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Abstract Characterizing the interaction of cancer cells with
the host adaptive immune system is critical for understanding
tumor immunology and the modus operandi of immunother-
apeutic interventions to treat cancer. As the key cellular effec-
tors of adaptive immunity, T cells are endowed with special-
ized receptors (the T cell receptor; TCR), to recognize and to
eliminate cancer cells. The diversity of the TCR repertoire
results from specialized genetic diversification mechanisms
that generate an incredible variability allowing recognizing
extensive collections of antigens. Based on the attainment
and function of the TCR, the TCR repertoire is a mirror of
the human immune response, and the dynamic changes of its
usage can be assumed as a promising biomarker to monitor
immunomodulatory therapies. Recent advances in
multiplexed PCR amplification and massive parallel sequenc-
ing technologies have facilitated the characterization of TCR
repertoires at high resolution even when only biomaterial of
limited quantity and quality, such as formalin-fixed paraffin-
embedded (FFPE) archived tissues, is available. Here, we re-
view the concept framework and current experimental ap-
proaches to characterize the TCR repertoire usage in cancer
including inherent technical and biological challenges.

Introduction

Recent years brought a large number of approvals of immu-
nomodulatory therapies for the treatment of cancer. Most of
these therapies are immune checkpoint inhibitors targeting the
CTLA-4 or PD-1 pathways. Notably, the first reports to suc-
cessfully treat cancer patients by activating the immune sys-
tem date back more than 100 years. In 1868, Busch intention-
ally infected a cancer patient with erisypelas leading to tumor
shrinkage [1]. At that time, the causative agent of erisypelas
had not been identified. Hence, when 25 years later Coley
injected BColey’s toxin^, a mixture of heat-inactivated
Streptococcus pyogenes and Bacillus prodigiosus, into cancer
patients, this can be regarded as the first defined immunother-
apeutic approach [2]. In 1909, Paul Ehrlich proposed that
tumor formation is normally suppressed by the immune sys-
tem [3], a concept elaborated by Burnet as tumor
immunosurveillance [4].

Tumor immunosurveillance

Each day, humans come in contact with millions of potential
pathogens. Due to the immune system with the different de-
fense mechanisms, these foreign encounters normally take a
non-hazardous cause. Besides pathogens, however, cells can
also impose a thread to the organisms. In this regard, in each
cell, thousands of DNA lesions occur per day. Most of these
are corrected by different DNA repair pathways for various
types of DNA damage. Indeed, only 1 in 1000 accidental base
changes results in a permanent mutation [5], which might
result in malignant transformation of the cell. Such potentially
dangerous cells have to be eliminated or at least controlled.
According to the immunosurveillance theory, this task is exe-
cuted by the immune system. Currently, direct proof of
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immunological destruction of premalignant lesions in vivo is
lacking. Several observations, however, indicate the possibil-
ity of immunological control of tumors. Indeed, an impaired
immune system by primary immunodeficiency, immunosup-
pressive drugs, or human immunodeficiency virus infection is
associated with increased cancer risk [6–9]. Accordingly, or-
gan transplants from donors with previous history of malig-
nancies might develop transmitted tumors in the organ recip-
ient, even when the initial donor’s tumor was more than
30 years ago curatively resected [10, 11]. This long-lasting
control of tumor growth by immune cells was nicely demon-
strated in a sarcoma mouse model: treatment of mice with a
low dose of carcinogen caused an initial growth of tumor
which was subsequently stabilized over 150 days. Upon de-
pletion of CD4+ and CD8+ T cells, however, tumors started to
grow again [12]. In the clinical setting, immunological re-
straint of tumor progression can be deduced from the associ-
ation of quantity, type, and localization of immune cells in
primary tumors and clinical outcome; for most tumor entities,
a brisk, intratumoral infiltrate of cytotoxic T-lymphocytes
(CTL) predicts a better prognosis (reviewed in [13]). In addi-
tion, the most frequently proposed mechanism of spontaneous
regression of cancer was host immunity, where other postulat-
ed factors like infection or postoperative trauma might also
influence the immune response [14].

Adaptive immunity and tumor antigens

NK cells are regarded as the first line of defense against pre-
malignant cells. Indeed, when cells accumulate mutations,
different cellular programs are initiated, rendering the cell im-
munogenic. For example, DNA damage response can activate
p53 leading to cell cycle arrest and activation of the senes-
cence program. Different cytokines secreted by these cells
recruit and enhance the activity of NK cells. In addition, on-
cogenic stress induces the expression of NK cell-activating
ligands. Especially, NKG2D ligands expressed on the
premalignant/malignant cells can trigger their destruction by
NK cells [15]. In a study of single nucleotide polymorphisms
in the natural killer complex, different haplotypes were iden-
tified associated with natural cytotoxic activity. These SNPs
were almost all located in the NKG2D gene, and individuals
with a haplotype associated with decreased natural cytotoxic-
ity had an increased risk of cancer development [16].
Similarly, in NKG2D-deficient mice, spontaneous tumor de-
veloped faster than in mice with normal NKG2D expression
[17]. Control of transformed cells by NK cells is probably
restricted to early lesions. Indeed, in the earlier described sar-
coma mouse model, depletion of NK cells had no effect on
tumor growth, i.e., tumors remained in their dormant state
[12]. In humans, NK cell activity can be impaired by the tumor
by inducing expression of inhibitory receptors and

downregulation of activating receptors by NK cells [18]. In
addition, in established tumors, the frequency of NK-cell can
be decreased compared to adjacent tumor tissue [19, 20]. A
change in the frequency of NK-cell infiltration thus might be a
promising approach to treat cancer. This hypothesis is
sustained by mouse models; when tumor-bearing mice got
the opportunity to train by wheel running, this exercise led
to distinct reduction of tumor incidence and growth. As un-
derlying mechanism, a significant increase of NK-cell infiltra-
tion into the tumor by mobilizing the cells through epineph-
rine was identified [21].

