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Profiling the T-Cell Receptor (TCR) repertoire is establishing as a potent approach to investigate autologous and treat-
ment-induced antitumor immune response. Technical and computational breakthroughs, including high throughput
next-generation sequencing (NGS) approaches and spatial transcriptomics, are providing unprecedented insight

into the mechanisms underlying antitumor immunity. A precise spatiotemporal variation of T-cell repertoire, which
dynamically mirrors the functional state of the evolving host-cancer interaction, allows the tracking of the T-cell popu-
lations at play, and may identify the key cells responsible for tumor eradication, the evaluation of minimal residual
disease and the identification of biomarkers of response to immunotherapy. In this review we will discuss the relation-
ship between global metrics characterizing the TCR repertoire such as T-cell clonality and diversity and the resultant
functional responses. In particular, we will explore how specific TCR repertoires in cancer patients can be predictive

of prognosis or response to therapy and in particular how a given TCR re-arrangement, following immunotherapy,
can predict a specific clinical outcome. Finally, we will examine current improvements in terms of T-cell sequencing,
discussing advantages and challenges of current methodologies.
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Background
The advent of immunotherapy, including vaccines,
Immune Checkpoint Inhibitors (ICIs), adoptive T-cell
and Chimeric Antigen Receptor-T (CAR-T) cell ther-
apy, buttressed by the development of accurate experi-
mental and computational tools, has revolutionized the
field of anti-cancer treatment, thus instigating the need
of a deep characterization in terms of T-cell clonal-
ity, antitumor functionality and clinical effectiveness of
immunotherapy.

T lymphocytes are the central mediators of the adap-
tive immune system and play a crucial role in immune
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surveillance and cancer eradication. T cells clonally dis-
play on their cell surface an enormous number of dif-
ferent antigen (Ag)-specific TCRs which are multimeric
complexes, made of a heterodimer of a and  chains,
forming the Ag-binding site (TCR), and the signaling-
transducing subunits (CD3) [1-3]. Each TCR can recog-
nize short peptides derived from the degradation of self
and foreign proteins, presented by major histocompatibil-
ity complex (MHC) [4]. Specific TCR-pMHC interaction
stimulates thymocyte development into immunocom-
petent T cells, triggers clonal expansion and differentia-
tion into mature and phenotypically distinct T cells in
the periphery, while preserving self-tolerance. Effective
T-cell responses rely on highly diverse TCR repertoires
which ensure the capability to identify a wide range of
Ags [5]. Three stages, mostly occurring in the thymus,
shape TCR diversity: somatic recombination of variable
(V), diversity (D, B chain only), and joining (J) gene seg-
ments to generate variable TCR a and {3 chains, followed
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by random nucleotide insertion or deletion between the
spliced gene V(D)]J junctions [6], and combinatorial pair-
ing which ultimately may lead to a theoretical genera-
tion of up to 2 x 10'° single ap chain pairs [7]. However,
although extraordinary, TCR diversity is limited and
constantly shaped by both thymic production and, in the
periphery, by homeostatic mechanisms keeping in check
cell proliferation and death. Diversity is further reduced
by natural selective pressures [8—10], and even more so
by the aging process, as senescence gradually impairs the
potential of naive T cells to respond to new Ags leading
to higher representation of more differentiated effec-
tor and/or memory T-cell pools [11]. The development
of major technical and computational advancements
allowed to uncover more layers of complexity underlying
T-cell diversity, leading to the introduction of two novel
concepts: richness, that refers to the number of unique
elements in a population, and evenness, referring to the
distribution of the frequencies of those elements [12].
The introduction of the latter parameter contributed to
the distinction between different clonal compositions,
as richness alone does not fully describe cell expansion
among the limitedly distributed T-cell populations [13].
Repertoire diversity is inversely related to clonality, which
refers to the number and frequency of observed TCRs
within a sample, and together with diversity is often used
as a meter of immune response efficacy (please see Glos-
sary section for definitions and quantification of reper-
toire diversity measures). Thus, the analyses of the TCR
repertoire, considering its crucial role in Ag recognition
and T-cell activation, can provide precise information
on T-cell development, expansion and differentiation
[14]. When combined with the evaluation of the immune
phenotype and functional features, TCR sequencing
represents an outstanding tool for the identification and
monitoring of longitudinal and/or treatment-driven Ag-
specific T-cell dynamics [15-19].

TCR profiling as a proxy to uncover quality and quantity

of the antitumor immune response

The possibility to deeply investigate the TCR repertoire,
also in relation with biological responses, has led to a
paradigm shift in the field, particularly at the urging of
the new high throughput NGS-based and single-cell
approaches [20-23]. Pioneering studies of TCR profiling
not only provided a more accurate evaluation of TCRaf
diversity, but they also revealed the contribution of spe-
cific TCRp genes to the onset of certain diseases [24—26],
and informed on how T-cell clonality, diversity and speci-
ficity, shape biological functions and induce profound
impact either on infections, immune-mediated diseases,
and cancer evolution. With the development of immu-
notherapeutic approaches [27], the question of how the
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cancer genome and the TCR repertoire impact each
other, editing the tumor from the early to late stages,
has recently come to great attention. In particular, TCR-
sequencing (seq) combined with single-cell (sc) RNA-seq
has allowed to investigate gene expression, clonal expan-
sion, TCR lineage and Ag specificity of T cells at the
tumor site and its adjacent tissues. For instance, despite
recent progress of CAR-T and TCR-based adoptive cell
therapies, durable clinical success remains challenging
[28]. Specifically, TCR-based approaches should allow
to target, more efficiently, a broader range of Tumor
Antigens (TAs) including extracellular and intracellu-
lar epitopes which are often shared among patients [29].
However, the dependency on specific human leuko-
cyte antigen (HLA) alleles, the occurrence of on-target
off-tumor toxicity, and the occurrence of primary or
acquired and T cell-intrinsic or extrinsic resistance make
only few patients able to benefit from these approaches
[30, 31]. Hence, the identification of a larger num-
ber of TCRs specific for either new or already identi-
fied TAs would be of high clinical relevance. Moreover,
even if these naturally selected TA-specific T cells are
enriched at the tumor site, they often become dysfunc-
tional by a suppressive Tumor Microenvironment (TME)
[32]. Functional TCR profiling showed that absence of
tumor reactivity is either explained by T-cell exhaus-
tion, and paucity of tumor reactive intratumoral CD8"
T cells [33], highlighting the importance of developing
approaches that increase the quality and quantity of the
intratumoral TCR repertoire in combination with clini-
cal efforts to reactivate exhausted T cells. Moreover, TA-
specific Tumor Infiltrating Lymphocytes (TILs) might
acquire transcriptional trajectories and proliferation
rates distinct from bystander T cells because of a chronic
stimulation, leading to the identification of biomarkers
distinguishing tumor-reactive T cells from bystander T
cells, providing more effective and safer immune-based
therapies [34, 35].

