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REVIEW
Sequence analysis of T-cell repertoires in health
and disease
Daniel J Woodsworth1,2, Mauro Castellarin1,3 and Robert A Holt1,2,3*
Abstract

T-cell antigen receptor (TCR) variability enables the cellular immune system to discriminate between self and non-self.
High-throughput TCR sequencing (TCR-seq) involves the use of next generation sequencing platforms to generate
large numbers of short DNA sequences covering key regions of the TCR coding sequence, which enables
quantification of T-cell diversity at unprecedented resolution. TCR-seq studies have provided new insights into the
healthy human T-cell repertoire, such as revised estimates of repertoire size and the understanding that TCR
specificities are shared among individuals more frequently than previously anticipated. In the context of disease,
TCR-seq has been instrumental in characterizing the recovery of the immune repertoire after hematopoietic stem cell
transplantation, and the method has been used to develop biomarkers and diagnostics for various infectious and
neoplastic diseases. However, T-cell repertoire sequencing is still in its infancy. It is expected that maturation of the field
will involve the introduction of improved, standardized tools for data handling, deposition and statistical analysis, as
well as the emergence of new and equivalently large-scale technologies for T-cell functional analysis and antigen
discovery. In this review, we introduce this nascent field and TCR-seq methodology, we discuss recent insights into
healthy and diseased TCR repertoires, and we examine the applications and challenges for TCR-seq in the clinic.
The importance of T-cell repertoire analysis
The diversity and composition of the entire set of antigen
receptors found within the T cells and B cells of any given
individual has an extraordinary impact on health and
disease. These repertoires are the product of a complex se-
quence of genomic events followed by cell- and organ-level
selection (Box 1, Figure 1). In the case of T cells, the focus
of this review, the T-cell receptor (TCR) repertoire has been
found to affect a wide range of disease, including malig-
nancy, autoimmune disorders and infectious diseases, and,
given the broad involvement of the immune system in
almost all of human health and disease, this reach should
be expected to expand greatly. Characterizing TCR reper-
toires is a priority of great scientific interest and potential
clinical utility, but this task is challenged by the enormous
scope of TCR combinatorial diversity (Box 1).
As in many areas of investigation, advances in next gener-

ation sequencing (NGS) technologies, in which sequences
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are decoded on arrays and many millions of sequences can
be read simultaneously [1], have been transformative for
immune repertoire analysis. Before the advent of NGS, im-
mune repertoires were largely impenetrable, because it was
not possible to enumerate a set of distinct T cells, or clono-
types, large enough to be a meaningful representation of
the repertoire in its entirety. Nonetheless, foundational and
hard-won insights into adaptive immunity, including the
mechanisms of VDJ recombination and clonal selection
(Box 1) were obtained without NGS. Recent advances and
new insights into the properties and behaviors of immune
repertoires enabled by high-throughput sequencing and
single clonotype resolution have generally extended and
clarified early observations and long-standing hypotheses,
rather than introduce new paradigms.
A prodigious amount of immune repertoire data has now

been obtained using NGS tools and these data have illus-
trated that our understanding of adaptive immunity is far
from complete. However, given the extent to which cellular
immunity affects human health, it is our view that T-cell
repertoire sequencing will become a critical tool in both
biomedical discovery (for example, profiling the TCRs of
tumor-infiltrating lymphocytes to develop new diagnostics
and prognostics) and clinical management of patients (for
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Box 1 T-cell repertoire biology

In the genome, there are no loci that have greater complexity or extend a deeper and broader reach into human biology than those

encoding the antigen receptors of T cells and B cells. The choreographed programs of stochastic recombination that unfold at these loci

during T-cell and B-cell maturation provide each of us with the personalized armamentarium necessary for defining and defending our

own cellular space. T cells, which mediate cellular immunity, express heterodimeric (αβ or γδ) cell surface receptors (T-cell receptors, or

TCRs). The vast majority of these are αβ TCRs, which engage heterologous cells presenting peptide antigens bound to major

histocompatibility complex (MHC) [22]. These peptide antigens are continuously produced by proteolytic turnover of the contents of a

cell such that at any given time the population of MHC-presented peptides represents a diverse sampling of a cell's proteome.

T cells develop in the thymus from progenitors originating from hematopoetic stem cells in the bone marrow. During this development

new T cells are endowed with the ability, collectively, to recognize essentially any possible peptide, regardless of its origin. Because the

diversity in protein sequence is nearly limitless, and our adaptive immune systems cannot know, a priori, what specific antigenic

challenges lie ahead, so each of us must initiate and maintain a repertoire of T-cell clonotypes bearing receptor variants of enough

diversity to recognize essentially any aberrant protein (derived from a pathogen or encoded by a mutated gene) that may be

encountered during life. Fundamentally, this capacity is manifested as TCR structural diversity, which is in turn the result of VDJ

recombination. This process, which occurs in T cells during their maturation in the thymus, is well characterized [22,58], and we review

only a few key points relevant to the TCR β chain here.

Spanning 620 kb on chromosome 7, the TCR-β gene locus contains over 50 variable (V) gene segments, 2 diversity (D) segments, and 13

joining (J) gene segments. Single D and J segments are selected stochastically and recombined in a manner that introduces

randomized, non-templated nucleotides at the recombination junction. This process is then repeated with a single randomly selected V

segment joined to the DJ segment. The short (about 45 bp) region of the TCR subunit that spans the VD and DJ junctions is known as

complementarity determining region 3 (CDR3). This is the region that has the most variability and that directly contacts peptide-MHC

(pMHC). The CDR3 region is for most practical purposes unique to each TCR and therefore can be used as a TCR signature or barcode

that can be decoded by sequencing.