The innate immune response is not only able to attack the
tumor, but proper innate immune signaling is required for
induction of an adaptive immune response. Indeed, molecular
analyses of T cell-infiltrated tumors revealed a type I interfer-
on signature indicative of innate immune response [22].
Subsequent studies in mice revealed that a type I response
was required for spontaneous T cell priming [23]. The IFN
secretion occurs mainly by dendritic cells (DCs), requires cy-
tosolic tumor-derived DNA sensing through the STING path-
way [24], and leads to cross-priming of CD8+ T cells by
CD8α+ DCs [25]. In 1989, the first murine tumor antigen, a
mutated self-protein, recognized by CTL was identified re-
vealing how transformed cells can be distinguished from nor-
mal cells [26]. Shortly thereafter, the first human tumor anti-
gen, a peptide derived fromMAGE1, was reported [27]. Thus,
CTL can recognize peptides of different size with the majority
of natural presented peptides being nine amino acids long
presented by MHC class I molecules [28]. These peptides
are derived from intracellular proteins and can be classified
as (i) overexpressed, (ii) differentiation, (iii) cancer-germline,
(iv) mutated, or (v) viral antigens. Overexpressed or differen-
tiation antigens are characterized by low tumor specificity
since their expression is also present in the corresponding
tissue or in normal cells and are thus referred to tumor-
associated antigens (TAA). Cancer-germline antigens (CTA)
are expressed in a wide variety of cancer types due to the
general demethylation present in some cancers including their
promoter region. Although these proteins are also expressed
by male germline cells and trophoblasts, they can be consid-
ered as tumor-specific since the respective cells do not express
MHC class I molecules. The both remaining classes, i.e., viral
and mutated antigens, compose the tumor-specific antigens
(TSA). Viral proteins are only expressed in infected cells or
tumor cells in cancers with viral etiology. Mutated proteins in
tumor cells can give rise to neoantigens either by converting a
non-binding into a binding peptide or changing the MHC
class I presented peptide sequence. Notably, the majority of
mutations do not translate into neoantigens recognizable by
autologous Tcells, and the majority of neoantigens are derived
from passenger mutations [29, 30]. Neoantigen-based immu-
notherapies will therefore require a personalized medicine
approach.
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One major difference between the different classes of anti-
gens is the T cell receptor (TCR) affinities. During develop-
ment, the fate of a T cell is determined by the interaction of its
TCR with self-peptide–MHC complexes that are displayed by
thymic antigen-presenting cells. Only when the TCR recog-
nizes self peptide-MHC complexes (positive selection), but
the affinity for these complexes is not too high (negative se-
lection), will the Tcell mature and enter the blood stream [31].
Consequently, T cells specific for TAA or CTA express TCRs
of weak TCR–peptid/MHC complex (pMHC) affinity. For
example, while affinities, in terms of dissociation constants
(KD), ranged between 0.18 and 25 μM (mean = 8.25 μM)
for TCR from virus-specific CTLs, it was 10.7 to 387 μM
(mean = 96.6 μM) for TAA-specific TCRs [32].
Experiments with T cells expressing a panel of affinity-
optimized TCRs revealed that those T cells expressing TCRs
with affinities lying in the upper physiological range (KD from
5 to 1 μM) demonstrated the best biological responses. When
T cells expressed TCR with supraphysiological affinities
(KD < 1 μM), their function decreased drastically. Hence, T
cell activation and subsequent function benefit from enhanced
TCR-pMHC affinities as long as they are in certain range
(reviewed in [33]). Importantly, since neoantigen expression
is restricted to tumor tissue, TCR affinities of neoantigen-
specific T cells should span the entire physiological range
including high-affinity TCRs often found for non-self speci-
ficities [33]. Thus, the presence of neoantigens might result in
stronger antitumor immune responses. Support for this hy-
pothesis came from a study of TCGA data. The authors cal-
culated the immune cytotolytic activity of tumors based on
transcript levels of granzyme A and perforin. For multiple
tumor entities, they revealed a significant positive association
of immune cytolytic activity with both mutation load and
neoantigen prediction [34]. It should be noted, however, that
for example, in melanoma T cell, reactivity against TAA is
frequently observed and can also be broadened by adoptive
T-cell transfer or anti-CTLA-4 treatment [35, 36].

TCR rearrangement and clonal expansion

T cell development takes place in the thymus (Fig. 1). T cell
precursor cells lacking most of surface molecules characteris-
tic for mature T cells like CD4, CD8, or TCR travel from the
bone marrow into the thymus. These cells are referred to as
double negative (DN) thymocytes since they do not express
CD4 or CD8. They can be further subdivided into four stages
of differentiation based on CD44 and CD25 expression in
mice while in humans, a different and larger set of markers
are required for this differentiation including CD34, CD38,
CD1a, and CD4 [37, 38]. ForαβTCRTcells, the first somatic
rearrangement of TCR genes occur at the CD44−CD25+ DN3
stage with recombining diversity (D)β to joining (J)β.gene