Genetic and epigenetic alterations across tumor pro-
gression result in tumor heterogeneity, a well-recognized
determinant of tumor outcome [36]. Likewise, the anti-
tumor immune response co-evolves with the tumor,
giving rise to an enormous heterogeneity of responses.
The observed intra- and inter-individual heterogene-
ity arouses an important question on the contribution
of intrinsic differences in TCR repertoire and its role
in patient clinical outcome. This hypothesis has been
elegantly supported by Woolaver RA and colleagues by
coupling single-cell transcriptomic analysis with TCR
profiling, in a head and neck squamous cell carcinoma
mouse model. They have shown that genetically identi-
cal hosts responded heterogeneously to the same tumor,
as revealed by the usage of different TCRs against the
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same Ags [37]. The authors also found that TILs from
both progressor and non-progressor hosts underwent
clonal expansion. Top TCR clonotypes and TCR specific-
ity clusters were mutually exclusive between progressors
vs. non-progressors, revealing that intrinsic differences in
TCR repertoire and different transcriptional trajectories
of TILs from different hosts may explain the observed
heterogeneous antitumor immune response [37]. How-
ever, the few TCR clonotypes shared among the two
groups showed diverse functionality, suggesting that
beside the TCR itself, signals from the TME also impact
on T-cell activation and response.

The extent of tumor T-cell infiltration is a highly
informative prognostic factor for many cancer types
[38—41], thus it would be relevant to expand our under-
standing of TME complexity to untangle qualitative
and quantitative aspects of antitumor responses for
more effective therapeutic opportunities [33]. Lastly,
the impact of specific spatial distribution and pheno-
typic states of CD8' T-cell clonotypes within the TME
has just commenced to emerge, suggesting yet another
level of complexity [42, 43]. By employing spatial TCR
sequencing, a study on brain metastasis (BrM) sug-
gested that CD8™ T-cell clones infiltrate the TME in an
Ag-independent manner, yet Ag-reactive and bystander
clones segregate into different niches and develop differ-
ent functions according to the surrounding stimuli [42].
These findings instigate the possibility to target locally the
unique functional niches populated by BrM-infiltrating
CD8™ T cells with less detrimental and more long-lasting
effects on disease control. Recently, Liu et al., developed
Slide-TCR-seq, a new tool for deciphering spatial and
transcriptomic features of T cell clones, suitable for thor-
oughly profile T cells in normal and cancer tissues. Inter-
estingly, the characterization of specimens from a patient
with clear renal cell carcinoma who developed resistance
following PD-1 treatment, allowed to identify high spatial
heterogeneity between clonotypes across different tissues
(inter-clonotype heterogeneity) and within the same tis-
sue (intra-clonotype heterogeneity). Expression profile of
adjacent tumor and immune cells were highly different
depending on the adjacent T cell clone, thus revealing a
complex relationship between clonality, localization, and
gene expression [43].

Dynamics of TCR repertoire diversity and clonality

during antitumoral immune response

Tumor heterogeneity and antitumoral immune response
are dynamically related, as mutations, by generating
neo-Ags may elicit a specific host antitumor immune
response, concomitant with a potent selective immune
pressure driving immune/tumor evolution [44, 45]. A
positive relationship between clonal (present in all tumor
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cells) neoantigen burden and improved T-cell infiltration,
patient survival and response to immunotherapy has
been recently described in Non-Small Cell Lung Cancer
(NSCLC) patients. This suggests that neoantigen hetero-
geneity may influence antitumor response, thus support-
ing the development of therapeutic strategies targeting
clonal neoantigens. [46]. Moreover, different TCR clones
occupy distinct niches at the tumor site, suggesting that
intratumoral TCR diversity spatially correlates with
genomic heterogeneity [47-49]. Hence, deciphering the
TCR repertoire, especially in the context of a more accu-
rate and space-resolved molecular landscape, can help
to define the evolution and heterogeneity of the immune
response against cancer within an evolving TME.

A lesson from anti-viral immune response

Considering the striking parallelism between immune
responses against chronic viral infection and cancer, the
knowledge of the relationship between viral pathogen-
esis and TCR variability may hint fundamental insights
into T-cell-mediated antitumoral immunity. Mecha-
nisms involved in the immune response against viruses
include control of pathogen escape and the selection of
highly performing Ag-specific cytotoxic T-cell clones
often characterized by high affinity and polyfunctional-
ity [50]. Several viruses have developed strategies capable
of limiting the magnitude and quality of CD8"-mediated
response, including mutations that involve residues inter-
acting with the TCR-binding site or impairing Ag pres-
entation by interfering with the MHC-binding groove.
Consequently, a narrow TCR repertoire is particularly
beneficial to the virus because its cross-reactivity poten-
tial is reduced and becomes less adaptable to viral vari-
ations, allowing the virus to select the mutations that
are most self-beneficial. Narrow TCR repertoires have
been described for human chronic viral infections, such
as those caused by Epstein-Barr virus, cytomegalovirus,
hepatitis C virus and HIV, possibly resulting from the
clonal proliferation of T cells constantly exposed to viral
Ags [51]. Therefore, learning from antiviral responses, a
question arises as to whether mutations enhancing tumor
growth may benefit from a narrow TCR repertoire or
increase TCR clonality, thus eliciting a more specific anti-
tumor response.

The influence of TCR diversity on the recognition of
pPMHC complexes has been described in a number of
studies [52], although the relationship between TCR
diversity and T-cell functionality has not been completely
clarified, either in the context of spontaneous or vaccine-
induced Ag-specific immune responses. Noteworthy,
TCR repertoire diversity is a critical determinant which
characterizes T-cell responses both at the periphery and
at the tumor site. Presence of T-cell infiltration has been
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associated with a favorable prognosis in different cancer
types [53], however deciphering the functional states of
antitumor immune responses may provide major break-
throughs in optimizing cancer therapy. Recently, an ele-
gant study analyzing the intrinsic tumor reactivity of the
intratumoral TCR repertoire in ovarian and colorectal
cancer (CRC) [33] has found that the competence to rec-
ognize autologous Tumor Associated Antigens (TAAs)
is limited to nearly 10% of intratumoral CD8% T cells.
This observation implies a low intrinsic antitumor capa-
bility of TILs, proving the requirement for therapeutic
approaches able to increase both quantity and quality of
infiltrating T cells.