The key to adaptive immunity is the capacity to discriminate, at the molecular level, self from non-self. T cells must be tolerant of self

peptides but reactive toward non-self peptides introduced by infection, or altered self peptides originating from the protein products of

mutated genes. This is achieved in three steps, the first of which is the generation of TCR diversity that maximizes the probability that a

TCR will exist that matches any foreign or mutated antigen. This is followed by positive selection, in which T cells that do not display

sufficient affinity for MHC are eliminated, followed by negative selection, which depletes the population of self-reactive T cells, such that

T cells that exit the thymus are an educated, self-tolerant subset of the original population.

The T-cell repertoire is not static. Binding of a naïve T cell's TCR to a structurally compatible pMHC on an antigen-presenting cell will,

with the appropriate interaction of co-stimulatory molecules, 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 [54].
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example, using the TCR repertoire diversity to follow and
manage patients after hematopoietic stem cell transplant-
ation). Here, we first examine the various methodologies
that have been used to profile TCR repertoires using NGS
technologies. We then discuss some of the insights that
have been gained in the context of both healthy and clinical
populations, and finally we discuss several challenges and
opportunities for the field.

TCR-seq methodology
Reduced to its current, simplest form, TCR-seq involves
PCR amplification and sequencing of the CDR3 region
from one of the TCR subunits. So far, for several reasons,
most TCR-seq has focused on the TCR β chain. First, the
TCR β chain locus contains a D gene component that is
missing from the α chain locus, as the α chain locus
comprises V and J gene segments only. Thus, the TCR β
chain has potential for greater combinatorial and junctional
diversity than the α chain. Second, as a result of allelic
exclusion mechanisms [2], each αβ T cell expresses only a
single β chain variant, such that the number of distinct β
chain sequences observed is an indication of the number
clonotypes present in a sample. It is well recognized,
however, that using TCR content to specify T-cell clono-
types is imperfect, given that some αβ T cells will express
both of the recombined α chains, each of which can pair
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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, approximately 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 approximately 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 approximately 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.
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with the expressed β chain, such that the number of
distinct TCRs in a repertoire can exceed the number of
T cells. Finally, the TCR β chain tends to be the most
heavily interrogated because in peripheral blood, which is
the most accessible source of T cells, more than 90% of
T cells are αβ T cells rather than γδ T cells. Importantly,
however, γδ T cells comprise a large fraction of T cells in
other tissue compartments, such as skin and the gastro-
intestinal tract. The functions of γδ T cells, including their
antigen recognition properties, remain poorly understood,
and we expect TCR-seq will be instrumental in their future
characterization.
The forerunner of the T-cell repertoire deep sequencing
methodology is the spectratyping assay [3,4]. Spectratyping
involves the use of one or more V and J gene segment-
specific primer pairs for PCR amplification of CDR3 from
some source of T-cell DNA or RNA, usually peripheral
blood. CDR3 amplicons are separated according to size by
polyacrylamide gel electrophoresis, which typically yields
six or so distinct amplicons per primer pair, spaced at three
nucleotide intervals in accordance with reading frame (only
sequences resulting from productive rearrangements that
encode functional receptors will survive thymic selection;
Box 1). The relative intensities of the bands reveal the
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proportion of CDR3 amplicons of each length, but the
method is blind to the underlying nucleotide variation
within each size class. TCR-seq, the deep sequencing of a
T-cell repertoire, is not conceptually different from spectra-
typing. The distinguishing feature is one of scale, whereby
all CDR3 amplification products move directly from PCR
to library preparation and bulk sequencing. Alignment of
the resulting CDR3 sequence reads reveals the abundance
of each distinct CDR3 that was present after PCR amplifica-
tion, which is, in turn, an indication of the number of
CDR3 sequences and hence the number distinct T-cell
clonotypes present in the original sample. This is, however,
an idealized scenario and in reality there are imperfections
at each methodological step that must be considered when
undertaking immune repertoire analysis.
The source of starting material, T-cell DNA or RNA, is

the first major consideration. DNA is often preferable
starting material for sequencing applications because of its
abundance, ease of isolation and long-term stability. In
addition, because for each TCR subunit there are two
chromosomal loci per cell, the number of DNA template
molecules in the PCR reaction indicates the number of T
cells. The main drawbacks of DNA-based analyses are
twofold. First, because the TCR loci are single copy the vast
majority of DNA in the PCR reaction will be irrelevant. At
least for very deep sequencing, the reaction size and num-
ber would need to be scaled up in order to obtain sufficient
TCR template to capture the diversity of the sample.
Second, for DNA analysis, V and J gene-specific primers are
combined in a highly multiplexed PCR reaction in order to
capture the entire repertoire. Because annealing and ampli-
fication efficiency cannot be perfectly matched among
primer pairs, read counts can reflect PCR bias in addition
to bona fide differences in the abundance of TCR tem-
plates. This can be a significant concern, particularly when
striving for absolute quantification of TCRs. However, it is
has been recognized that this mode of PCR bias is highly
reproducible and, therefore, at least for comparative studies,
its impact can be mitigated by maintaining consistent
amplification methods and conditions.
For RNA-based analyses, standard 5'-RACE (rapid ampli-