segments followed by variable (V) β to D-J joining at the
CD44−CD25− DN4 lymphocyte stage [39]. After transcrip-
tion, RNA processing, translation, and further processing
and glycosylation, the thymocytes express a pre-TCR
(preTCR) if a functional TCRβ was generated. This preTCR
consists of a TCRβ-chain and an invariant preTCRα-chain
and is associated with CD3 molecules transducing activation
molecules to the cell. Although a ligand-independent model of
preTCR activation has been favored so far, it was recently
demonstrated that the β-subunit can bind to pMHC and this
interaction can lead to Ca2+ flux which is critical for TCR
signaling [40]. Pre-TCR signaling terminates TCRβ rear-
rangements ensuring allelic exclusion, rescues cells from ap-
optosis, contributes to the largest proliferative expansion dur-
ing T cell development, enables DN thymocytes to differenti-
ate to double positive (DP) thymocytes expressing CD4 and
CD8, and triggers TCRα rearrangements. Hence, preTCR
which not only respond to ligand-independent signaling but
also to preTCR–pMHC interactions might proliferate more
rapidly, increasing the representation of these particular β-
clonotypes. This enrichment of β-clonotypes that are more
predisposed to bind pMHC should optimize the αβTCR rep-
ertoire before the DP thymocyte stage [41]. Soon after, the
preTCR checkpoint also known as β-selection, the rearrange-
ment of the TCRα chain, i.e., V-J joining, occurs. For the
TCRα chain, allelic exclusion is much lesser strict. Analyses
in mice demonstrated that in about 30% of αβ Tcells biallelic
in frame rearrangements of the TCRα chain can be detected
while only in 2–10% for the TCRβ chain. Due to TCRα/
TCRβ pairing constraints and regulated TCRα chain turn-
over, TCRβ chain translation and posttranslational process-
ing, the frequency of cells with two TCRs is about 10% for
those with two TCRα chains and 1–3% for those with two
TCRβ chains [42]. Anyway, at the DP status, the thymocytes
express the TCR and they undergo positive and negative se-
lection. Notably, most of the thymocytes fail to pass β-
selection as well as positive and negative selection resulting
in the loss of the majority of thymocytes, i.e., up to 95% [43].
It is a matter of debate to which extend positive and negative
selection contribute to this loss. Recently, data obtained from a
mouse model revealed that about six times more cells undergo
negative selection than complete positive selection demon-
strating that the majority of developing T cells is self-
reactive [44].

From the DP state, thymocytes develop into single positive
(SP) cells which either express the coreceptor CD4 or CD8.
Currently, the model is favored that by engaging the TCR on
DP thymocytes, the expression of CD8 is decreased while
CD4 expression is increased. When the TCR recognizes a
peptid/MHC class II complex, the cell is additionally stimu-
lated by the engagement of the CD4 coreceptor which results
in a CD4 SP T cells. In the absence of enhanced stimulation,
CD8 expression is induced and CD4 expression inhibited
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giving rise to a CD8 SP T cell [45]. Interestingly, TCR se-
quence might influence the lineage commitment; studies on
naïve T cells demonstrated that most Vand J genes are strong-
ly biased in the subsets with some segments increasing the
odds for a certain lineage fivefold [46].

In order to respond to a wide variety of pathogens, T cells
have to be able to recognize many different non-self peptides.
Thus, T cells should express a broad diversity of unique
TCRs. This diversity is not only mediated by combining the
different gene segments during TCR gene rearrangements,
i.e., in humans, 40–48 functional TRBV, 2 TRBD, 12–13
TRBJ, and 2 TRBC genes for TCRβ chain and 44–46
TRAV, 50 TRAJ, and 1TRAC genes for TCRα chain

(www.imgt.org), but also by the junctional diversity which
results from addition of P(alindromic)- and N(on-template)-
nucleotides and/or deletion of N-nucleotides at the junctions
between V, J, and D genes. Theoretically, the potential diver-
sity created by the recombination machinery was estimated to
be up to 1015 [47]. In reality, this diversity is much lower.
Indeed, Vanhanen and colleagues recently analyzed the TCR
repertoire in human thymus. By applying massive parallel
sequencing to samples from four pediatric donors, they re-
vealed that approximately 80% of TCRβ and 32% of TCRα
sequences were productive. Since the TCRs of only a fraction
of cells could be analyzed, they used different algorithms to
estimate the total thymic repertoire to consist of 40 to 70 × 106

Fig. 1 αβ-T cell development in the thymus. Bone marrow-derived
lymphoid precursors enter the thymus. These early committed T cells
are termed double negative (DN) since they do not express CD4 and
CD8 and can be subdivided into four stages of differentiation. At the
DN3 stage, the αβ-T cell development is initiated with the joining of
diversity (D) and joining (J) gene segments for the TCRβ chain
followed by joining of variable (V) gene segment. These cells express a
pre-TCR (preTCR) consisting of a TCRβ-chain and an invariant
preTCRα-chain if a functional TCRβ was generated. Lacking preTCR
expression leads to apoptosis of the respective cells. The remaining cells
proliferate and TCRα rearrangement takes place resulting in cells

