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Abstract
T cells, which are involved in adaptive immunity, are essential in the elimination
of tumor cells. Mature T cells can specifically recognize the antigen on the major
histocompatibility complex (MHC) molecule through T-cell receptors (TCR).
The unique rearrangement mechanisms during T-cell maturation provide great
diversity to TCR, ensuring specific recognition between T cells and antigens.
Thus, TCR repertoire analysis occupied an important position in T-cell regarding
research. Nowadays, next-generation sequencing technology allows the simulta-
neous detection of TCR sequences with high throughput, and several evaluation
indexes facilitate themeasure of TCR repertoire. Based on this newmethodology,
discoveries aremade across a range of tumor types. Results have shed light on the
TCR repertoire differences between cancer patients and healthy control as well
as between individual’s lesions, paracancer, and peripheral blood samples. The
potential of TCR repertoire as a biomarker for immunotherapy efficacy is also
widely studied as TCR repertoire represents different baseline within individ-
uals and shows dynamic change during treatment. Accurate delineation of the
T-cell repertoire can further the understanding of the immune system response
to tumorigenesis. Still, existing researches are insufficient to clarify the specific
clinical implications of TCR dynamic change and the definite role of TCR reper-
toire diversity during the treatment process. The results of some studies are even
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contrary. In this article, we reviewed TCR rearrangement mechanisms and anal-
ysis methods. Recent progress of TCR sequencing technology in tumor research
is also discussed. In conclusion, intensive studies over an extended range of can-
cer types and a broadened group of subjects should be carried to solidify the TCR
repertoire’s position as an immunotherapy biomarker.
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1 INTRODUCTION

Since the year 2011, there have been rapid developments in
the field of immunotherapy, and a range of immunocheck-
point inhibitors (ICIs) have been approved for a range of
metastatic cancers, including malignant melanoma, lung,
kidney, and bladder cancers [1-5]. In recent years, the clin-
ical trial results of genetically engineered immune cells,
including chimeric antigen receptor T-cell (CAR-T), TCR-
engineered T-cell (TCR-T), chimeric antigen receptor nat-
ural killer cell (CAR-NK) and more, in the treatment of
hematological tumors have also been encouraging [6-8].
Immunotherapy has nowadays developed into a new and
promising therapy in addition to surgery, radiotherapy,
chemotherapy, and molecular targeted therapy [9]. Havel
et al.[10], however, found that the efficacy of ICIs might
be influenced by certain factors such as tumor genomics,
host germline genetics, programmed death-ligand 1 (PD-
L1) levels, tumor microenvironment, and intestinal micro-
biome. Nevertheless, most of the existing studies predict-
ing the clinical efficacy of immunocheckpoint blocking
therapy (ICB) focused solely on single factors, possibly
because the analyses are much easier to be conducted
on single variate [11-13]. This may be a practical choice
under current technical conditions but is still insufficient
for comprehensively identifying patients who would bene-
fit from immunotherapy. Unified predictive model for ICI
efficacy should be developed, and different components
affecting the tumor-host interactions should be considered
in the development of such a model [10].
T cells are the active cell population that mediates cel-

lular immune response and function as an essential com-
ponent in humoral immune system activation response.
Regarding T cells, it has been found that the T-cell receptor
(TCR) repertoire has an important impact on a wide range
of disease, including malignancy, autoimmune disorders,
and infectious diseases, and is involved with the immune
system in almost all human health conditions and diseases
[14]. The majority of T cells in the human peripheral blood
are made up of TCR α and β chains, while a small por-