fication of cDNA ends) techniques support comprehensive
coverage of TCR templates using a single primer pair. A
common 5'-RACE approach is the use of template switch-
ing cDNA synthesis methodology [5,6] to incorporate a
priming site at the 5' end (preceding the V gene) of a TCR
template, and pair this with a C-gene-specific 3' primer for
PCR amplification. Incidentally, a common artifact in this
system is spurious template switching within the typically
GC-rich CDR3 region, giving a truncated PCR product that
must be removed before library construction and sequen-
cing. Technically, RNA analysis is more amenable than
DNA analysis to broader repertoire coverage from a given
amount of starting template, given the larger proportion of
actual input TCR template molecules. Further, the use of a
single primer pair for amplification avoids the bias that can
be incurred when using multiple sets of primers concur-
rently, as is done for most DNA-based TCR analysis,
described above. The obvious drawback of RNA analysis is
that variation in TCR expression levels among T cells
means that the copy number of TCR template molecules is
not strictly proportional to cell count.
Currently, most large-scale TCR-seq uses Illumina se-

quencers, which can generate extensive sequence data at
low cost, although other platforms, in particular 454, have
also been used successfully for smaller-scale analyses. In the
earliest days of TCR-seq the key limitation of the Illumina
platform was the short length of sequences (36 to 50 bp)
obtainable and the precipitous drop-off of sequence quality
toward the ends of reads. Because the rearranged TCR β
chain is approximately 500 bases in length, and the
informative CDR3 region is positioned nearest the 3' end
(Figure 1), early studies that used very short reads relied on
either the limited number of adequate quality reverse
sequence reads that primed in the J gene region [7], or they
used more elaborate and inconvenient amplicon fragmenta-
tion and shotgun assembly methods [8,9]. Currently, the
Illumina HiSeq platform yields a vast quantity (billions) of
150 bp reads per run, which is adequate for deep coverage
of CDR3 by reverse reads primed in the J or C gene region.
The Illumina MiSeq, which currently generates tens of
millions of paired 250 base reads, is also becoming a useful
tool for TCR-seq.
A particular vulnerability of TCR-seq that became readily

apparent in early studies was the unique sensitivity of the
method to sequencing errors inherent in NGS. Strictly
speaking, due to the stochasticity of VDJ recombination, a
TCR sequence that differs from others by even a single
nucleotide could represent a legitimate, low-frequency
clonotype. While the per base error rate of Illumina se-
quencing is very low (substantially less than 1%), the TCR
amplicon interrogated by TCR-seq is short, such that
high-copy clonotypes may show extreme coverage. The
chance occurrence of errors at a single nucleotide position
becomes non-negligible and gives the appearance of a
population of novel but ultimately erroneous low-frequency
clonotypes. This issue is now well recognized and error
mitigation approaches have been described. Stringent re-
moval of low quality sequence is the first step, but for deep
TCR sequencing this is inadequate. Because artifactual
TCR sequences appear as low-abundance clonotypes, it is
possible to simply remove from analysis all TCR sequences
that fall below an abundance threshold, typically up to a
few percent [9,10]. Alternatively, each low-frequency clono-
type can be clustered together with whatever more highly
abundant clonotype it closely resembles, under the assump-
tion that the more highly abundant version is the correct
sequence. Optimal error correction can be achieved with
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algorithms that integrate these types of error recognition
and correction modalities [11], and in all cases it is highly
beneficial to define error accumulation and error filtering
efficacy in each experiment by assessing the error profile of
either relatively invariant J or C gene sequences flanking
CDR3, or of a known TCR sequence spiked into the
original sample [9,12]. Interestingly, current rates of
sequencing error accumulation fundamentally preclude the
complete sequencing of an immune repertoire, because
upon very deep sequencing it becomes impossible to
distinguish with certainty the rare bona fide clonotypes
from sequence errors.
Exhaustive sequencing is rarely a goal for T-cell reper-

toire analyses, and sequencing of extreme depth is unneces-
sary for comparative studies aiming to elucidate differences
among samples. For these studies, although appropriate
sequence error handling must be implemented, the princi-
pal 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. The problem is the same regardless of
whether samples are from different individuals or obtained
from a single individual as either a time-course study or
before and after a particular intervention or from different
tissue compartments. This issue is probably best addressed
by establishing the confidence with which one can assert
that the representation of clonotypes in one sample versus
another is different from what is expected by chance.
Fundamentally, if a given TCR is not observed in a dataset,
that may be because it was not present in the sample or
because sequencing depth was inadequate to reveal it.
Abundant clonotypes are easily revealed at low sequence
depth, and the probability of observing rarer clonotypes
increases with the number of reads gathered. Thus, to com-
pare two or more samples, it is essential to normalize the
input data, for example, by unbiased removal of reads from
larger datasets until they are of the size of the smallest
comparator. After appropriate normalization, it has been
demonstrated that methods widely used in ecology have
potential utility in comparing immune repertoires. Exam-
ples include the Simpson diversity index for comparing
diversity between samples [13], or the Morisita-Horn simi-
larity index for determining the similarity, or overlap,
between samples [14]. The Gini coefficient, which in eco-
nomics is used to describe the distribution of a commodity
among individuals, has been shown to be another useful
means by which to compare the content of T-cell reper-
toires [15]. However, the comparison of large TCR-seq
datasets is computationally intensive, and scaling up
presents a challenge for conventional statistical tools. The
field awaits a robust, standardized and easily accessible set
of computational tools for TCR-seq data processing and
analysis along the lines of the common whole genome and
transcriptome alignment programs that have proliferated
since the advent of NGS. The V-quest package [16,17]
created and hosted by ImMunoGeneTics is a useful tool for
medium-scale TCR-seq data handling and annotation. The
new tool for TCR-seq data processing called MiTCR [18] is
a recent and welcome addition, as is CIG-DB [19], a new
repository for TCR and immunoglobulin sequences ob-
served in cancer studies. The field will benefit from further
development of these types of community resource. In par-
ticular, a centralized and comprehensive repository of TCR
sequences compiled from public domain TCR-seq studies
would be a valuable community resource that would facili-
tate interpretation of new data (for example, has this inter-
esting clonotype been seen before?) and support early
exploration of the species-wide TCR meta-repertoire.
So far, large-scale T-cell repertoire analysis has been