expressing TCRs, CD4, and CD8 and are termed double positive (DP).
If no TCR is expressed, or the TCR does not recognize self MHC class
molecules, the cells die by neglect (positive selection). Cortical thymic
epithelial cells (cTEC) serve as antigen-presenting cell which due to a
unique proteolytic pathway can present private peptides. Self-MHC-
specific T cells migrate to the medulla where they as single positive
(SP) cells encounter self-peptide presented by medullary thymic
epithelial cells (mTECs) or dendritic cells (DCs). If their TCR has a too
high affinity for self-peptide/MHC complex, the cells will die (negative
selection). The remaining cells leave as naïve T cells the thymus
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unique TCRβ sequences and 60 to 100 × 106 TCRα se-
quences [48]. For one donor, they had both thymus and blood
sample. Analyzing of these samples demonstrated that only
5% of peripheral TCRβ sequences were also detected in the
20% of the total thymus diversity sequenced, implying that the
clonal composition in the thymus is very transient. Since it is
technically not possible to determine the complete repertoire
present in the periphery, the total number of TCR clonotypes
present in an individual has to be estimated from the observed
clonotypes. The TCR repertoire can be characterized by rich-
ness, i.e., number of unique TCR sequences, and clonality. In
this regard, the minimal estimate for unique TCRβ sequences
for both CD4+ and CD8+ naïve T cells in young adults was
100 × 106. With age, this naïve repertoire richness declined 2-
to 5-fold, but elderly healthy individuals still seem to possess a
diverse T cell repertoire of 8–57 × 106 unique sequences [49].
Naïve T cell circulate throughout the body and interact within
lymphoid organs with antigen presenting cells (APCs). If they
encounter an APC presenting the antigen for which they ex-
press the specific receptor, these cells get primed as long as
additional costimulatory signals (surface molecules and cyto-
kines) are provided (Fig. 2a). This activation of T cells is
followed by clonal expansion of the antigen-specific cells
and differentiation into effector and memory T cells.
Accordingly, the richness of memory cells is lower than in
naïve cells. For example, richness in CD4+ memory compart-
ment has been reported to be 50-fold lower than in the respec-
tive naïve repertoire. In CD8+, memory cells richness is even
5–10-fold lower than that estimated for the CD4+ memory
cells [49]. In contrast, clonal sizes of memory cells was larger
than for naïve T cells with CD8+ exceeding CD4+ memory T
cells in clonal size. This might also explain why stratification
of T cells solely based on CD4 and CD8 expression returned
an about five times higher richness for CD4+ cells [50]. This
study also demonstrated that there was almost no overlap in
TCRβ sequences between CD4+ and CD8+ Tcells. Moreover,
based on the CD4/CD8 distinction, there was a preferential
use of distinct amino acids in the complementary-determining
region 3 (CDR3), i.e., the main CDR responsible for recog-
nizing processed antigen which is encoded by V–D–J for
TCRβ or V–J for TCRα including junctional diversity.
Similarly, it has been reported that the electrostatic charge of
CDR3 is different between CD4 and CD8 positive cells, with
a positively charged CDR3 associated with CD4+ lineage and
a negatively charged CDR3 with CD8+ lineage [46].

TCR repertoire usage and cancer

Characterizing the interaction of cancer cells with the host
adaptive immune system is critical for understanding tumor
immunology particularly with respect to identifying therapeu-
tic targets and monitoring immunotherapies. Based on the

attainment and function of the TCR, the TCR repertoire is a
mirror of the human immune responses during infections, au-
toimmunity, aging, and cancer. Consequently, the TCR reper-
toire usage affects the course of diseases and is likely to serve
as a predictive marker for immunomodulatory therapies.

Early observations on the TCR repertoire usage in melano-
ma determined by reverse transcriptase polymerase chain re-
action (RT-PCR) for the different TCR Vβ families, subse-
quent denaturing gradient gel electrophoresis (DGGE) sepa-
rating the amplicons both by length and sequence of the
CDR3 (clonotype mapping), and direct sequencing of RT-
PCR products demonstrated that highly expressed TCR were
present both in the regressive and the progressive regions of
the primary tumor [51]. Moreover, TCR sequences
representing clonally expanded T cells at the tumor site could
also be detected in the lymph nodes draining the tumors even
in the absence of tumor cells [52]. Alternative methods intro-
duced at that time to establish the TCR repertoire usage were
either measuring the CDR3 length directly (spectratyping)
[53] or after one further round of PCR using primers for the
J-region (Immunoscope) (Fig. 2c) [54].

However, characterizing the size and complexity of
TCR repertoires has been a long-standing challenge in im-
munology. Only recently, advances in both multiplex PCR
and massive parallel sequencing techniques allowed the
development of new technologies for analyzing the TCR
repertoire usage with more ease [55]. By means of these
technologies, it was possible not only to establish the TCR
repertoire usage for T cell infiltrating the tumor (tumor
infiltrating lymphocytes, TIL) but also to track dominant
TCR clonotypes in blood or other metastatic tumor lesions
over time. For example, when Bai et al. scrutinized the
TCR repertoires of pancreatic cancers in both primary tu-
mors and matched blood samples, they identified two clus-
ters of patients with respect to the diversity of TCR reper-
toires [56]. In addition, clonotypes with low frequencies
were found in significantly higher numbers in tumors as
compared to the respective blood samples. In a study in
ovarian cancer patients, the TCR repertoire analysis was
not only stratified by primary cancers, ascites, and blood
but also by T cell subpopulations, i.e., CD4+, CD8+, and
regulatory T cells [57]. An enrichment of certain T cells in
tumors and ascites was evident, but these dominant TCR
clonotypes were only rarely overlapping in the different
locations. As would be expected, the TCR sequences in
the different T cell subtypes were mutually exclusive
among the three subgroups. Comparison of the TCR rep-
ertoires of tumor-infiltrating T cells in malignant brain tu-
mors with that of peripheral blood revealed that TCR of
tumor-infiltrating T cells not only possess greater VJ-
independent diversity than TCR of peripheral blood but
also diverge from these on the basis of this VJ-
independent diversity [58].
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TCR repertoire as a tool to monitor adaptive
immune responses against solid tumors