tion (1%-5%) contains TCR δ and γ chains [15]. In recent
years, enormous progress has been made in understand-
ing TCR diversity in immunotherapy. ICIs, which target T
cells to suppress their programmed death-1 (PD-1) recep-
tor and activate an anti-tumor immune response, have
brought substantial transformations in the treatment of
various cancer types. The α/β T cells are essential agents in
cellular immunity due to their ability to recognize antigen-
mediated adaptive immunity presented on class I and
II proteins of major histocompatibility complex (MHC),
which encode antigen participating in the body’s immune
response and immune regulation, and determine tissue
compatibility [16]. A complete TCR chain is composed of
constant (C) regions and variable (V) regions. Those V
regions mediate the specific recognition of different anti-
gens. The V regions of TCR α/δ chains are encoded by the
V gene and joining (J) genes, while the coding of β and γ
chains require additional diversity (D) genes [17-19]. Dur-
ing T-cell maturation, V/D/J gene fragment is rearranged
to form a continuous sequence containing a single V, D,
and J gene, and a random insertion or deletion is intro-
duced at the junction sites of both V/D genes and D/J
genes to produce a functional TCR sequence (Figure 1).
So far, 1013 different types of TCR sequences have been
found [20, 21]. The V region encoded by V/D/J gene rear-
rangement is also known as a complementary determining
region 1-3 (CDR1-3). CDR1 and CDR2 are encoded by the
V gene, while CDR3 is encoded by the junction region V/J
or V/D/J, which varies greatly and is in direct contact with
antigens [22]. Recently, researches have been focusing on
investigating the state of the immune spectrum in differ-
ent disease conditions such as cancer [23, 24], autoimmu-
nity [25], inflammation [26], and infectious diseases [27].
The total TCR of all T cells, also known as TCR profile,
can change dramatically as these diseases progress [24-27].
Some studies have attempted to identify specific types of
T-cell clones involved in the pathogenesis of cancer by
analyzing the tumor-infiltrating lymphocyte (TIL) spec-
trum [15, 28]. At the same time, the great diversity of TCR
sequences within and between individuals represents the
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F IGURE 1 Structure and rearrangement mechanisms of TCR. (A) Mature TCR recognizes antigens presented on MHC molecules. (B)
TCR alleles on the genome are rearranged to form a mature TCR sequence. Rearrangement and recombination of V, D, and J segments for
TCR β chains and V and J segments for TCR α chains guarantee antigen repertoire diversity. This variability (combinatorial diversity) is further
increased by the addition or deletion of nucleotides at the junction sites (junctional diversity)
Abbreviations: TCR: T-cell receptor(s); MHC: major histocompatibility complex.

biggest challenge in TCR research as there is still techni-
cal limitations in obtaining unbiased absolute count data
of TCR clonotypes [21].
Next-generation sequencing (NGS), a method that

allows large-scale parallel sequencing of millions of DNA
molecules, has revolutionized genomic research [29]. NGS
can be used for comprehensive mapping of complex
TCR repertoire, including low-frequency clonal sequences,
with its advantages in greater sequencing depth and sig-
nificantly more accurate quantification of TCR clono-
type abundance than spectratyping, where the number of
clonotypes is indicated by the number of different CDR3
lengths [21]. Although there are many TCR sequencing
methods at the single-cell level, this paper mainly focused
on discussing bulk sequencing for a cell population, com-
pared with the former, which is more commonly used
to study TCR diversity and to compare different profil-
ing methods in large groups of patients with solid tumor.
In this article, we reviewed the TCR library construc-
tion method and a series of evaluation parameters. We
also summarized the real-world application of TCR library
analysis technology in the diagnosis and treatment of solid
tumors. Further, we comprehensively discussed the feasi-
bility and practicality of using TCR as an immunotherapy
biomarker for predicting the treatment and prognosis of
cancer patients, thus providing valuable information for
subsequent research.

2 TCR REPERTOIRE ANALYSIS
VIA NGS

2.1 TCR sequencing materials

Both genomic DNA (gDNA) and RNA can be used for
TCR repertoire analysis [14, 30]. Yet, each has its own
advantages and limitations. gDNA has higher stability and
is more adaptable as sequencing material when samples
are under complex real-world conditions where RNA is
more vulnerable to degradation. At the same time, the TCR
sequence on gDNA has a constant copy number in each
cell, so that the quantitative analysis of TCRwith gDNA as
the sequencing material can better reflect the characteris-
tics of the T-cell population [30]. However, gDNA cannot
reflect the differences in TCR expression. Further, introns
located upstream and downstream of the coding region
may interfere with primer binding and affect sequencing
accuracy [21].
By using RNA as sequencing materials, it is possible

to avoid the above-mentioned problems. The minimum
requirement of volume for starting the RNA template
is lower than the DNA template. However, since each
cell contains more than one transcript template and the
number of transcripts can significantly differ between
cells, a quantitative analysis of the results obtained by
the RNA template cannot accurately reduce cell clone of
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F IGURE 2 Process of TCR library construction. (A) The process of multiplex PCR. (B) The process of 5′ RACE
Abbreviations: TCR: T-cell receptor(s); PCR: polymerase chain reaction; 5′ RACE: 5′ rapid amplification of cDNA ends.

