Antigen receptor repertoire diversity can be described by size (i.e., number of unique
CDR3 sequences) or by measures that account for frequencies of different receptors. In
the latter case, Simpson's diversity index can be used to estimate the probability that
different sequences can be randomly picked from the repertoire [96]. Alternatively,
‘unseen species' analytics, drawn from the ecology field, can be used to estimate
repertoire diversity while accounting for undersampling [12].

Repertoire comparisons

A variety of strategies can be employed to compare repertoires, such as between different
individuals [27,48,50], or across different lymphocyte subsets [21]. One straightforward
approach entails quantifying the number of shared CDR3 nucleotide [27] or amino acid
[27,48,50] sequences between repertoires. Comparisons of variable segment usage
frequencies in HTS data have been performed using metrics such as Jensen—Shannon
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divergence [50]. Many additional diversity and distance tools for antigen receptor
repertoires exist and have been comprehensively reviewed by Mehr et al. [53].

SHM and affinity maturation

BCR sequences that have undergone SHM and affinity maturation pose special
challenges, such as identifying B lymphocyte clonal lineages, measuring selection, and
characterizing SHM patterns.

. BCR lineages. B lymphocyte clonal lineages can be identified and visualized
by specialized clustering methods that incorporate CDR3 sequence and VJ
similarity [97], or by forming genealogical trees rooted with germline
sequences [98,99]. A recently developed tool, ImmuniTree [100], models and
accounts for sequencing noise common to certain HTS data in constructing
cell lineage trees.

. Detecting selection in affinity maturation. During affinity maturation, BCR
residues with greater contributions to antigen recognition undergo stronger
positive selection. Therefore, selection processes can be assessed by tracking
the association of specific mutations with expanded lineages using tools such
as BASELINe [101] and other specialized lineage tree analytics [102,103].
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Figure 1.
Diversification of antigen receptor repertoires. (A) BCRs and TCRs are similarly organized.

Each receptor is composed of two distinct subunit chains (BCR: light chain and heavy chain,
TCR: a chain and B chain). The antigen binding surface is formed by the variable region of
each chain, which is encoded by recombined V, J, and D (BCR heavy and TCRp) gene
segments. (B) Antigen receptor diversification. A schematic of the BCR heavy locus is
shown; with the exception of somatic hypermutation and class-switch recombination,
analogous mechanisms proceed at the TCRp locus (with differences in segment
organization). Antigen receptor repertoire diversity is primarily established during
lymphocyte development, during which V (orange), D (green), and J (yellow) gene segments
are rearranged through the process of V(D)J recombination. Numbers of distinct V, D, and J
segments are shown for each antigen receptor locus [2]. During the recombination process,
nucleotides may be added or deleted at segment junctions (magenta), contributing to
additional sequence diversity. Complementarity determining regions are indicated. BCR-
specific secondary diversification may occur following antigen recognition. In somatic
hypermutation processes, mutations (red) are introduced throughout the variable region such
that modified BCRs may be selected through affinity maturation. In class-switch

Trends Immunol. Author manuscript; available in PMC 2016 April 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Calis and Rosenberg

Page 20

recombination, gene segments encoding constant regions (blue) are rearranged resulting in
the production of antibodies with different isotypes and corresponding effector functions.
Abbreviations: BCR, B cell receptor; TCR, T cell receptor; V, J, and D, Variable, Joining,
and Diversity gene segments.
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Figure 2.
Library preparation strategies for antigen receptor HTS. The extraordinary diversity of

antigen receptor sequences poses challenges for targeted amplification and library
preparation; although not comprehensive, a general overview of select PCR priming
strategies is presented here. A generic antigen receptor schematic representative of BCR
heavy or TCR is shown. (A) PCR amplification and library preparation from genomic
DNA. Multiplex PCR strategies, in which complex mixtures of primers complementary to
many or all possible V segment sequences, can be used to amplify portions of variable
region sequences from genomic DNA. Multiplex primers targeting portions of V segments
(red) can be used in conjunction with J segment primers (navy blue) for amplification. Upon
incorporation of HTS adaptors (light gray boxes), long read HTS can be used to capture a
majority of variable region sequence. Alternatively, short read HTS can be used to sequence
only the CDR3 region. (B) Reverse transcription PCR amplification and library preparation
from mRNA. In antigen receptor transcript mRNA, the juxtaposition of constant region
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exons adjacent to the variable region offers a reverse priming site with minimal diversity. In
invariant adaptor strategies, the complexities and potential biases of V segment multiplex
PCR are bypassed by incorporating a defined adaptor sequence (dark gray box) upstream of
the variable region by oligonucleotide ligation or template switch methods during reverse
transcription. A single primer to the adaptor sequence (dark gray) can then be used with
constant region primers (violet) to generate amplicons that contain complete variable region
open reading frames (ORFs). These can be sequenced in entirety by long read paired-end
HTS or sequenced with short read HTS for CDR3-targeted studies. Similar adaptor-
mediated PCR strategies using multiplex J primers for CDR3 sequencing are also available
(not shown). Alternatively, following reverse transcription without invariant adaptors,
multiplex primers to V regions and J regions (as for genomic DNA amplification) or
constant regions (not shown), can be used for CDR3-targeted short read HTS. Hashed lines,
HTS reads. V, D, J, and constant segment colors as in Figure 1. Abbreviations: BCR, B cell
receptor; TCR, T cell receptor; V, J, and D, Variable, Joining, and Diversity gene segments;
HTS, high throughput sequencing; CDR3, complementarity determining region 3.
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