Immunotherapeutic interventions enhancing adaptive immune
responses against solid tumors are on the rise and show re-
markable responses in a subset of patients [59]. Currently, the
most promising approaches in this regard are the use of check-
point blocking antibodies (anti PD-L1, anti-PD-1, and anti-
CTLA-4) alone or in combination and adoptive T cell transfer

of in vitro expanded TILs or engineered T cells with tumor
antigen-specific TCRs or chimeric antigen receptors (CARs)
[60]. Given the high costs, the restricted efficacies to a subset
of patients and the immune-related adverse events associated
with some of these therapies, much effort is invested to iden-
tify markers to predict response and to determine the effec-
tiveness of the respective therapy. Consequently, robust mon-
itoring strategies of adaptive immune responses have to be
established. One possibility is to characterize the tumor
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infiltrate. In this regard, in 2006, it was established that the
type, density, and location of T cells within colorectal tumors
could predict clinical outcomes better than any previously
used staging system [61]. This immunoscore to assess antitu-
mor immune responses was determined from formalin-fixed
paraffin-embedded (FFPE) tumor material that contained a
tumor margin as well as a central tumor region T cell infiltra-
tion. It was based on staining serial slides for CD3 (T cells)
and CD45RO (memory T cells) and was slightly improved
over time [62]. In melanoma, the establishment of a reliably
immunoscore emerged to be more complicated. No correla-
tions between intratumoral or peritumoral CD3, CD8, CD20,
CD163, or FoxP3 cells with clinical outcome and response to
immunotherapy was evident [62]. Despite the massive ad-
vances in immunotherapy, immunoscores to monitor immune
responses towards tumors have not changed much within the
last 10 years but are at the verge of being reformed [63]. In this
regard, immune profiling and monitoring of tumors and pe-
ripheral immune cells has to be extendedmassively in order to
grasp the dynamics in antitumor immune responses. A next
generation of immune monitoring taking tumor heterogeneity,
tumor microenvironment, immunologic phenotype of the tu-
mor cells, activation state of immune cells, and clonal expan-
sion of T cells into account has to be established.

In order to determine T-cell diversity and clonal expansions
in the peripheral blood and in tumors, TCR repertoire analyses

based on the distinctively identifiable TCR CDR3 regions can
be applied. TCR repertoire analyses could be used to monitor
dynamics of T cell clonality and to track individual tumor
reactive T cell clones. Notably, however, the role of the clonal
composition of those TILs as well as the T cell receptor rep-
ertoire usage in the peripheral blood is still largely unknown.

For an immunomodulatory therapy to be effective, T cells
have to exert their function within the tumor. Consequently,
TCR repertoire analyses of TIL might allow monitoring of
tumor-specific adaptive immune responses, but studies here
are scarce [64]. It has been described that patients with a more
Bclonal^ Tcell repertoire of TILs are more likely to respond to
immunotherapy. Tumeh et al. reported that TILs with a more
restricted TCRβ chain usage reflecting a more clonal T-cell
population at baseline and an increased clonality under thera-
py was associated with response to anti-PD-1 blockade [65].
Based on those findings, it can be assumed that in the re-
sponders, a tumor-specific T cell response is negatively regu-
lated by the interaction of PD-1 with its ligand PD-L1. In a
study of patients with metastatic urothelial cancer treated with
an anti-PD-L1 antibody, clonality in the tumor and expansion
of dominant tumor-resident TCR clones in the blood of the
patients upon therapy were associated with response. At base-
line, a low peripheral TCR clonality was associated with sur-
vival [66]. Expansion of tumor-infiltrating T-cell clones is,
however, not restricted to active immunomodulatory thera-
pies. When Cooper et al. characterized in sequential analyses
the TCR repertoire of TIL in tumor biopsies obtained before
BRAF inhibitor treatment and up to 14 days under treatment,
they observed a strong increase in clonality. Notably, the ma-
jority of individual T cell clones detected under BRAF inhib-
itor treatment were new clones, i.e., not detectable prior to
treatment. Similarly as for the anti-PD-1 therapy, existence
of preexisting dominant T cell clones was associated with
therapy response [67].

When analyzing the TCR repertoire of TILs, it should be
kept in mind that tumor heterogeneity might not only be pres-
ent within cells of a tumor, between primary tumors and me-
tastasis, and T cell infiltration but also in the TCR repertoire
usage. For example, TCR repertoire usage differs largely be-
tween tumors and bordering normal tissue [68, 69]. Moreover,
the TCR repertoire detected in primary tumors can differ sub-
stantially from their metastasis [70, 71]. A significant TIL
TCR repertoire heterogeneity has been described in renal cell
carcinoma [72], whereas it appeared to be more homogeneous
in ovarian cancer [73]. In esophageal squamous cell carcino-
ma there seem to be some more abundant, ubiquitous clones
that are usually present in all tumor areas, but other clones
were locally dominant only in some areas [69]. Taking those
findings into account, care must be applied by selecting sam-
ples of tumor and metastasis for TIL TCR repertoire
immunomonitoring and should be accompanied by histologi-
cal work up.