Diversity or clonality, that is the question

Investigations addressing the role of TCR clonality/diver-
sity in cancer onset and progression led to different and
often contradictory conclusions. Opposite results from
different studies can be explained according to differ-
ent sources of T cells employed for data generation i.e.,
peripheral vs. tumor site and different methodology i.e.,
bulk vs. single cell-based approaches. The evaluation of
TCR diversity can also be affected by tissue-specific vari-
ables, like the different amount of tumor tissue-resident
memory T cells, endowed with higher clonality [54],
across different tissues. First studies on TCR repertoire
profiling were obtained in melanoma patients where
tissue sampling is more accessible and less invasive.
A seminal investigation on five metastatic melanoma
patients showed the occurrence of highly homologous
CDR3 expanded T cells in all analyzed patients, which
speaks in favor of a response directed toward a restricted
number of epitopes and the usage of a highly restricted
TCR repertoire [55]. More recently, by combining high-
throughput scRNA-seq and scTCR-seq Oliveira and col-
leagues investigated the relationship between phenotypic
properties and TCR repertoire clonality of melanoma-
infiltrating T cells [56]. Their findings depict a scenario
where highly expanded clonotypes display an exhausted
phenotype, with decreased TCR diversity. The same
clonotypes were also found in the periphery, but with a
non-exhausted memory phenotype suggesting that the
exhausted signature was achieved within the TME [56].
Initial investigations in CRC, showed that peripheral
blood from CRC patients have a higher TCR repertoire
restriction than healthy donors, that was instead similar
in tumor tissue and normal mucosa, suggesting a TCR
distribution more compartment-specific rather than
due to tumor/T-cell interaction [57]. Conversely, Sher-
wood et al, described a substantial difference in the
TCR repertoire diversity between T cells infiltrating the
tumor site and T cells of the healthy mucosa both char-
acterized by a higher TCR clonality compared to that
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observed in peripheral blood [58]. A highly polyclonal
TCR repertoire was shown to characterize T cells infil-
trating renal carcinoma, a tumor type that can display
extensive genetic intra-tumor heterogeneity [48]. Succes-
sively, by using high-throughput TCRp sequencing and
scRNA-seq on both circulating and tumor-infiltrating
T cells, it was found that a higher TCR diversity corre-
lates with a more naive T-cell repertoire and associates
to a better prognosis in this tumor [59]. Differently, in a
study on ovarian cancer patients, TILs displayed a strong
TCR repertoire similarity throughout the tumor site,
but different from the circulating counterpart, suggest-
ing that in ovarian cancer, antitumor immune response
is spatially homogeneous, but distinct from the periph-
ery [60]. Pancreatic cancer is one of the most lethal
tumors where the presence of an abundant desmoplastic
stroma promoting malignancy of cancer cells and form-
ing a barrier to immune cell infiltration and activation, is
a major driver of cancer aggressiveness [61]. Thus, char-
acterization of the molecular and cellular determinants
regulating T-cell enrichment and differentiation in such
a peculiar and spatially-complex compartment, would
be of critical importance to overcome treatment failure.
One of the first studies aimed at profiling the TCR rep-
ertoire of infiltrating and circulating cells in pancreatic
cancer patients was performed by Bai et al.,, who found
no difference in the periphery of patients and healthy
donor repertoire but identified an abundant presence of
clones with low frequencies in cancer-infiltrating T cells
compared to controls, suggesting the existence of shared
immunological features among patients [62]. The homo-
geneity of intratumor TCR repertoires in pancreatic
cancer has been recently confirmed by a study showing
high intra-tumoral TCR P repertoire overlap across the
tumor, although distinct from the circulating repertoire
[63]. In NSCLC, mutational burden and tumor hetero-
geneity result in highly diverse intratumoral TCR rep-
ertoire between samples of different patients, however,
T-cell clone overlap analyses between normal lung tis-
sues and NSCLCs showed a good degree of similarity
[64] suggesting that several infiltrating clonotypes likely
reflect a persistent exposure to pathogens more than a
response to specific tumor-Ag. Reuben et al. analyzed
the TCR repertoire in 45 tumor regions from 11 localized
lung adenocarcinoma samples, confirming a substantial
intratumor heterogeneity in T-cell clonality [49]. TCR
diversity positively correlated with predicted neo-Ags,
suggesting that the different expression of neo-Ags in
different tumor regions may be responsible for the lon-
gitudinal differences observed in the spatial TCR distri-
bution. Finally, a higher extent of TCR heterogeneity was
related to an increased risk of postsurgical relapse and
reduced disease-free survival, implying a possible clinical
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inference for TCR heterogeneity as a potential biomarker
in NSCLC prognosis [49]. These findings have been fur-
ther confirmed by Joshi et al, that in the course of the
prospective lung TRACERx study observed a higher
chance of recurrence or reduced patient overall survival
(OS) in association with intratumoral genomic het-
erogeneity [65]. Authors, following the hypothesis that
mutational load and genomic heterogeneity reflect the
intra-tumor TCR repertoire variability, observed that the
TCR repertoire across multi-region tumor specimens is
different from that observed in normal lung tissue and
periphery [65]. Similarly, characterization of T cells infil-
trating breast cancer and the surrounding normal tissue
revealed a different clonal composition of the tumor and
adjacent tissue, with TILs showing higher T-cell clonal-
ity as compared with T cells infiltrating normal tissue
[66]. The clonal configuration was more similar between
circulating T cells and normal breast tissue than tumor-
infiltrating T cells. However, both the tumor and normal
breast tissue displayed the presence of lymphocytes with
enriched sequences, absent or poorly expressed in other
tissues, implying the existence of a compartmentalization
of T cells [66].

Overall, most studies report that high TCR diversity is
often associated to a better disease progression, whereas
low diversity correlates with more aggressive pheno-
types [67]. However, what emerges is the urging need for
a deep understanding of the complex crosstalk between
TAAs and the host adaptive immunity, critical for find-
ing therapeutic targets and developing effective immu-
notherapies. Considering all the emerging findings, very
diverse scenarios can be expected with TILs either hav-
ing a homogeneous TCR repertoire throughout distinc-
tive tumor areas, or showing heterogeneity originating
from longitudinal changes in the rate and nature of neo-
Ags a within the same tumor.