amplification, posing challenges on single-cell analysis at
the meantime [31]. Considering this, we mainly discussed
the sequencing approach targeting cell clones rather than
single-cell here as mentioned before. To quantitatively
study TCR RNA molecule copy number and clonality in
T cells, Ma et al. published a study on TCR sequencing
based on RNA library construction [32]. Using molecular
identifier (MID) cluster analysis data, the authors evalu-
ated the sequencing results via TCR amplification using
microdroplet digital PCR (dPCR). Their data suggested a
high accuracy and sensitivity when using MID to correct
errors caused by PCR bias and the use of the sequencing
process to calculate the number and diversity of TCR with
RNA as raw material.

2.2 TCR library construction

The most common library construction methods include
multiplex PCR and rapid amplification of 5′ complemen-
tary DNA ends (5′ RACE) (Figure 2).
In multiplex PCR (Figure 2A) for which both gDNA and

RNA can be used as starting materials, the CDR sequence
of TCR is specifically amplified with complementary pairs
of primers at both ends of the CDR sequence. Commonly,

a series of mixed primers located on the known V allele
are designed and paired with primers located in the J or C
region of the TCR α/δ chain. [30, 33]. However, the library
construction method using multiplex PCR represents a
big shortcoming due to its lack of sequence diversity. The
reasons behind this shortage are as follows: (1) primer
designed on the basis of a known sequence results in only
the knownV alleles can be amplified in TCR sequences; (2)
sequence abundance may also be biased due to the ampli-
fication preference of different primer pairs. Technologies
are developed to solve this problem, one of which is using
mRNA as raw material and adding a cap during mRNA
reverse transcription to replace the uncertainV region. The
addition of molecular barcodes and adjustment of primer
concentrations can also be used to avoid inaccuracies in
abundance caused by amplification bias and thus optimize
sequence diversity [34, 35].
Using only RNA samples, 5′ RACE (Figure 2B) repre-

sents another effective way for TCR library construction
[36]. This technique uses reverse transcriptase with termi-
nal transferase activity for reverse transcription and gener-
ates complementary DNA (cDNA) which is added with an
additional non-template sequence, usually deoxycytidine
triphosphate (dCTP), at the 3′ end. Subsequently, a poly-G
template-switch-oligonucleotide binds to the 3′-terminal
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TABLE 1 Pros and Cons when using multiplex PCR and 5′
RACE for TCR library construction

Items Multiplex PCR 5′ RACE
Core
principles

A series of mixed
primers which are
located on the
known V allele are
designed and paired
with primers located
in the J or C region.

This method relies on
reverse transcriptase
activity. Next, dCTP
is added to the
cDNA 3′ end as a
primer binding
domain during the
first strand synthesis
reaction.

Advantages The method is
compatible with
gDNA and RNA.

(1) Can cover the entire
V gene and retain
the whole TCR and
V/D/J region. (2)
Avoid amplification
bias.

Disadvantages (1) Unable to detect
mutation
information for the
V region. (2) Primer
amplification bias

This method can only
start with RNA, so it
is more demanding
than other
techniques. Besides,
the repeatability may
be affected.