limited to interrogation of a single TCR subunit per se-
quencing run. Most αβ TCR profiling studies have targeted
the TCR β chain, for reasons described above. Functional
antigen-engaging TCRs are, however, undeniably heterodi-
meric proteins comprising both an α and a β chain and,
therefore, for any meaningful functional analysis of TCRs,
both subunits must be defined. TCR-seq studies begin with
cell lysis, which instantly eradicates α and β chain pairing
specificity. Recently, however, pairwise Illumina sequencing
of αβ TCRs has been demonstrated. This method relies
on overlap-extension RT-PCR-mediated fusion of α and β
chain mRNA, executed in a parallelized manner within
droplets of water in oil emulsion each containing a single
cell [20]. Using this approach, hundreds of αβ TCR
sequences could be identified from starting populations of
greater than 1 million peripheral blood mononuclear cells
(PBMCs). Likewise, it was recently demonstrated that thou-
sands of immunoglobulin heavy and light chain pairs can
be obtained by bead capture of single B-cell mRNA
followed by linkage PCR in single-bead-containing emul-
sion droplets [21]. Although the yield of each of these
approaches is modest, and the techniques themselves are
technically challenging, these studies represent very import-
ant advances towards the goal of deep, cheap and fast
profiling of dimeric antigen receptors.
Still missing from most TCR repertoire analyses are

demonstrations, by independent methods, of the validity of
specific TCR clonotypes of interest. Verification of the iden-
tity and abundance of notable clonotypes, using methods
such as targeted V-J subset resequencing or clonotype-
specific quantitative PCR, is important for guarding the
integrity of this rapidly developing field.
New insights from T-cell repertoire analysis by
TCR-seq
Although much of the work in this nascent field has
focused on methodological development as described
above, these techniques have already been applied to yield
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significant insights into the TCR repertoire in both health
and disease.

Properties of a healthy repertoire
Within an individual repertoire, there is a profound dispar-
ity in the frequencies of distinct clonotypes, which can vary
in abundance by many orders of magnitude [9]. In terms of
distinct TCR sequences, the number of theoretically pos-
sible TCRs is almost incomprehensibly large. For example,
the theoretical maximum number of unique, approximately
45 bp TCR β CDR3 nucleotide sequences is 445. Models
that place informed constraints on theoretical diversity still
project more than 1011 potential β chains [22,23]. The ex-
tent of the diversity, or size, of actual biological repertoires
falls dramatically short of these theoretical estimates be-
cause of bias in generation frequency and the depletion by
thymic selection of T cells bearing non-productively rear-
ranged TCRs (Box 1). In a seminal pre-NGS study, Arstila
and co-workers [24] estimated actual β chain diversity in an
individual to be approximately 106 by extrapolating from
the total number of sequences found within the scarce
Vβ18 and Jβ1.4 subset. They further predicted 2.5 × 107

total αβ TCRs by determining the number of Vβ sequences
in Vα12+ sorted T cells. A revised estimate of β chain reper-
toire size derived from deep TCR-seq data using the unseen
species model [25] was 3 to 4 million [7], and the deepest
TCR-seq experiment so far recovered 1.3 million [9] dis-
tinct TCR β chain sequences from a single individual,
which places a directly measured lower limit on diversity.
Unfortunately, as previously discussed, a direct measure of
total diversity remains out of reach owing to the practical
and ethical limitations on obtaining very large numbers of
T cells from research subjects and the difficulty in distin-
guishing rare clonotypes from sequencing errors.
Beyond repertoire size considerations, numerous recent

TCR-seq studies have provided intriguing and valuable
insights into the characteristics of T-cell repertoires. The
notion that the diversity of the naïve repertoire greatly
exceeds that of the memory repertoire has been challenged
by the observation that the memory subset, particularly the
CD4+ memory subset, mainly comprises a broad diversity
of low-frequency clonotypes [12]. Further, detection of
identical TCRs within numerous carefully sorted T-cell
subsets, including naïve, memory, cytotoxic, T-helper and
T-regulatory subsets, suggests that T-cell specificity deter-
mination precedes the differentiation of nascent T cells into
distinct phenotypic subsets, helping to resolve this long-
standing question of chronology in T-cell maturation [26].
Public T cells, which are identical T-cell clonotypes