�Fig. 2 T-cell clonal expansion and TCR clonotype analysis. a For naïve
T cells to become activated, they have to get three signals from mature
dendritic cells (DCs). First, the Tcell has to recognize the antigen through
its TCR. Second, the T cell has to receive a costimulatory signal from the
DC. The most prominent costimulatore receptor on T cells is CD28
interacting with CD80 and CD86 on DC. Third, cytokines have to
stimulate cytokine receptors. For the clonal expansion of T cells, this
cytokine is IL-2. b Interaction of TCR with peptid/MHC class I
receptor. Each chain contains three complementarity-determining
regions (CDRs). The CDR3 region is the most variable region due to
junctional diversity (N), i.e., the random insertion and deletion of
nucleotides at the rearrangement positions. CDR1 and 2 interact with
the MHC molecule while CDR3 encodes the receptor portion that
makes the majority of TCR contacts with antigenic peptides bound by
MHC. Since the CDR3 is unique for every T cell clone, most assays
determining T cell clonality are based on analyzing the CDR3 of the β-
chain. c Three methods to determine clonality within a T cell population.
On the left side, clonotype mapping is depicted. This method is based on
the amplification of each Vb family with a Vb-specific primer and a
common C-specific primer extended by a GC clamp. PCR products are
analyzed by denaturing gradient gel electrophoresis (DGGE). When
reaching the melting temperature of the amplicon which is dependent
on the length and sequence of the CDR3 region, DNA strands separate
and form—due to the GC clamp—a y-structure which moves very slowly
in the gel. Each T cell clonotype is indicated by a distinct band in the gel
(in the example a monoclonal T-cell population). In the middle,
spectratyping is depicted which is based on resolving the length of
CDR3 region and on the right a massive parallel sequencing approach.
For clonotype mapping, mRNA is used, while the two other can be
performed on DNA or mRNA. For the latter, after cDNA generation
either multiplex PCR can be performed similar as for gDNA or 5′ rapid
amplification of cDNA ends (RACE)
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TCR repertoire analyses of TIL can be performed either
directly from tumor samples or by isolation and short-term
culture of the TILs. The latter approach offers the advantages
that T cell specificity and single-cell analyses can be per-
formed. TCR analysis studies on ex vivo expanded TILs,
however, can introduce also a bias. Indeed, TCR diversity of
TIL is decreased after in vitro culture over time as the frequen-
cy of those TILs is increased which are able to expand in vitro
[74]. Thus, if accompanied TCR specificity studies are
planned, TIL TCR chain sequencing should be performed on
freshly isolated or at least short-term cultured TILs in order to
monitor the TIL TCR repertoire as unbiased as possible.
Another possible solution, also in regard of studying TCR
functionality, could be the generation of TCR libraries from
freshly isolated TILs [64].

For TCR receptor monitoring, peripheral blood samples are
preferable because they are easy to obtain. This leads to the
question whether tumor-reactive TILs can be monitored in the
peripheral blood of cancer patients. So far, the majority of
reports stated that there is no or only a small overlap between
the dominant TIL clones and the peripheral blood TCR reper-
toire usage. Besides the studies already mentioned in the pre-
vious section, Emerson et al. reported for example that in
ovarian carcinoma, the TIL TCR repertoire was distinct from
the circulating immune repertoire [73]. Similarly, Chen et al.
reported that in esophageal squamous cell carcinoma, the larg-
est TIL clones were only rarely detectable in the patients’
blood [69]. This fact is not surprising as the TCR repertoire
in blood is a fast-changing dynamic process with a high turn-
over rate. Moreover, TCR repertoire analyses can only be
performed on a fraction of the total cell population and even
reveals only a portion of available T cell clonotypes present in
a blood sample. Indeed, when two libraries of the same blood
samples were analyzed, there was only a 25% overlap of ob-
tained sequences. Moreover, only 13% of clonotypes were
identical between two independent blood samples [75].
Notably, detection of tumor-reactive Tcells in the blood might
also be impeded, when they expand within the tumor in ter-
tiary lymphoid structures [76]. With improved techniques,
however, repeated blood draws might still be an option to
monitor expansion or shrinking of a tumor reactive clone in
the peripheral blood of cancer patients. In this regard, analysis
of the peripheral T-cell repertoire will be especially useful to
monitor T cell dynamics after adoptive T cell transfer of pe-
ripheral T cells, ex vivo expanded TILs, or after transfer of T
cells with engineered tumor reactive TCRs. In fact, autologous
transferred T cells could already be monitored in patients with
B cell malignancies based on their TCRβ chain sequence [77],
in patients after hematopoietic stem cell transplantation [78]
and in a melanoma patient receiving adoptive T cell transfer
therapy [79].

Several studies have been performed to determine the TCR
repertoire in the periphery at baseline and correlate these with

therapy efficacy. For example, a severe restricted TCR reper-
toire diversity in the peripheral blood at baseline was reported
to be associated with a poor prognosis in breast cancer patients
receiving chemotherapy [80]. For melanoma, however, con-
flicting results have been published. While Robert et al. did
not detect any differences in the baseline TCR diversity be-
tween responders and non-responders to CTLA-4 blockade
[81], Postow and colleges reported that high baseline TCR
diversity was associated with clinical benefit after CTLA-4
blockade [82]. The diverse results may be due to the fact that
different CTLA-4 checkpoint blocker, i.e., ipilimumab and
tremelimumab, were used. Indeed, it was recently reported
that patients with a low diversity score of T cells in peripheral
blood did benefit from anti-PD-1 therapy, but not from anti-
CTLA-4 therapy [83]. Thus, baseline TCR diversity may be a
predictive biomarker for certain therapies and analyzing the
TCR diversity might provide the rational for the choice of the
most promising checkpoint blocker for the respective patient.

As mentioned previously, immunotherapeutic interven-
tions can alter the TCR repertoire in the peripheral blood. In
this regard, CTLA-4 blockade increases the diversity of the
TCR repertoire in the peripheral blood of patients with mela-
noma [81]. This finding was confirmed for melanoma and
prostate cancer [84]. Cha and colleges further reported a gen-
eral loss of clonotypes after CTLA-4 blockade, but if
pretherapy existing high-frequency T cell clones are main-
tained under therapy, this was associated with a longer surviv-
al. Moreover, TIL therapy leads to a significant broadening of
the melanoma-reactive Tcell repertoire in the peripheral blood
of melanoma patients [35], and the administration of interleu-
kin 7 in humans resulted in a marked broadening of the pe-
ripheral TCR repertoire by expansion of naïve T cell subsets
[85]. Similarly, epigenetic compounds such as DNA
demethylating agents that are currently tested in combination
with classical immunotherapeutic approaches can broaden the
peripheral TCR repertoire [86], and treatment of prostate can-
cer patients with the vaccine sipuleucel-T diversified the TCR
repertoire in the blood and tumors of those patients, i.e., re-
duced diversity in the blood and increased it in the tumor [87].
These initial studies demonstrating that TCR monitoring can
detect changes in TCR diversity associated with clinical out-
come warrants studies with larger patient cohorts.