Correction Adjust primer
concentration or use
a unique molecular
identifier

-

Abbreviations: TCR: T-cell receptor(s); PCR:Polymerase chain reaction; 5′
RACE: 5′ Rapid Amplification of cDNA Ends

sequence of the first strand and initiates the polymeriza-
tion reaction [37]. The amplicons obtained via this method
have a complete 5′ terminal of TCR, which means that the
complete V gene sequence can be retained. Meanwhile,
since the oligonucleotide introduced in the chain replace-
ment step can serve as a common forward primer-binding
site, subsequent template amplification links only need
one primer set to achieve synchronous amplification of dif-
ferent V genes, including known and unknown V genes.
A single primer set can also be used to effectively avoid
bias caused by amplification preference. This method is
currently considered as the gold standard for TCR reper-
toire sequencing because it can detect all types of V genes
accurately as well as avoid the impact of sequencing bias
on the results effectively [38-40]. Table 1 shows the basic
differences between multiplex PCR and 5′ RACE.

2.3 Description and evaluation of TCR
repertoire

Analysis of the immune repertoire usually involves one
or more diversity indexes, such as Shannon entropy, clon-

ality, and high-expanded clone (HEC) ratio, which are
used to evaluate the amplification status of different TCR
sequences and determine whether there is a high expan-
sion of a few T-cell clones. The different indexes are
explained one by one in the following paragraphs.
As shown in the formula below, the Shannon entropy

index takes into account both the number of T-cell clone
types “n” and the frequency “pi” of each clone, where “pi”
is the proportion of the i-th clone in the TCR library with
n clones. Shannon entropy can measure the diversity of
T-cell clones as it reflects the CDR variability. The higher
the index, the higher the diversity of T-cell clones in the
sample [41].
Shannon entropy:

−

𝑛∑

𝑖 = 1

𝑝𝑖 𝑙𝑜𝑔𝑒 (𝑝𝑖)

Clonality is based on the normalized Shannon entropy
[42], which is inversely related to the diversity of T-cell
clones. The clonality value is always between 0-1, which
facilitates the comparison of the difference between two
TCR repertoires with a different number of clones. Unlike
the Shannon entropy, the clonality index is used to mea-
sure T-cell expansion and indicates the frequency of clone
expansion in some clones. The larger the value, the smaller
the sample diversity.
Clonality:

1 −
−
∑𝑛

𝑖 = 1
𝑝𝑖𝑙𝑜𝑔𝑒 (𝑝𝑖)

𝑙𝑜𝑔𝑒 (𝑛)

In addition to the Shannon entropy and clonality, the
HEC ratio is also used for the description of the immune
group library state. The HEC ratio is calculated as the sum
of the abundance of all sequences with the abundance
higher than the threshold. The common threshold is 0.01%
or 0.1%, and its threshold setting can be adjusted according
to research needs [3].
High expanded clone (HEC):

𝑛∑

𝑖 = 1

𝑝𝑖

Figure 3 shows the association between different sta-
tistical parameters and the status of the immune reper-
toire. It can be seen that some TCR sequences have high
expanded clones in the left circle (Figure 3A), illustrat-
ing that the TCR repertoire has higher clonality, lower
Shannon entropy, and thus lower diversity than that repre-
sented by the circle on the right (Figure 3B), which shows
a typical immune repertoire without high expanded clone.
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F IGURE 3 Examples of different immune repertoire expansion status. Each dot represents a unique TCR sequence, and the area of the
dot represents the abundance of the TCR sequence. (A) Circle represents a typical TCR repertoire with significant clonal expansion. (B) Circle
represents a typical TCR repertoire without clonal expansion. The bar below represents the association between different statistical parameters
and the status of immune repertoire
Abbreviations: TCR: T-cell receptor(s).

The right TCR repertoire has lower clonality but a higher
Shannon index and repertoire diversity. Generally, it is con-
sidered that the TCR repertoire of a healthy status has
higher diversity than that of disease status, making it a
potential novel biomarker for immunotherapy and a pre-
dictor for clinical prognosis [43, 44]. Shannon entropy,
clonality, and HEC have been widely used as evaluation
parameters in assessing TCR repertoire diversity in recent
studies [1, 45, 46], through which it quantifies and facili-
tates the assessment of a patient’s physical condition and
his/her prognosis.