shared among individuals, have been a curiosity for some
time given the incredibly low likelihood of identical TCRs
being generated in separate individuals by chance. TCR-seq
studies have revealed that public T cells are actually
commonplace [9,23,27,28] and result from the increased
generation probability of these shared TCR specificities
across individuals [29], as well as the fact that different
TCR nucleotide sequences can code for the same TCR
amino acid sequence, because of the degeneracy of the gen-
etic code. The proportion of an individual's TCR repertoire
that is public has been shown to be as high as 14%, and the
true extent of the public repertories could be much higher
still [9]. Interestingly, based on TCR-seq data, sharing of
major histocompatibility complex (MHC) class I alleles
does not seem to strongly influence TCR sharing. The
evaluation of antigen-specific anti-viral CD8+ repertoires in
healthy populations by conventional sequencing has
confirmed that MHC class I is not a driver of TCR
diversity; rather, antigen-specific repertoires are shaped in a
peptide-dependent manner [30].
Thus, in summary, a picture of a typical immune reper-

toire is emerging whereby a healthy individual may be ex-
pected to harbor several million readily measurable TCR β
chain clonotypes that vary widely in abundance, some sub-
set of which originate as recombinants with high generation
probability and which can be shared across different T-cell
compartments, and indeed among individuals.

T-cell repertoires affected by disease
Following on from studies in healthy individuals, the TCR
profile of individuals affected by disease has been investi-
gated using various TCR-seq methodologies (summarized
in Table 1). These studies have yielded novel insight into
the disease biology, as well as demonstrated the potential
for TCR-seq applications in the clinic (both of which are
summarized in Table 2). So far, much of the work done to
profile T-cell repertoires in disease populations has focused
on post-hematopoietic stem cell transplant (HSCT)
patients. This therapy is used in conditions in which the
patient's immune system has become dysfunctional, and
involves pre-transplant ablation of the patient's own lym-
phocytes and bone marrow, followed by transplantation of
HSCs, which regenerate the patient's immune system
[31,32]. The therapeutic benefit derives from the elimin-
ation of the dysfunctional immune cells from the patient,
as well as, in the setting of allogeneic transplants in
malignancy, a 'graft versus tumor effect' in which the
incoming donor cells are reactive against the patient's
tumor, resulting in a therapeutically beneficial regression of
the tumor [31,32]. The process of immune reconstitution
takes months, and during this time the low abundance and
diversity of lymphocytes place patients at serious risk of
developing infection and cancer [31,32].
Numerous T-cell repertoire considerations are relevant to

this procedure, including: (i) the source of the HSCs - bone
marrow, peripheral blood or umbilical cord, autologous or
allogeneic; (ii) the risk for, incidence of, and potential
methods for mitigation and treatment of ‘graft versus host
disease’ (GVHD) post-transplant (wherein donor T cells are



Table 1 Summary of methodology used by clinical TCR profiling studies

Disease Patients Controls/comparison Sample Platform Sequencing
depth

Diversity metric References

Hematological malignancy Post-HSCT (n = 28) Healthy donors RNA from PBMCs 454 (Roche) Variable Inverse Simpson's diversity
index (1/Ds)

[34]

Post-HSCT GI GVHD Steroid refractory
(n = 7)

Steroid responsive (n = 8) DNA from PBMCs and
GI biopsy

GA IIx or MiSeq
(Illumina)

103-106 Bhattacharyya coefficient
and Gini coefficient

[36]

Post-HSCT pediatric
neuroblastoma

Early T-cell infusion
(n = 32)

Late T-cell infusion (n = 12) DNA from PBMCs ImmunoSeq
(Illumina Platform)

Not reported Number of clones and Vβ
gene usage

[75]

Ankylosing spondylitis Post-HSCT
(n = 1)

Pre-HSCT (n = 1; same patient) RNA from PBMCs 454 GS FLX (Roche) Not reported Number of clones and Vβ
gene usage

[38]

Rheumatoid arthritis Recent onset
(n = 6)

Established (n = 6) RNA from synovium and
PBMCs

454 GS FLX Titanium
(Roche)

>6 × 104 reads
per sample

Frequency distribution [40]

CMV and EBV infection Kidney transplant
(n = 2)

EBV+/CMV+ donors (n = 5) RNA from PBMCs 454 GS FLX Titanium
(Roche)

>104 reads
per sample

Frequency distribution [76]

Recurrent HSV-2 Infection Comparison of samples from various infection sites and
times, and PBMCs in n = 1 individual

DNA from skin biopsy and
PBMCs

HiSeq (Illumina) Not reported Frequency distribution [77]

TALL Post-treatment
(n = 43)

Pre-treatment (n = 43) and healthy
donors (n = 6)

DNA from bone marrow
and PBMCs

HiSeq (Illumina) Not reported Frequency distribution [41]

Abbreviations: CMV, cytomegalovirus; EBV, Epstein-Barr virus; GI, gastrointestinal; GVHD, graft versus host disease; HSCT, hematopoietic stem cell transplant; HSV, Herpes simplex virus; PBMC, peripheral blood
mononuclear cells; TALL, T-cell acute lymphoblastic leukemia.
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Table 2 Examples of insights derived from TCR-seq in clinical populations

Disease Insights References

Hematological
malignancy

TCR repertoire diversity significantly higher in patients who received HSCT using DUCB as stem cell sources,
as compared with conventional and TCD-derived stem cells

[34]

Post-HSCT GI GVHD Highly expanded indicator clones identified in GI biopsy at time of diagnosis significantly expand over time
as measured in PBMC samples. Furthermore, the degree of expansion is much greater in steroid refractory
patients, raising the potential that this could be used to stratify patients for treatment protocols

[36]

Post-HSCT pediatric
neuroblastoma

Early infusion of expanded T-cell product in post-HSCT pediatric neuroblastoma patients results in
significantly improved TCR repertoire diversity recovery as opposed to late administration