Another feature to be taken into consideration is the
frequency of public and private TCR sequences. In
particular, the latter have been most often associated
with a more specific antitumor response, with respect
to public sequences, many of which are present also
in non-tumor tissues and may likely reflect a non-spe-
cific response [68]. Li et al. suggested that the popula-
tion of tumor-infiltrating T cells retain a large fraction
of public clonotypes which show shorter CDR3 regions
compared to private T cells, and are less likely to bind
neo-epitopes according to the hydrophobicity analy-
ses [69]. Interestingly, the middle 3 amino acids of the
private CDR3 motifs contain significantly higher por-
tion of hydrophobic residues than those of the pub-
lic motifs, and hydrophobicity has been described as a
hallmark of immunogenic neo-epitopes, suggesting that
private CDR3 sequences might have higher potential
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for tumor-Ag recognition [69, 70]. Finally, as emerging
from recent findings by Zhuo et al,, healthy elder indi-
viduals similarly to cancer patients, display a very poor
TCR diversity within the periphery, revealing alteration
of TCR repertoire in aging and oncogenesis, suggesting
a possible use of circulating TCR profiling as marker of
immune cell fitness in clinical practice [71].

Role of the TCR repertoire in response to cancer
vaccination

In the framework of Ag specific cancer vaccines, we have
reported that peptide-vaccination combined with chem-
otherapy is able to induce a diversification of Melan-
A-specific T-cell repertoire in the peripheral blood of
long-surviving melanoma patients, with a turn-over of
new polyfunctional and tumor-reactive clonotypes [72,
73]. The increased diversity of TCR repertoire was not
observed in patients treated with the peptide vaccination
alone [72]. Noteworthy, diversity may be related to the
nature of the tumor Ags, since the TCR repertoire spe-
cific for gp100, the other peptide used in the vaccine for-
mulation, was oligoclonal irrespective of the combined
dacarbazine treatment [74, 75]. In agreement, Stuge
and co-workers observed a diversified Melan-A-specific
CDS8™" repertoire expanded after peptide-vaccination,
although a significant proportion of these cells was una-
ble to lyse tumor cells [76]. TCR repertoire diversity may
also be affected by the vaccine formulation as reported
by Connerotte et al. who described that only the vac-
cine formulation including MAGE-3-peptide-pulsed
dendritic cells was able to generate a polyclonal T-cell
response in melanoma patients with tumor regression,
whereas MAGE-3 peptide or ALVAC mini-MAGE1/3
vaccinations induced a monoclonal T-cell response [77].
Conversely, a different study correlated the diversifica-
tion of TCR repertoire to the use of the natural, rather
than the modified, Melan-A 26-35 peptide in the vac-
cine formulation [78].

More recently [79], TCRap sequencing and immu-
nophenotyping of circulating T cells form patients with
metastatic melanoma receiving a personalized neo-
Ag cancer vaccine, combined with anti-PD-1 therapy,
showed that prolonged progression-free survival (PFS)
was strongly associated with increased TCR clonal-
ity which did not change over treatment, a behavior
referred to as repertoire stability [79, 80]. Although
the frequency of persistent clones correlated to the fre-
quency of effector-memory CD8" and CD4% T cells,
this capability was shared by both neoAg-specific and
vaccine-expanded clones.

An increased diversity of the circulating TCR rep-
ertoire, correlating with longer survival, was observed
in either lung [81] and colorectal [82] cancer patients
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treated with cancer peptide vaccines. Interestingly, poor
responders did not show any augmented repertoire
diversity. An important question is whether the periph-
eral TCR repertoire mirrors the TCR changes occurring
at the tumor site. Tamura and co-workers reported that
advanced CRC patients showing reduced TCR diver-
sity at the tumor site exhibited longer PES after vac-
cine and chemotherapy treatment [82]. Moreover, TCR
clones directed against tumor Ags were untraceable in
the periphery before treatment, but they became detect-
able after vaccination. This suggests that the expanded
T-cell populations could have been activated in the
lymph nodes near the vaccine injection site and allowed
to circulate in the blood, thus reflecting accumulation
and activation of certain T-cell populations at the tumor
site adequately fit to overcome the inhibitory signals
provided by the TME. In a recent study, patients with
metastatic deficient mismatch repair ({IMMR) tumors,
treated with anti-PD-1 and vaccinated with an adenoviral
platform (Nous-209) encoding shared neo-Ags, showed
expansion and diversification of the TCR repertoire as
well as an increase in tumor-infiltrating T cells with an
effector memory signature [83]. These findings suggest
a way to overcome resistance to anti-PD-1 treatment by
enhancing TIL immunogenicity and diversity, induced by
the vaccine.

Thanks to the advent of NGS approaches, whole can-
cer exomes can be sequenced and compared with healthy
tissue (germline exome), providing new perspectives
to convert the patient individual alterations into a per-
sonalized vaccine [84, 85]. Such an approach may over-
come the tremendous cancer heterogeneity and increase
the probability of generating an effective tumor-specific
immune response.

TCR repertoire diversity in response to ICls

The employment of ICIs has been proven to increase sur-
vival of patients with different types of cancer [86-91].
Nevertheless, the limited proportion of patients who
benefit from ICIs highlights the requirement to identify
patient-specific immunological features accounting for
efficient treatment response. By mirroring the specificity
and strength of human immune response, the TCR rep-
ertoire represents a “dynamic fingerprint” of the events
evolving at the tumor site. Hence, TCR analysis can pro-
vide valuable insights to improve ICI efficacy and safety,
guiding patient stratification and allowing immune-mon-
itoring during therapies. So far, biomarkers of ICI success
have been focused mainly on the intratumoral expres-
sion of inhibitory ligands, including PD-L1, on the tumor
mutational burden and on the presence of infiltrating T
cells. More recently, several studies have tried to explore
the correlation between the modification of both TCR
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diversity and clonality with the establishment of a protec-
tive tumor-specific response during ICI therapy, leverag-
ing the possibility to trace tumor-specific T cells by TCR
profiling. Most of these investigations employed circulat-
ing T cells, due to the difficulty of obtaining longitudinal
tumor samples, nevertheless TCR profiling of infiltrating
T cells is also emerging, highlighting the different impact
on TCR diversity exerted by the mAbs targeting the two
major ICIs, namely CTLA-4 and PD-1 [92].