3 APPLICATION OF TCR SEQUENCING
IN SOLID TUMORS

3.1 Differences in TCR repertoire
between solid tumor, paracancer, and
peripheral blood samples

The tumor microenvironment indicates the cellular envi-
ronment in which the tumor exists. It includes tumor cells,
different types of normal cells, surrounding blood ves-

sels, and signaling molecules [47]. Due to the influence
of tumor microenvironment complexity, the distribution
of T-cell repertoire in tumors, normal tissues, and periph-
eral blood is heterogeneous [47]. Real-world studies have
shown that the characteristics of TCR during the malig-
nancy development or from various sample types may be
different [43, 44, 48]. Therefore, it is worth exploring the
TCR repertoire differences between tumoral and adjacent
normal tissues, as well as the consistency of TCRs between
tumoral tissues and peripheral blood.
Using the 5′ RACE method, one study constructed and

sequenced TCR libraries for peripheral blood mononu-
clear cells from patients with cervical cancer (CC), cervical
intraepithelial neoplasia (CIN), and healthy women. CC
patient’s sentinel lymph node and tumor tissue samples
were also paired and analyzed [43]. The results showed
that TCR diversity in the peripheral blood decreased
with tumor progression, where the lowest number of
unique sequences of TCR were identified in CC patients,
followed by CIN patients while the highest number was
within the healthy population. In other words, the highest
diversity was found in peripheral blood samples of the
healthy population according to the calculation results of
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Shannon entropy. Moreover, TCR repertoire diversity in
sentinel lymph nodes from CC patients was higher than
in tumor tissues. The study suggested fewer clonotypes
in the TCR repertoire of sentinel lymph nodes indicated
poorer prognosis of the patients. Based on the discovery,
the TCR repertoire may have the potential to be an
immune monitoring indicator and a prognosis prediction
biomarker for CC patients [43].
Tumor draining lymph nodes (TDLN) are located in

the lymphatic drainage pathway of the primary tumor
and are the most likely sites to have metastatic cancer
cells in various solid tumors. Matsuda et al. [44] showed
that compared with non-metastatic TDLN, the TCR diver-
sity of metastatic TDLN was significantly reduced for col-
orectal cancer. Moreover, principal component analysis
(PCA) showed that the transferred TDLNs shared similar
TCR sequences. These results suggest that cancer-reactive
T-cell clones can be enriched in precancerous lesions,
tumors, and metastatic lymph nodes, which indicate a
lower Shannon entropy and diversity.
Contrarily, Wang et al. [48] analyzed TCR β repertoire

characteristics of the tumor and paired paracancerous tis-
sues in 15 patients with lung cancer. Their results showed
that the proportion of HEC in normal lung tissues was
significantly higher than that in the tumor. Besides, TCR
diversity of cancerous tissues was also considerably higher
than that in healthy lung tissues. Moreover, Wang et al.
[48] found that younger patients had a significantly higher
TCR diversity than older patients, and higher TCR diver-
sity in tumors was related to worse cancer outcomes. Com-
pared with the above cancer types, their data indicated
that patients with lung cancer might have distinct T-cell
immune microenvironments.
Based on the studies mentioned above, we observed that

some conclusions in different tumors seem to be opposite,
for instance, CC patients tend to have lower TCR reper-
toire diversity of peripheral blood samples compared to
the healthy population [43] while a significantly higher
TCR diversity was observed in lung cancer tissues than
in normal lung tissues [48]. Moreover, as for the associa-
tion between TCR repertoire diversity and prognosis, the
results are still ambiguous. Inconsistent with the findings
of Wang et al. [48] in their lung cancer group, diversity in
tumor tissues or sentinel lymph nodes showed no signifi-
cant differences between the progressiveCCpatients group
and the non-progressiveCCpatients group. It has also been
reported that the TCR repertoire has great prognostic value
in prostate cancer [49] and metastatic melanoma [2]. To
further understand the availability of TCR repertoire in
predicting cancer outcomes, more researches are required.
Moreover, there is a clinical need to identify patients who
would have better immunotherapeutic response and to
understand therapeutic resistance mechanisms [2]. Due to

this, a lot of works have been done on host immune infil-
trates [50-53], and has attracted a lot of attentions for inves-
tigations on TCR repertoire.