[75]

Ankylosing spondylitis Many highly expanded autologous clones survive HSCT pre-conditioning regimen and HSCT therapy itself in
a patient with ankylosing spondylitis. This suggests that the therapeutic effects of HSCT in this disease are
due to an immune system 'reset' resulting from attrition of the T-cell compartment, rather than complete
ablation

[38]

Rheumatoid arthritis 1. TCR repertoire in synovium of patients with newly diagnosed RA is dominated by small number of highly
expanded T-cell clones, much more so than in patients with established RA

[40]

2. Significant overlap in TCR profile within affected joints in the same patient, with most expanded clone
common to most joints

3. No overlap in TCR profile between synovium and PBMC within patient or between patients

TALL 1. TCR-seq can identify minimal residual disease in TALL at higher sensitivities than flow cytometry, the
current gold standard

[41]

2. It is possible that the CDR3 sequence may be adapted as a biomarker for risk stratification of minimal
residual disease.

Abbreviations: CDR3 complementarity determining region 3, DUCB dual cord umbilical blood, GI gastrointestinal, GVHD graft versus host disease, HSCT
hematopoietic stem cell transplant, PBMC peripheral blood mononuclear cell, RA rheumatoid arthritis, TALL T-cell acute lymphoblastic leukemia, TCD T-cell
depleted, TCR T-cell receptor.
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reactive against host antigens); (iii) the prevention and
treatment of post-transplant infection and malignancy
resulting from lymphopenia and immunosuppression; and
(iv) the timescale and nature of the post-transplant recon-
stitution of the TCR repertoire. There has been much
historical interest in these factors, and although efforts have
been made to profile patient T-cell repertoires after HSCT
using spectratyping, they have always yielded an incomplete
view [33]. Now, using TCR-seq, investigators can examine
more comprehensively the repertoires of HSCT patients,
yielding much more incisive and reliable insights into post-
HSCT repertoire reconstitution.
Recently, Pamer and colleagues [34] investigated how

both the source of the HSCs as well as the transplant
protocol affect the post-transplant TCR repertoire and
subsequent clinical outcomes. Historically, bone marrow
harvested from MHC-matched donors was the main source
for HSCs, but this has been supplanted by HSCs derived
from peripheral blood or umbilical cord blood. In the case
of unmatched allogeneic transplants, the risk of GVHD can
be mitigated by depleting the donor HSCs of T cells before
transplant [34,35]. Pamer and colleagues [34] investigated
the TCR profile in allogeneic HSCT patients who received
either conventional peripheral blood-derived HSCs, T-cell-
depleted HSCs or double unit umbilical cord HSCs. Their
findings included confirmation of previous reports that the
TCR diversity is markedly restricted after HSCT, as well as
measureing a 50-fold greater diversity in CD4+ over CD8+

T cells, across all HSC sources [34]. Most notably, this
study clearly demonstrated significant deficiencies in post-
HSCT TCR diversity in T-cell-depleted patients as com-
pared with patients receiving HSCs derived from other
sources. Moreover, GVHD, steroid treatment and viral in-
fection all had a negative impact on TCR diversity. Finally,
the TCR profiles of several patients who had especially low
diversity were reassessed 2 years after transplant. Significant
reconstitution was found in one patient, while no improve-
ment was observed in the others [34]. Together, these
results represent the first steps towards using TCR profiling
to select HSCT protocols, and to stratify risk and guide
treatment in post-allogeneic-HSCT patients.
GVHD is a frequent significant complication in HSCT

patients, and gastrointestinal GVHD accounts for most
mortality [31]. Recent work by Negrin and colleagues [36]
focused on comparing the TCR profiles of post-HSCT
GVHD patients who either responded to first-line steroid
therapy for their gastrointestinal GVHD or did not (steroid
refractory patients). Importantly, no TCR sequences con-
served across patients were found in notable abundance.
However, when TCR sequences of T cells isolated from bi-
opsies of various gastrointestinal sites were compared, there
was measurable repertoire similarity across biopsy sites
within patients with steroid refractory disease, much more
than in patients who responded to steroid treatment. More-
over, when patient-specific high-abundance 'indicator
clones' that were initially identified in gastrointestinal biop-
sies were tracked over time in peripheral blood samples
using their TCR sequences, the frequency of these indicator
clones was observed to expand in the steroid refractory
patients and contract in the responsive patients. It is
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possible that these results could be refined to develop a bio-
marker for identifying patients at risk for steroid refractory
GVHD, as well as for guiding and following treatment.
Although hematological malignancy is the main indication

for HSCT, the procedure is used in an ever-expanding array
of diseases, including other cancers, autoimmune disease
and immunodeficiency disorders [31,32]. In one of the more
radical departures from conventional paradigms, HSCT is
being used as treatment for advanced autoimmune disorders
such as ankylosing spondylitis, an inflammatory arthritis that
can result in fusion of the spine [37]. The exact mechanism
of HSCT efficacy in this disorder is unknown, and it was
investigated using TCR profiling [38]. This approach yielded
the important observation that a significant fraction of host
T-cell clones survived pre-HSCT ablation, suggesting that
the efficacy of HSCT in the context of this disease is due to
a 'reset' of the immune system, rather than complete
replacement. Moreover, the pre-HSCT conditioning seems
to act through attrition as higher-frequency clones were
more likely to survive conditioning and expand further
thereafter. Together, these results demonstrate that, in the
context of autoimmunity, a reduced dose conditioning
regimen might still achieve sufficient attenuation of lympho-
cytes to allow an HSCT-mediated 'reset', while also lowering
conditioning-associated toxicity.
In the field of autoimmune diseases in general, there is an