In this paragraph we aim at summarizing recent evi-
dence supporting precise TCR repertoire profiling as a
novel predictive biomarker of ICI response to optimize
patient benefit, minimize toxicity, and guide combina-
tion approaches. Specifically, we describe the role of the
endogenous TCR profiling before therapy and after the
two major immune checkpoint treatments, mainly in
melanoma patients.

Initial investigations on the effect of baseline TCR rep-
ertoire on melanoma patients treated with anti-CTLA-4
or anti-PD-1, showed that a high diversity in periph-
eral blood, was associated with good clinical outcomes.
Specifically, patients with clinical benefit after CTLA-4
blockade exhibited higher richness and evenness in their
baseline TCR repertoires compared to non-responders,
suggesting that a more diverse TCR repertoire may be
critical to enhancing clinical response to anti-CTLA4
treatment [13].

According to a recent retrospective study [93], mela-
noma patients responding to anti-PD-1 or anti-CTLA-4
therapy exhibited low TCR diversity, in pre-treatment
peripheral T cells. In particular, the authors showed
that low diversity evenness was differentially predictive
of poor outcome in patients treated with anti-CTLA-4
and longer PFS in those treated with anti-PD-1 [93]. This
study confirmed previously observed data from mela-
noma biopsies of patients treated with anti-CTLA-4 fol-
lowed by PD-1 blockade, namely that a more clonal
baseline TCR repertoire was predictive of response to
PD-1, but not to CTLA-4 blockade [94]. Moreover, Riaz
and colleagues have reported a reduced evenness with-
out a significant change in terms of richness, which was
amplified by nivolumab irrespective of the beneficial
effect, in patients receiving immunotherapy [15]. The
authors performed a longitudinal multi-omics analysis on
a large cohort of melanoma patients, either naive or pre-
viously treated with anti-CTLA-4, revealing how tumor
co-evolves with the antitumoral immune response during
anti-PD-1 treatment. They found a positive association
of mutational load and treatment response in patients
naive to prior CTLA-4 administration. Temporal changes
in intratumoral TCR repertoire revealed a decreased
evenness without a significant change in terms of rich-
ness in responder patients not previously treated with
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ipilimumab. This is consistent with the expansion and
accumulation of specific T-cell clonotypes in response to
tumor-antigen recognition [15].

Another critical question is how the broadening or
expansion of the TCR repertoire can be considered a
biomarker of patient response to treatment with IClIs.
In a retrospective study on melanoma and prostate can-
cer patients, CTLA-4 blockade has been described to
support a vigorous renovation of the TCR repertoire by
inducing the occurrence of an overall enlarged repertoire
diversity. Cha et al.,, in 2014 described how patients with
metastatic castration-resistant prostate cancer and meta-
static melanoma treated with anti-CTLA-4 showed both
a circulating repertoire enlargement and a loss of T-cell
clonotypes, with an overall renewal of the TCR reper-
toire which evolved during the treatment, along with
increased TCR diversity [19]. However, the increase in
the number of clonotypes was not related to the clinical
outcome, although an enhanced OS was correlated to the
preservation of clones showing high frequency before
therapy. Differently, the occurrence of clonotypes with
the highest frequency dropped following the treatment
in patients with short OS. These observations indicate
that CTLA-4 blockade provokes a broadening of the TCR
repertoire and that a lower incidence of clonotypes lost
after therapy, is associated with better clinical outcomes.
In particular, this is indicative of preservation of high-
frequency clonotypes along the blockade therapy, which
may provide a baseline high-avidity antitumor response
[19]. Robert et al., analyzed the TCR features in the
peripheral blood-derived T cells from patients treated
with tremelimumab, an anti-CTLA-4 mAb, before and
after therapy, observing a general increase in unique
productive TCR V-beta CDR3 sequences in almost all
patients [95].

Differently from what observed with anti-CTLA-4
therapies, blockade of PD-1 has been described to
expand specific clones, resulting in a less diverse T-cell
populations in metastatic melanoma patients [96]. In
particular, Tumeh and colleagues [97] showed higher
TCR clonality and reduced frequency of the less diverse
population in responding patients as compared with
those with disease progression. Also, tumor tissue-resi-
dent memory T cells displayed a ten-times enrichment
of specific clones after anti-PD-1 therapy in respond-
ing patients compared with progressors, which implies
a tumor-specific response to therapy for these patients.
Remarkably, baseline TCR clonality was not particu-
larly linked to the density of TILs, which suggests that
also patients with poor T-cell tumor-infiltration might
still benefit from anti-PD-1 therapy, if these cells have
a restricted TCR clonality. The analysis of TCR reper-
toires before and during anti-PD-1 therapy indicated
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that in responding patients, proliferation of intratu-
moral CD8* T cells is directly linked to a decrease of
the tumor dimension. Of note, the baseline clonal TCR
repertoire displayed by T cells of patients responsive to
PD-1 blockade required the pre-existence of CD8" T
cells emerging from the area surrounding the tumor and
expressing juxtaposed PD-1 and PD-L1. Enhanced T-cell
clonality in anti-PD-1 responding patients was also
reported in NSCLC, glioblastoma, metastatic bladder
cancer and pancreatic cancer [36, 98, 99]. Two recent
studies by Valpione et al. [100] and Fairfax et al. [101] on
metastatic melanoma patients receiving ICI treatments,
revealed an early (3 weeks) increase of circulating TCR
repertoire clonality in patients showing durable clinical
benefit. Moreover, the authors of the two independent
studies observed the specific expansion of a distinctive
subset of cytotoxic memory effector peripheral T cells
(T|p), known to infiltrate tumors. These findings encour-
age non-invasive and early monitoring of patients receiv-
ing ICIs to anticipate clinical response to the treatment.
The importance to frame early time points and quantify
the dynamics of TCR repertoire during immunother-
apy, was also confirmed in a syngeneic mouse model
of CRC, where the authors identified a transient and
initial increase in clonality in parallel with a decreased
diversity which gradually receded [102]. More recently,
Woucherpfennig group published an elegant study where,
by designing a powerful experimental set up, the authors
temporally characterized the response of T-cell subsets
to anti-PD-1 and anti-CTLA-4 treatments, both in the
tumor and blood of head and neck cancer patients, in
a neoadjuvant setting [103]. SCRNA- and TCR-seq of T
cells, pre- and post-treatment, allowed the direct iden-
tification of a subset of tumor-infiltrating CD8" T cells,
clonally expanded during immunotherapy, with elevated
tumor tissue-resident memory and cytotoxicity pro-
grams, deemed as the predominant T-cell population
responding to neoadjuvant ICls.