3.2 Dynamic changes of TCR repertoire
during tumor treatment

For patients with advanced cancer who fail to undergo
surgery or biopsy due to a range of reasons, tumor tis-
sue may be unavailable through the treatment period. For
these patients, blood samples are commonly analyzed.
During tumor treatment, the peripheral blood TCR reper-
toire may significantly change.
In 2019, Liu et al. [45] examined the association between

TCR similarity/diversity in peripheral blood and survival
benefit for advanced lung cancer patients, before and after
several lines of therapy, including chemotherapy, radio-
therapy, tyrosine kinase inhibitor therapy (also known as
targeted therapy), surgery, and anti-angiogenic therapy.
Most patients in this study received these therapies as com-
bination treatment. Their results showed that all patients
with a significant increase (> 10%) in Shannon diversity
after treatment exhibited durable clinical benefit (DCB)
and longer progression-free survival (PFS) than those with
stable or reduced immune repertoire diversity. Another
TCR analysis method, similarity analysis, was also used
in this study [46]. Similar findings were observed by this
method, compared with Shannon diversity analysis. Com-
bining the diversity and similarity analysis results, it was
shown that all patients (11/11) with either increased diver-
sity (> 10%) or a stable diversity (increased or decreased
by < 10%) but high similarity with paired samples in the
immune repertoire exhibited DCB and longer PFS. There-
fore, the dynamic changes of peripheral blood immune
pools before and after treatment may be used as a useful
prognostic indicator in lung cancer treatment.
Liu et al. [3] investigated the changes in peripheral blood

TCR repertoire before and after radical surgery in 19 col-
orectal cancer patients (T1M0N0, stage I). Five healthy
subjects were included as controls. They defined TCR
clones with a frequency > 0.5% as HECs. The preopera-
tive patient group showed a significantly higher HEC ratio
when compared with healthy control while after surgery,
the patient group’s HECs fluctuated and decreased gen-
erally. This suggested that the immune repertoire could
change over surgery and might be used as a powerful tool
for predicting colorectal cancer surgery prognosis.
Furthermore, TCR was dynamically associated with the

patient’s physical state during treatment. After PD-1 block-
ade therapy, the number of T-cell clones found in both
the tumor and peripheral blood systemically increased
in eight patients with untreated, surgically resectable,
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early-stage (I, II, or IIIA) non-small-cell lung cancer
(NSCLC) [1]. Besides, mutation-associated, neoantigen-
specific T-cell clones from a primary tumor with a
complete response on pathological assessment rapidly
expanded in peripheral blood at 2 to 4 weeks after PD-1
blockade with nivolumab [1]. Moreover, some new clones
appeared, which indicated that TCR repertoire analysis
could be applied in the dynamic monitoring of tumor
immunotherapy. Detecting the types of specific clones that
change significantly during treatment will be an interest-
ing subject.
As mentioned above, peripheral blood is easily obtain-

able throughout the whole course of cancer. Based on cur-
rent study results, peripheral blood TCR repertoire analy-
sis may have an indication for treatment efficacy in a range
of cancer types, while more evidence is still required to
validate the association between dynamic TCR repertoire
alteration and tumor outcome.

3.3 TCR repertoire analysis in immune
therapy

Several studies have shown that deep sequencing-based
T-cell libraries can serve as biomarkers for immune
responses in cancer patients [54]. In 2014, Tumeh et al.
[51] first reported the correlation between TIL TCR diver-
sity and the PD-1 inhibitor efficacy in melanoma. The
proliferation of T cells and higher TCR clonality were
found in patients with metastatic melanoma treated with
pembrolizumab compared to patients with disease pro-
gression. Furthermore, Roh et al. [2] explored the rela-
tionship between tumor TCR clonality and immune ther-
apy efficacy in advanced melanoma patients to clarify
the mechanism underlying immune checkpoint inhibitor
resistance. They found higher TCR clonality in patients
who responded to PD-L1 blockade after cytotoxic T-
lymphocyte-associated protein 4 (CTLA-4) treatment fail-
ure compared to non-responders, confirming previous
reports that TCR clonality was associated with response to
PD-1 blockade.
Hopkins et al. [54] demonstrated that TCR diver-