ongoing intensive search for antigens that initiate T-cell
cross-reactivity [39]. This effort is confounded by the fact
that such an antigen might be present on a transient for-
eign pathogen that is cleared, or in a tissue compartment
separate from the one that is diseased. Identifying autoreac-
tive T cells by TCR-seq can provide an alternative, albeit in-
direct, path to identifying auto-antigens, although one that
is technically challenging (Box 2). In the case of rheumatoid
arthritis (RA), de Vries and colleagues [40] examined the
TCR profile of the synovium from affected joints of patients
with either recent onset or established RA, and found that
the repertoire in the synovium of recent onset patients was
dominated by a small number of highly expanded clones,
much more so than in established RA. Moreover, there was
a large overlap in the TCR profiles of affected joints in the
same patient, but minimal overlap between affected joints
and peripheral blood, or between patients. Further investi-
gation of the overlap between affected joints showed that
the most expanded clone in each joint was in fact the same.
These results indicate that although a patient-specific
approach may be required, in RA it is indeed reasonable to
focus the search for auto-antigens on the synovium.
Finally, a recent paper by Robins and colleagues [41]

suggests that TCR-seq may become another basic tool,
analogous to conventional flow cytometry, both for the
study of disease and for clinical diagnostics. In this
study, the authors [41] used TCR sequences as markers
to track minimal residual disease in T-cell acute
lymphocytic leukemia (TALL). Before treatment, malig-
nant T cells were first identified by the overabundance
of their respective TCRs. Following treatment, patient
TCR repertoires were probed periodically for evidence of
any malignant clones. The authors found that in several
cases, malignant T cells that had survived chemotherapy
were detected at lower levels than when using conven-
tional flow cytometry, which might enable earlier inter-
vention and perhaps better relapse management.
Moreover, the authors [41] found patterns in the TCR
sequence of certain transformed T cells that correlated
with the more malignant early T-cell precursor TALL
subtype. Importantly, this subtype necessitates a more
aggressive treatment. This work highlights the potential
of using TCR profiling as both a diagnostic tool and for
tracking disease and guiding treatment.
In our view, two limitations were found across several

of the clinically oriented TCR-seq studies that have been
reviewed here. First, the frequency distribution of TCR
clones is often used to quantify repertoire diversity. Al-
though informative, this requires investigators to make
interpretations and decisions regarding where to set
thresholds during data analysis, and given that there are
no standardized thresholds, comparison among studies
is difficult. Second, many of these studies show dispar-
ities in TCR repertoire diversity among different groups
of patients. However, so far, there has been minimal cor-
relation between these molecular findings and clinical
variables of interest, such as survivorship, incidence of
infection or cancer relapse, or disease progression. We
encourage investigators to consider these aspects in the
design of future studies, as this could be expected to
dramatically increase the clinical utility of TCR reper-
toire profiling. Nevertheless, we feel that the impact of
TCR-seq on medicine will be significant, and eventually
broad. If paired with a high-throughput method for
identifying TCR cognate antigen, TCR-seq could poten-
tially revolutionize antigen discovery (Box 2). Once com-
bined with longer-term and more clinically relevant
data, we feel that TCR-seq will become a useful bio-
marker for diagnostic, prognostic and treatment stratifi-
cation applications in a wide range of diseases. As the
technique matures and achieves widespread recognition,
validation and accessibility, we believe that antigen re-
ceptor profiling will have an impact on many areas of
medicine.

Conclusions and future directions
High-throughput sequencing applied to profiling TCR
repertoires provides a new high-resolution view of cellu-
lar immunology, and has yielded new insights into the
properties of normal T-cell repertoires in ordinary,
healthy individuals, plus a view of T-cell repertoires af-
fected by disease and/or modified by transplantation.



Box 2 What do all these T cells recognize?

The use of new sequencing technologies has enabled TCR repertoire analysis at unprecedented resolution. T-cell antigen discovery

methodologies have not kept pace, and there is now an extreme mismatch between our ability to recognize unique antigen-

experienced T cells by TCR-seq and our ability to identify their cognate antigens. There are numerous biological and technical issues that

hamper T-cell antigen discovery. First, the immunological synapse, where pMHC and TCR interact, is immensely complex. It is the site of

convergence of all TCR repertoire diversity, MHC allelic heterogeneity and peptide variation encoded in the human and human

microbiome proteomes. Further, TCR-pMHC engagement tends to be low affinity [59] compared with other biomolecular interactions

such as antibody binding, and there is extensive cross-reactivity, whereby a given TCR can recognize many pMHC targets, and a given

pMHC can be recognized by numerous TCRs [54,60]. The net result is that a molecular space that is almost unfathomably large must be

screened for low-affinity hits that, if observed, may or may not represent natural epitopes.