Whether T-cell response to ICI relies on pre-existing
tumor infiltrating clonotypes or, on a distinct reservoir of
T-cell clones recruited to the tumor site, is not yet clearly
defined. By employing cutting-edge technologies, includ-
ing paired scRNA- and TCR-seq, Yost and colleagues
found that the expansion of T cells upon checkpoint block-
ade stems from distinct T-cell clones that may have just
infiltrated the tumor bed [18]. These data highlight how
high-resolution TCR profiling has become an invaluable
tool to gain insights into fundamental biological processes,
by allowing dynamical T-cell tracing in time and space.

Immune checkpoint blockade is correlated to a series of
immune-related adverse events (IRAE), whose underly-
ing mechanisms have not been defined yet. In the above-
mentioned investigation [18] a substantial divergence
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was observed in the total unique productive TCR V-beta
CDR3 sequences between patients undergoing toxicity,
as compared with patients without significant adverse
effects. Therefore, the CTLA-4 blockade-associated
expansion of the extent of single TCR sequences in the
peripheral blood was linked to the generation of auto-
immunity and inflammation. Moreover, an ipilimumab-
associated diversification in the TCR repertoire has been
mostly observed in patients with IRAE compared to
patients without adverse effects. In particular, an initial
broadening in the repertoire has been shown to happen
within 2 weeks of treatment, preceding the IRAE onset.
Also, PFS response to ipilimumab has been associated
with increased TCR diversity, showing how a prompt
diversification in the immune repertoire immediately
after checkpoint blockade can be both detrimental and
beneficial for cancer patients [104].

Knowledge about multiple clinical variables is essen-
tial for precision immune-oncology and clinical deci-
sion making. By examining the clinical characteristics of
patients with melanoma treated with first-line anti-PD-1
mAb, Zena et al. observed age-related effects on TCR
repertoire evolution and T cell expansion, showing that
age influences T-cell reinvigoration by ICI therapy and,
therefore, that it should be included among the biomark-
ers used to monitor responses to immunotherapy [105].
Additional research suggested that T-cell clones shared
between blood and tumor (overlapping clones) are those
more informative on the clinical outcome, as a higher fre-
quency of overlapping clones within peripheral CD8" T
cells before anti-PD-1 treatment was associated with a
favorable clinical response [106—108].

Immunological qualities of cancer chemotherapy,

when chemotherapy helps immunotherapy

The combination of ICI with chemotherapy, referred
as chemoimmunotherapy, has changed the standard of
care in clinical practice and the neoadjuvant setting has
recently achieved unprecedented clinical success, rising
increasing interest for the identification of the underly-
ing molecular mechanisms. Clinical indications from
ongoing trials in locally advanced stages of NSCLC,
has revealed promising results pointing to a complete
pathologic response (CPR) in 63% of patients treated
with neoadjuvant chemoimmunotherapy [109, 110]. As
largely discussed in the above paragraph, TCR profiling
is becoming a reliable tool to survey antitumor response
and a promising biomarker for immunotherapy [79],
also in NSCLC [49]. A seminal explorative investigation
from Casarrubios and colleagues defined the TCR rep-
ertoire dynamics, with a temporal and spatial resolution,
in NSCLC patients receiving neoadjuvant chemoimmu-
notherapy [111]. Precise TCR-seq of cancer-infiltrating
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T cells showed that the presence of top 1% clonal space
and TCR evenness imply a high tumor immunogenicity
and are associated with CPR in patients receiving neo-
adjuvant chemoimmunotherapy. Furthermore, the same
tissue top 1% clones were expanded also in peripheral
blood, suggesting that systemic immunosurveillance
could explain the observed complete clinical response
and protection from relapse [111].

By coupling TCR profiling with RNA-seq on infiltrating
immune cells from 12 surgical resected NSCLC patients,
Hui et al. investigated the tumor immune transcriptomic
profiles and their association with the clinical response
to neoadjuvant pembrolizumab and chemotherapy at
single-cell resolution [112]. This led to the identification
of several key events associated to a positive clinical out-
come, including tertiary lymphoid structure development
and expansion of intratumoral CD4" T and peripheral
CD8™ T-cell clones [112]. In particular, by following the
migration trajectories of expanded tumor tissue-resident
memory T-cell clones, they suggested that the reinvig-
oration of TAA clonotypes occurs within the circulat-
ing compartment which dynamically exchange with
the tumor lesion, further supporting the monitoring of
peripheral TCR repertoire diversity and clonality as non-
invasive predictors of patient response and survival in
NSCLC [113].

Chemoimmunotherapy is a recognized treatment for
triple-negative breast cancer (TNBC) [114, 115], however
not all chemoimmunotherapy regimens have improved
the clinical outcomes for patients with metastatic disease
[116, 117] suggesting that different ICI/chemotherapeutic
combination can distinctively shape antitumor response.
Chun et al,, have recently provided the first compari-
son of the effects of anti-PD-1 treatment combined with
paclitaxel or capecitabine on T-cell subset repertoire
during first or second-line treatment of patients with
metastatic TNBC [118]. No differences in TCR reper-
toire clonality were detected after the administration of
the different combinations within the circulating and tis-
sue compartment, however, using a novel computational
approach, the authors found that paclitaxel plus anti-
PD-1 induces the generation of a higher number of novel
clonotypes than capecitabine. Although additional evalu-
ations are needed to understand the mechanism elicited
by the different chemotherapy backbones on immune
cell populations, emerging data offer valuable insights for
future characterization of specific chemoimmunotherapy
combinations.