Methods for TCR repertoire analysis

As mentioned above, comprehensive TCR repertoire analysis
was already introduced in the early nineties. However, tech-
niques such as Bclonotype mapping,^ Bspectratyping,^ and
Bimmunoscope^ were only used by a limited number of lab-
oratories. Indeed, a wider application of TCR repertoire anal-
ysis took place only after introduction of massive parallel
sequencing of the TCR (TCR-seq) [88, 89]. TCR-seq involves

262 Semin Immunopathol (2017) 39:255–268



the use of multiplexed PCR and massive parallel sequencing
to generate large numbers of short DNA sequences covering
key regions of the TCR coding sequence containing the CDR3
region (Fig. 2b).

Notably, TCR-seq is not conceptually different from
spectratyping or clonotype mapping. However, since all
CDR3 amplification products are directly used for preparation
of the sequencing library and subsequent bulk sequencing,
TCR-seq enables quantification of TCR sequence diversity
at an unprecedented resolution and fidelity. A completely al-
ternative approach is taking advantage of available high-
throughput sequencing data generated not specifically for
TCR repertoire analyses. To this end, Li et al. by using the
TCGA cohort demonstrated the feasibility of using unselected
RNA-seq data to characterize the TCR repertoire of tumor-
infiltrating T cells [90]. Although this approach is currently
still limited by low coverage and insufficient sample size, it
revealed several interesting associations between the TCR
repertoire and clinical and molecular features of the tumor:
e.g., the diversity of T cell clonotypes positively associates
with cancer somatic mutation load and the association of T
cell diversity with expression of cancer/testis antigens identi-
fied new vaccine targets.

TCR-seq can be performed on both T-cell DNA or RNA,
with DNA being more often used due to its abundance, ease of
isolation, and long-term stability. Indeed, TCR-seq can be
even applied to FFPE tissue samples. Since for each TCR
chain there are two chromosomal loci per cell, the number
of DNA template molecules in the PCR reaction corresponds
to the number of T cells expressing the respective TCR.
However, for absolute quantification of specific TCR se-
quences, it should be kept in mind that the V and J gene-
specific primers are combined in a highly multiplexed PCR
reaction in order to capture the entire repertoire. Thus, due to
differences in annealing and amplification efficiencies of the
respective primer pairs, read counts can be affected by PCR
amplification biases. TCR-seq on T-cell RNA is likely to em-
phasize the representation of activated T cells because the
TCR is among the highly transcribed genes in response to T
cell activation [91]. This advantage, however, is also the draw-
back of using T cell RNA for analysis, i.e., variation in TCR
expression levels among T cells means that the copy number
of TCR template molecules is not really proportional to the
number of cell of the respective clone.

In general, TCR-seq is commonly limited to one chain, in
general the TCR β chain due to the before mentioned greater
combinatorial and junctional diversity. Furthermore, because
of allelic exclusion, αβ TCRs are more likely to contain only
a single productiveβ chain variant, thus the number of distinct
β chain sequences is more stringent associated with the num-
ber of T cell clonotypes present in a sample. From a biological
perspective, it is important to remember that functional
antigen-engaging TCRs are heterodimers, i.e., TCR αβ or

TCR γδ. Hence, for functional analysis of TCRs, both sub-
units must be defined within one individual cell or cell clone.
Most TCR-seq protocols begin with cell lysis eradicating α
and β chain pairing specificity. Several approaches have been
recently reported aiming at addressing this notion, i.e., cell-
based emulsion RT-PCR, pairSEQ, Drop-seq, or single-cell
TCRseq (scTCR-seq):

(i) A new type of PCR suppression technique was devel-
oped which allows amplifying a fused library with minimal
noise for subsequent massive parallel paired-end sequencing.
This cell-based emulsion RT-PCR results in the selective fu-
sion of the native pairs of amplified TCR alpha and beta chain
genes for complex samples, thus enabling identification of
multiple native TCR chain pairs in a single analysis of a com-
plex blood sample [92, 93].

(ii) pairSEQ may leverage the diversity of TCR sequences
to accurately pair hundreds of thousands of TCR α and β
sequences obtained from T cells from both blood and solid
tissues in a single experiment [94, 95]. This strategy uses
combinatorics, rather than physical isolation, to match the
pairs based on the observation that rearranged TCR α and
TCR β nucleotide sequences are nearly unique for each clonal
population of T cells.

(iii) Drop-seq is based on adding a unique barcode to the
mRNA from each cell prior to sequencing. Current Drop-seq
technology enables capture, amplification, and barcoding of
the entire mRNA transcriptome of individual cells before
high-throughput sequencing. In general, this works well for
mRNA sequences close to the poly-A tail. This limitation can
be overcome by generating beads bearing multiple transcript-
specific capture sequences. By means of a reversible chain
blocking group, Hanson et al. were able to synthesize DNA
barcoded beads bearing capture sequences for the constant
domains of the T-cell receptor α and β chain mRNAs [96].
These beads had been used to capture and pair TCRα and
TCRβ sequences from total T cell RNA before reverse tran-
scription and PCR amplification.