sity and clonal changes in T cells were associated
with immunotherapy efficacy for metastatic or locally
advanced pancreatic cancer. In the CTLA-4 treatment
group, patients with higher pretreatment TCR diversity or
more posttreatment expanded clones had longer survival
(mPFS, 8.66 months vs. 4.28 months, and 13.23 months vs.
4.55 months, respectively) while similar results were not
observed in the PD-1 treatment group. In 2018, Forde et al.
[1] evaluated the safety and efficacy of immune checkpoint
inhibitors in patients with untreated, surgically resectable,
early-stage (I, II, or IIIA) NSCLC. The patients under-

went neoadjuvant therapy and those who achieved signif-
icant pathological response after neoadjuvant treatment
hadhigher TCRclonality in TILs, thus suggesting that TCR
repertoire sequencing could be applied in the evaluation of
immunotherapy efficacy. This suggests that TCR repertoire
analysis has the potential to be a biomarker for selecting
patients who may respond to immunotherapy. Still, stud-
ies on more cancer types and related clinical trials should
be conducted before acclaiming its clinical reliability.
The functional study of the T-cell population in

real-world clinical applications not only expands our
understanding on T-cell immunity during tumor develop-
ment but also provides an experimental basis for further
research on tumor pathogenesis and tumor immunother-
apy. For example, chimeric antigen receptor-T (CAR-T)
has changed the treatment landscape of B-cell non-
Hodgkin’s lymphoma and acute lymphoblastic leukemia
[55, 56]. Several CAR-T cell platforms targeting B cell
maturation antigen are also under active clinical trials for
refractory and/or relapsed multiple myeloma, and more
targets such as C-type lectin-like molecule-1 (CLL-1),
epidermal growth factor receptor (EGFR), NKG2D and
mesothelin are being studied in CAR-T cell trials for
leukemia and solid tumors [57, 58]. Besides, TCR-T and
other TCR-modified therapy based on research have been
evolving rapidly and has become a promising strategy
against various types of cancer, especially solid tumors [6].
Due to these developments, therapies based on engineered
T cells have become a topic of interest in clinical practice.

4 FUTURE DIRECTIONS

TCR is an essential molecule for T cells to recognize
neoantigens in tumors. Monitoring the high amplification
of TCR clones in tumors or peripheral blood may help
assessing the status for an immune response. NGS tech-
nology provides a feasible method to simultaneously iden-
tify a large number of TCR clones and is widely used in
the clinic for TCR repertoire analysis. This article sum-
marizes the studies which have reported the character-
istics of immune banks based on NGS technology over
the past three years. Different TCR library amplification
states have been found between tumor and healthy tis-
sues, tumor and precancerous lesions, and tumor tissues
and peripheral blood. Therefore, to some extent, the TCR
clonality of a tumor can be used as a useful biomarker for
immunotherapy response and efficacy.Moreover, based on
TCR sequencing, the dynamic changes of TCR cloning dur-
ing treatment can be analyzed to understand the clinical
benefits of tumor treatment.
However, due to the diversity of tumor antigens and

the complexity of TCR and antigen recognition mecha-
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nisms, the significance of TCR tracking specific sequences
is limited [35]. Compared with PD-L1 immunohistochem-
ical detection and targeted sequencing of liquid biopsy,
TCR group library analysis is a complex and costly pro-
cedure. Although TCR analysis indicators, such as Shan-
non entropy, clonality, and HEC, can help to understand
the relationship between TCR clonality and solid tumors,
the association between TCR repertoire and clinical bene-
fit needs to be supported by a larger scale of data. As men-
tioned earlier, human leukocyte antigen, MHC, neoanti-
gen, intestinal microorganisms, and TIL are contributing
factors to the efficacy of immunocheckpoint inhibitors.
Careful consideration in these fields may be the direction
for future efforts. However, the TCR immunorepository
could still be used as a tumor immune marker with poten-
tial clinical significance in predicting prognosis and mon-
itoring treatment efficacy. In the future, more advanced
sequencing, library construction technologies, and com-
prehensive analytic algorithms could further elucidate the
evaluation and comparison of TCR repertoire.
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