One hypothesis that may explain the success of this
approach is that the modifications induced by chemo-
therapy within the TME can support a specific T-cell
mediated antitumor response, further improved by
immune-stimulating agents [119]. This has been the case
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for a broadly used class of chemotherapeutics, specifi-
cally, alkylating agents. Alkylating chemotherapy includes
a class of DNA-damaging compounds that covalently
modify DNA by either methylating distinctive bases or
generating inter-strand or intra-strand alkyl crosslinks. In
a murine genetically engineered model of BRCA1 breast
cancer, the combination of anti-CTLA-4 and anti-PD-1
therapies with cisplatin-based chemotherapy has resulted
in improved survival [120]. DNA damaging agents able
to induce double-strand breaks could probably synergize
with PD-1 blockade by facilitating innate immune recog-
nition. Studies involving several chemotherapeutics and
more targeted DNA damaging agents are under way and
can contribute to elucidate whether this mechanism plays
a critical role in human tumors. In the case of triazenes,
immunogenic mutations are produced by methylation of
06-guanine of DNA and are confidently associated with
a broadening of the antigenic breadth and clonal diversity
of antitumor immunity [121]. Therefore, it can be pos-
tulated that mutation-dependent neo-Ags, obtained by
appropriate pharmacological intervention, may represent
a novel approach for enhancing the therapeutic efficacy
of selected ICIs in cancer patients. Recently, from a phase
II study evaluating the use of pembrolizumab in meta-
static CRC patients with chemo-refractory mismatch
repair—proficient (MMRp) and O6-methyl-guanine-
DNA-methyltransferase promoter methylated metastatic
CRC, emerged that temozolomide may modulate the
immunogenicity and enhance pembrolizumab efficacy
[122]. Altogether, this evidence highlight the relevance of
investigating chemotherapy associated TCR repertoire in
tumors to better establish the chemo-immunotherapeu-
tic combinations.

New technical advancements for the TCR repertoire
analysis

The above-described major advancements in T-cell autol-
ogous or immunotherapy-induced response to cancer,
has been made possible thanks to the advent of high-
throughput technology, able to study not only muta-
tional, gene expression and epigenetic landscapes, but
also the immune cell landscape and TCR repertoire.

TCR sequencing allows indeed to characterize the
entire V(D)J sequences of T cells retrieved from one or
multiple T-cell populations from a single or multiple
samples, namely the entire TCR repertoire. Very recent
advancements have brought the development of single-
cell technologies, also applied to the characterization
of TCR, that may be paired with transcriptomic pro-
files or chromatin accessibility assays, in the so-called
multi-modal experiments. In the next paragraphs we
will provide an overview of the latest technical and
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computational improvements in T-cell sequencing, high-
lighting both challenges and strengths of each approach.

Bulk sequencing

At the beginning of NGS revolution, bulk TCR-seq
has been widely used to investigate and characterize
the TCR repertoire in terms of diversity, clonality and
antigen specificity [9]. Many commercial kits have been
made available from multiple companies to retrieve
TCR sequences from dissociated tissues or flow-sorted
cell populations, using both genomic DNA (gDNA)
and messenger RNA (mRNA) as starting material. Both
gDNA and mRNA have their own pros and cons: the
former was recommended for the stable number of TCR
copies (one TCRp rearrangement per cell) that enables
direct quantification, but it does not consider the allelic
exclusion, thus reducing sensitivity and clonotypes
diversity evaluation. On the other hand, the mRNA-
based approach, although less stable, is not affected by
the allelic exclusion issue and has increased sensitivity,
also thanks to the possibility to employ Unique Molecu-
lar Identifiers (UMI) to minimize amplification biases
and sequencing errors. Besides, mRNA expression lev-
els can differ between cells (multiple copies of TCR per
cell), sometimes leading to difficulties in the quantifica-
tion of clonal expansion [123]. The major downside of
bulk TCR-seq is that it can only provide information
about a single TCR chain, thus failing in characteriz-
ing the heterodimeric receptor subunits pairing, a fun-
damental determinant of TCR Ag specificity. This is
due to the technical steps required for TCR sequences
retrieval and amplification. Both multiplex PCR and 5’
Rapid Amplification of ¢cDNA Ends (RACE) methods
introduce some biases hindering the af pairing in the
downstream analyses, thus preventing researchers to
fully appreciate the potential of TCR repertoire portray-
ing in improving the quality of functional and clinical
studies, especially when considering rare T-cell popula-
tions [124].

Single-cell sequencing

Recently, NGS-based single-cell TCR-seq has emerged,
revealing that differently from bulk sequencing, single-
cell methodologies can retrieve cells individually from
a pool and generate a uniquely barcoded sequencing
library, thanks to microfluidics or nanowell-based tech-
nologies [125, 126]. Moreover, UMIs are added to the
pre-amplification step, to ensure the correct quantifica-
tion of mRNA transcripts and TCR from single cells that
can be captured and sequenced simultaneously, allowing
the identification and functionality of subpopulations,
thanks to the sequence of TCRaf pairs, transcriptional
trajectories and states of T-cell subsets [127]. Although
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scTCR-seq brings the opportunity of having full length
sequences per cell, it is not free from sequencing errors.
To date, methods for capturing and amplifying the full
TCR sequence in single cells, relies on methods used in
bulk sequencing such as the above-described PCR-based
methodology, thus sharing the same pitfalls [16].

Spatial transcriptomics and TCR

Alongside single-cell sequencing, in the last years the
power of spatial transcriptomics has been growing rap-
idly, and being compatible with archival tissues, has
opened new avenues for retrospective analyses of sam-
ples available in pathology units and bio-banks. Explo-
ration of spatial transcriptomic findings will help model
tissue organization and identify the mechanisms involved
in tissue homeostasis and its deregulation as occurs in
cancer. The possibility to study gene expression on intact
tissue, by maintaining spatiality, can provide meaningful
information not only about cell states and phenotype, but
also on the crosstalk between cellular and non-cellular
components, ultimately determining signaling to which
cells are exposed [128]. Moreover, imaging tools can be
leveraged to identify cells or tissue areas expressing spe-
cific surface markers that, coupled with gene expression,
can guide downstream analyses [129]. Sudmeier and
colleagues successfully paired spatial transcriptomics
with TCR-seq by adapting the 10X Visium experimental
protocol, revealing how tumor infiltrating CD8% T-cell
subpopulations have different phenotypes and localize
in specific niches within brain metastasis tumor core or
parenchyma, fostering the development of more specific
immunotherapeutic strategies [42, 130]. Recently, a novel
methodology, referred as to Slide-TCR-seq, has been
developed by Liu et al. for sequencing whole transcrip-
tomes and TCRs within intact tissue [42, 43, 130]. The
unprecedented opportunity to explore the TCR reper-
toire dynamics in their spatial context will be instrumen-
tal in understanding how the anatomical distribution of
T cells and their partners shapes immune response, par-
ticularly within the dysregulated TME.