(iv) Based on single-cell RNA-seq data, scTCRseq is a
computational method to identify and count RNA read map-
ping to specific TCRVand C region genes, followed by mul-
tiple alignment of read mapping to the V and C regions with
enough count to create consensus V and C gene sequence
Bcontigs^ across which gap-filling is performed [97]. This
allows the identification of a single cell’s TCR CDR3 regions.

Given the complexity of both the biological input and dig-
ital output, TCR repertoire analysis requires specialized com-
putational tools for both (i) data processing, in which raw
sequence reads are filtered, assembled, and corrected for er-
rors, and subsequently, (ii) data analysis. Biological or immu-
nological interpretation of TCR-seq data can be challenging.
Most analysis workflows allow sequence annotation and some
combination of measurements for diversity and clonal expan-
sion. For these tasks, multiple software solutions are available
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and it is beyond the scope of this review to describe and rate
these tools. Indeed, we only mention solutions we are using in
our group. tcR is an R package for the advanced analysis of
TCR repertoires after primary CDR3 sequence extraction
from the raw sequencing reads [98]. It includes diversity mea-
sures, shared T cell receptor sequence identification, gene us-
age statistic computation, and other widely used methods. A
stable version can be directly installed from the
Comprehensive R Archive Network (http://cran.r-project.
org/mirrors.html). The source code and development version
are available at http://imminfo.github.io/tcr/.

Limitations of TCR sequencing to monitor T cell
responses

Currently, TCRβ chain sequencing allows monitoring
presence, quantity, and clonal expansion of intratumoral
and peripheral T cells. However, this information alone
will most likely not be sufficient to fully characterize
adaptive immune responses. There are several limitations
that have to be overcome either by the usage of new
techniques or by combining TCRβ chain sequencing re-
sults with other markers. For example, it has to be de-
termined whether clonally expanded T cells indeed rec-
ognize tumor-specific antigens in the individual patient.
For melanoma, it has been reported that less than 1% of
TILs recognize shared melanoma antigens, the other 99%
are of unknown specificity but might be virus,
neoantigen, or tumor microenvironment-specific T cells
or Bbystanders^ [35, 74]. Importantly, the TCR diversity
of TIL in most cancers might be influenced by the extent
of somatic mutations present in the tumor [90]. Besides
monitoring, TCR sequence information can also be used
to create tumor-reactive T cells. In this context,
neoantigen-specific T cells might be superior compared
to T cells specific for TAA. While the latter can be gen-
erated for different patients, neoantigen-specific T cells
will be most often be personalized. Although TCRβ
chain sequencing can function as a unique identifier for
a specific T cell, it cannot be used alone to determine
antigen specificity or tumor reactivity of a specific T cell.
As discussed above, adaptations of the methods are
needed to obtain information on both TCR chains. It is
conceivable that in the future, sequence information on
alpha and beta chain might allow predicting peptide
specificity of the TCR; currently, it still has to be done
experimentally. Interestingly, high throughput methods
are currently developed to validate TCR affinity and to
determine effectiveness of T cell responses. The in situ
TCR affinity and sequence test (iTAST) measures single-
cell 2D TCR affinity and sequence directly from primary
CD8+ T cells [99], and barcode technology is used for

high throughput epitope recognition profiling [100].
These methods might help to close the gap between
TCR repertoire and T cell function. Regarding TCR-
gene therapy, a rapid, personalized approach that targets
the unique set of antigens presented by the autologous
tumor without the need to identify their immunologic
reactivity has recently been described [101].

It should be further noted that the molecular analysis of T
cells neglects their phenotypic state. Only when combined
with marker staining and sorting detailed information is avail-
able on the respective T-cell clonotypes. For example, a clonal
expansion of a cytotoxic T cell is certainly more advantageous
for the patient than of a regulatory T cell. Hence, besides TCR
sequencing, the T cell infiltrate within a tumor should also be
characterized phenotypically.

As discussed before, tumor heterogeneity and the fact that
only a fraction of the clonotypes present in the blood can be
analyzed are natural limitations which might be reduced by
analyzing biological duplicates. Moreover, for comparison
between peripheral and intratumoral repertoire sizes, normal-
ization between the samples has to be performed. And finally,
PCR amplification might introduce errors affecting clonality
analysis. For accurate T cell clone detection, such errors have
to be identified and corrected for [102].

Conclusion

With the advance of massive parallel sequencing, TCR reper-
toire analysis became not only easier, but the achievable read
depth allows for detection of even low-frequency TCR se-
quences. In this regard, recent studies demonstrated that this
approach is suitable to evaluate the diversity or clonality of T
cells both in blood and tumor samples. Moreover, especially
for tumor samples, T cell clonotypes can be tracked over time
and in different tumors. Since it is a rather new technique,
further improvements regarding the generation, processing,
and analysis of data are likely. Nevertheless, some studies
have already reported promising associations of baseline
TCR repertoire or TCR repertoire changes under therapy with
therapy responses. Certainly, larger studies are required to
confirm TCR diversity as predictive or surrogate markers.
Due to the easy access and non-invasiveness of blood sam-
ples, these would be the preferred samples to analyze. Hence,
studies addressing the relation of TCR repertoires in tumors
and periphery are encouraged. In this regard, encouraging
results came from a recent study demonstrating that TCR rep-
ertoires of the circulating and tumor-infiltrating CD8+PD-1+

cells appeared similar [103]. Thus, distinct peripheral T-cell
subsets might mirror the immune response in the tumor, and
analyzing these subsets could give insight into the dynamics
of the ongoing immune response.
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