Various strategies for T-cell epitope discovery have been developed. Naturally presented peptides can be acid-eluted from MHC and

identified by mass spectrometry [61-63], or MHC binding peptides can be predicted computationally based on the presence, within a

peptide, of favorable MHC-interacting residues [64-66]. Unfortunately, neither of these approaches are immediately informative regarding

the identity of the interacting TCRs. In situations in which a T-cell clone has been identified that bears a TCR of interest, conventional T-

cell antigen discovery efforts have tended to rely on evaluating candidate antigens by, for example, ELISPOT screening of antigen-

presenting cells loaded with custom-synthesized minimal peptides or transiently transfected with RNA or cDNA encoding these

peptides, or by tetramer sorting [67]. Tetramers are multivalent pMHC molecules assembled in vitro [67]. The scale of these experiments

is, however, clearly inadequate for unbiased, de novo antigen discovery. Here, systematic screening of combinatorial encoded tetramers

[60] and multiplexed peptide pools [61,62] has shown promise, as has the screening of random peptide encoding DNA libraries with

reporter T cells expressing recombinant TCRs [68,69]. TCR tetramers [70] and pMHC display methodologies [71-74] have not gained

widespread use for antigen discovery, and they tend to be hampered by a combination of low solubility and binding affinity issues, as

well as the difficult logistics of large-scale screens. New, innovative methods for rapid and comprehensive T-cell antigen screening are

urgently needed, and this need will only escalate as the TCR repertoires continue to be unveiled.

Woodsworth et al. Genome Medicine 2013, 5:98 Page 10 of 13
http://genomemedicine.com/content/5/10/98
From a scientific standpoint, a critical avenue for future
research is to address the pressing need for methodo-
logical advances that will enable routine profiling of
dimeric TCRs and T-cell antigen discovery (Box 2).
Clinically, the main developments that have arisen from

TCR-seq applied to medical problems have been blood-
based biomarkers for diagnosis, prognosis, treatment and
risk stratification in various autoimmune disorders, post-
HSCT transplant patients and those with hematological
malignancy. Importantly, given the personalized nature of
immune repertoires, clinical applications of TCR-seq will
require patient-specific approaches, and therefore cost re-
duction will increasingly become a driving factor. Another
challenge is building data acquisition and analysis pipelines
that are fast enough to provide actionable information in
clinically relevant timeframes (often on the order of days),
and sufficiently accurate for regulatory approval and for
acceptance by clinicians and patients. These issues are
already being encountered and addressed in the nascent
field of personalized onco-genomics [42,43]. Increasingly,
high-quality clinical and research-oriented TCR-seq ser-
vices are being offered by biotechnology companies [44-47],
and this sector is poised for growth.
There remain numerous as yet untapped applications for

TCR-seq and follow-on technologies. In oncology, the pres-
ence of tumor-infiltrating lymphocytes in solid tumors is a
well recognized correlate of favorable outcome [48], and yet
we and others are just beginning to explore the clonal
diversity and antigen specificities of these T cells [49,50].
Likewise, using TCR-seq to characterize host-pathogen
interactions and immunodeficiency disorders has great
potential. Given that CD8+ T cells are crucial in suppressing
human immunodeficiency virus (HIV)-infected cells (pre-
dominantly CD4+ T cells), it seems that defining T-cell
dynamics at the level of individual clonotypes will have
utility in studies of HIV control. This is especially the case
given that this field is in considerable flux [51]. Early studies
indicated that TCR diversity correlated with viral control,
but more recently these findings have been countered with
reports that public TCR sequences are more important and
are a superior predictor of patient response to HIV
infection. So far, these studies have been hampered by low
sample sizes, heterogeneous patient populations and dis-
ease stages, as well as incomplete snapshots of the TCR
repertoire due to the relatively low throughput methods
employed - issues that may be ameliorated with TCR-seq.
The use of TCR-seq to study vaccine response, in HIV or

for that matter any other vaccine intended to elicit a cellular
(as opposed to humoral) immune response, remains an
alluring but as yet unfulfilled prospect that is complicated by
the polyspecific nature of T-cell activation. Beyond pathogen
and vaccine responses, TCR-seq will also be instrumental in
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unraveling the complex interplay between cellular immunity
and the broader human microbiome, as exemplified by a
recent TCR-seq study showing that central regulatory T cells
(rather than peripherally induced regulatory T cells, as previ-
ously thought) constitute most of the regulatory T cells in
the gut and mediate tolerance to antigens produced by the
commensal gut microbiota [52]. T-cell repertoire analysis is
also well positioned to help refine our understanding of
the dramatic changes in cellular immunity that transpire
through the course of normal aging [53], which result from
inescapable age-dependent involution of the thymus, as well
as memory pool expansion driven by reactivation by chronic
persistent viral infections [54].
Regarding the future of TCR-seq as applied to problems

in the clinic, we feel that the main limitation so far has been
that most studies have used TCR sequences as markers,
with little or no emphasis on functional data or clinical
correlates and outcomes. Our view is that there is a need to
push past the current focus on providing clinically useful
information and towards new treatments. Although a vast
amount of discovery oriented work remains, it is clear that
TCR repertoires are negatively affected by disease and that
low TCR diversity is often associated with poor clinical out-
comes, and it is time to start addressing these issues at the
point of care. For example, initial efforts in this regard could
focus on improving TCR diversity in post-HSCT patients,
perhaps by developing more sophisticated pre-conditioning
regimens or stimulating T-cell regeneration after HSCT
[55]. Further into the future, given recent advances in TCR
and chimeric antigen receptor engineering [56,57], it is
possible that suites of TCRs will be available, such that a
patient-specific suite may be selected off the shelf and ad-
ministered to patients via transduced autologous cells to fill
holes in their TCR repertoires. Finally, in the case of auto-
immunity, the identification of expanded autoreactive TCRs
may allow administration of TCR-specific inhibitors in both
acute and chronic autoimmune disease, or eventually a new
paradigm of targeted T-cell depletion for these disorders.
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