Computational analysis of TCR repertoires

Since TCR-seq has been widely adopted, many compu-
tational tools for primary and secondary data analysis
have emerged. Among primary data processing tools,
most popular are MiXCR, IMSEQ, RTCR, IMGT/HighV-
QUEST, IgBlast, MIiGEC, ImmunoSEQ, SODA2 and
iHMMune-align [123, 131-138]. Each of them uses a
different strategy to identify V(D)] segments and anno-
tate the CDR3 sequence: some use the BLAST algo-
rithm, others a Hidden Markov Models-based approach
or an ad-hoc built algorithm to exactly match the V(D)]
sequences from databases of known TCR sequences and
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extract the CDR3 region nucleotides. Moreover, in recent
years, the Immcantation computational framework has
been developed. This framework relies on ad-hoc built
and third-party pieces of software, providing a complete
computational environment to carry out both data pro-
cessing and secondary data analysis [139].

One of the most used computational tools is MiXCR,
that allows to fine tune processing parameters to
adjust the pipeline to data types and desired outputs.
Furthermore, it can also reconstruct TCR sequences
starting from RNA-seq or WES experiments that
can yield another piece of information from the
same data, although with major limitations compared
to proper TCR-seq experiments [131]. Other strate-
gies to reconstruct TCR sequences from scRNA-seq
data have been also developed over time. These strat-
egies rely on Bayesian statistics or proper mapping
of reads against a database of all known TRAV and
TRBV sequences [140-142].

To gain helpful information, scientists usually analyze
the TCR repertoire in terms of diversity and clonality of
T-cell clonotypes, along with the different usage of V/J
genes and spectral information. Among the measures of
clonotypes diversity, Shannon, Simpson and Gini diver-
sity indices have been adopted and are often considered
together to get full insight from data, as they weight
species richness and evenness differently [12]. V/]
genes usage is often taken into consideration because
of the tendency of being biased toward specific rear-
rangements in particular settings such as cancer and
autoimmunity [143, 144]. Most employed software
package for the described analyses are VDJTools and
ImmunArch [145].

Profiling the TCR repertoire at precise molecular
and spatial resolution, either at bulk and single-cell
level, is opening a new era in the identification of T-cell
dynamics, differentiation and response trajectories, with
major implications in health and disease, as thoroughly
discussed in this review. Technical improvements and
high cost, particularly for single-cell methods, still
represent challenges to address, however new oppor-
tunities are also emerging, in particular the combina-
tion of the discussed methodologies with orthogonal
methods, that may lead to an even finer understand-
ing of T-cell response and instigate new therapeutic
approaches.

Conclusions

TCR profiling is a powerful novel approach in the analy-
sis of host—tumor interaction and response to thera-
pies (Fig. 1). However, what emerges from the reported
observations is a complex picture where the antitu-
mor immune response is continually shaped by several
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Fig. 1 Advancement in TCR repertoire profiling and clinical applications. T cells from different body compartments, including blood or tissues
can be subjected to accurate TCR profiling. High-throughput sc-TCR sequencing combined with spatial and transcriptomic information can offer
a plethora of key insights to decipher the complex nature of antitumor immune responses and track T cell dynamics over time and space. TCR
repertoire meters, including diversity and clonality can be derived and used as biomarkers of prognosis and response to immunotherapy. Created

factors, resulting from the interplay of tumor genomic
characteristics, local microenvironment modulation,
and intrinsic antitumor T-cell capabilities. The devel-
opment of multi-modal experiments, integrating TCR
repertoire sequencing at single-cell resolution will be of
central importance for precise T-cell phenotyping and
functionality, identification of transcriptional T-cell tra-
jectories and specific tracking of distinct T-cell subsets
in periphery and at tissue level. Several evidence show
alterations of TCR repertoire in cancer and response to
therapy, encouraging the clinical use of repertoire meas-
urements for progression monitoring, assessment of
response to treatment and patient stratification. As far,
only few reliable biomarkers are accessible for clinicians
to improve patient selection and treatment efficacy for
immunotherapy. Thus, validation of TCR repertoire
analysis combined with the latest advances in machine-
learning approaches, that will potentially uncover the
tumor Ag specificity of the immune repertoire, will be
fundamental to improve cancer care and ultimately for
the development of novel strategies to improve patient
outcomes.
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Glossary
Clonality It is an estimate of clonal expansion, and is defined as the prob-
ability that two independently identified sequences originate
from the same clone. It is based on the normalized Shannon
entropy [146], and it is inversely related to the diversity of T-cell
clones.

DEs, The diversity evenness score represents an index of clonality
[147]. It describes, when the number of reads is summed up
in rank order (from high to low), how many unique reads exist
within 50% of in-frame reads. The lower the number is, the
higher the clonality.

Repertoire diversity takes into account the clonal composition,
corresponding to the number of unique TCR sequences (rich-
ness) and the distribution of these sequences (evenness). Diver-
sity can be mathematically derived from information theory
used in ecology to measure ecosystem biodiversity and quanti-
fied by several indices, as reviewed by Chiffelle et al (12).
Distribution of the frequencies of the unique TCR sequence

Diversity

Evenness
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(richness) of a repertoire. It allows to discriminate among rep-
ertoires with different clonal compositions, i.e., those that con-
tain very few expanded clones with several rare ones, and those
which are evenly distributed [148].

Gini coefficient It is a common index used to derive the clonal distri-
bution of a repertoire [149]. It quantifies inequality, i.e.,
evenness rather than the richness.

Inverse Simpson index This index is used when dataset contains high-fre-
quency reads [150]. High values suggest an even dis-
tribution of TCR clones, whereas low values indicate
enrichment of T-cell clones.

Jaccard indexlt is a measure of similarity/dissimilarity between two repertoires
[151]. It is defined as the size of overlapping species divided by
the size of both compared repertoires. It varies from 0 (no over-
lap) to 1 (perfect overlap).

The Morisita-Horn index [t is a measure of similarity (overlap)
between two repertoires [152]. It takes
into account both the number and abun-
dance of shared TCRs between the two
repertoires. It varies from 0 (no overlap) to
1 (perfect overlap).

Pielou’s indexIt measures the clonality of a repertoire, it is defined by the ratio

between the Shannon entropy and the maximization of the

diversity distribution of species within a sample [153].

Number of unique TCR sequences, generated by the random

and error-prone rearrangements of the V and J segments of the

TCRaandV, D, and J segments of the TCR( genes in the thymus.

Shannon entropy index A common measure of TCR diversity which takes into
account sample richness and evenness [154]. It ranges
between 0 and 1, where 1 indicates the most diver-
sity, and 0 absence of diversity. When a repertoire is
composed of evenly distributed clones, the Shannon
entropy reaches his maximum.

Richness
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