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The intratumoral landscape of T cell receptor ==
repertoire in esophageal squamous cell
carcinoma
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Abstract

Background Esophageal squamous cell carcinoma (ESCC) is a malignant neoplasm with detrimental implications
for human health. The landscape of ESCC therapy has been revolutionized by the introduction of immunotherapy,
specifically involving immune checkpoint inhibitors (ICls). A number of studies have documented the prognostic
significance of T-cell receptor (TCR) repertoire and its association with many tumors. Nevertheless, the TCR repertoire
landscape and its significance in ESCC still need to be explored.

Methods In this study, we conducted RNA-Seq analysis to investigate the characteristics of the TCR repertoire in 90
patients. Moreover, high-throughput TCR sequencing was performed on tumor tissues from 41 patients who received
immunotherapy. Additionally, a comprehensive analysis of the T-cell receptor repertoire landscape within ESCC
tumors was carried out through immunohistochemical staining on all patient samples.

Results We noticed a diminished diversity of TCR repertoire within the tumor compared to its adjacent normal tissue.
In terms of immunotherapy responses, non-responsive patients exhibited higher TCR repertoire diversity indices and
an increased frequency of common V and J genes. Additionally, elevated TCR repertoire diversity correlated with
improved overall survival rates. Lastly, immunohistochemical staining results indicated a correlation between TCR
repertoire diversity and the tumor immune microenvironment (TIME).

Conclusions Our study primarily describes the landscape of TCR repertoires in ESCC through three aspects:
differences in tumor tissues, immune response to immunotherapy, and survival prognosis of patients. These
results emphasize the importance of TCR repertoire characteristics as unique and relevant biomarkers for ESCC
immunotherapy.
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Introduction

Esophageal cancer is a malignant neoplasm originating
from the esophageal epithelial cells, representing one
of the most prevalent and lethal malignancies within
the gastrointestinal tract, posing a significant threat to
human well-being [1]. According to the Global Burden of
Disease (GBD) statistics, the global incidence of esopha-
geal cancer cases rose from 310,000 in 1990 to 640,000 in
2020, indicating an 88.79% increase [2]. In China, esoph-
ageal squamous cell carcinoma (ESCC) is one of the most
common types of esophageal cancer, accounting for over
90% of all cases [3]. Due to the elusive and highly invasive
nature of ESCC, many patients are already in advanced
stages of ESCC at the time of diagnosis, missing the
optimal treatment window, which results in a five-year
survival rate of only 30% [4]. In recent years, the develop-
ment of immune checkpoint inhibitors (ICIs) has made
significant strides and fundamentally revolutionized the
landscape of cancer treatment; however, only 20-40% of
patients experience benefits from ICIs and even fewer
achieve long-term disease control [5-9]. The composi-
tion of tumor-infiltrating lymphocytes (TILs) in ESCC
is related to patient survival prognosis, and a higher pro-
portion of TILs infiltrating the tumor microenvironment
indicates a more favorable response to treatment [10,
11]. Previous research has demonstrated the strong rela-
tionship between T-cell immunity and the formation of
tumors, as well as the clinical outcomes of various tumor
types, such as breast cancer, melanoma, stomach, blad-
der, lung, and pancreatic cancer [12-17]. Consequently,
in order to more accurately identify individuals who
can potentially benefit from immunotherapy, a deeper
comprehension of the relationship between T cells and
tumors is required.

T cells play a crucial role in immune responses, and as
key participants in the adaptive immune process, their
surface T cell receptors (TCRs) also play a vital role. By
recognizing novel antigens through the major histocom-
patibility complex (MHC), T cells specifically activate
and expand via their TCRs to combat diverse pathogens
[18, 19]. The specificity and diversity of TCRs are mainly
determined by the highly variable complementarity-
determining region 3 (CDR3); CDR3 is encoded in the
V-D-J or V-] gene rearrangement regions and directly
contacts antigen peptides when presented in the MHC
binding groove [20, 21]. Therefore, CDR3 can provide
abundant information about TCR specificity and is com-
monly targeted for TCR sequencing. It is worth noting
that the TCR repertoire often co-evolves with new anti-
gens, indicating that it can reflect self-immune status and
disease progression. Many studies have also revealed the
characteristics of the TCR repertoire in different types
of cancer, and by monitoring the clonality and diversity
of the TCR repertoire, the response to treatment can
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be dynamically evaluated [12, 22]. Currently, there is a
paucity of research on TCR repertoire in ESCC. Cihui
Yan’s study revealed the diversity of tumor-infiltrating
TCRs and their interplay between tumor and peripheral
blood when treating ESCC patients with radiotherapy
combined with Camrelizumab [23]. However, further
exploration is needed to investigate the TCR repertoire
characteristics of ESCC patients and the relationship
between TCR repertoire and clinical features as well as
prognosis.

In order to investigate the TCR repertoire landscape of
ESCC, we conducted an analysis of ESCC patients from
two cohorts. These analyses included tumor tissue and
its adjacent normal tissue, immune therapy response, and
patient survival prognosis. Additionally, we conducted
immunohistochemical staining to investigate the expres-
sion of immune cell-related biomarkers, with a primary
focus on T-cell subtypes (CD3, CD4, CD8, PD-L1, and
FoxP3). This was performed to elucidate the correlation
between TCR repertoire diversity and the tumor immune
microenvironment (TIME). Please refer to Fig. 1 for spe-
cific collection and analysis strategies. In summary, our
data reveal differences in the TCR repertoire within the
tumor tissues of ESCC patients, which may have poten-
tial clinical value in terms of immune therapy and sur-
vival prognosis.

Materials and methods

Study cohort

Cohort 1: The transcriptome data and clinical features of
90 patients with tumor tissues and adjacent normal tis-
sues were obtained from the Affiliated Tumor Hospital of
Xinjiang Medical University and are accessible through
the National Genomics Data Center (GSA-Human:
HRAO006108) [24]. Cohort 2: This cohort comprised
paraffin-embedded tissue specimens collected from 41
ESCC patients who underwent endoscopic biopsy at the
Affiliated Tumor Hospital of Xinjiang Medical Univer-
sity between 2021 and 2023. All 41 patients in Cohort 2
received their initial immunotherapy, which involved a
treatment regimen combining anti-PD1 drugs with che-
motherapy. The dosage was administered based on indi-
vidual body surface area, and efficacy was evaluated after
a continuous period of 2—-3 cycles. Based on the Response
Evaluation Criteria in Solid Tumors (RECIST) version 1.1
standard, the clinical response level was evaluated, with
partial response (PR) or complete response (CR) defined
as responsive patients, while patients experiencing dis-
ease progression (PD) or stable disease (SD) were defined
as non-responsive patients [25]. Representative imaging
is depicted in Figure S1 (Figure S1A-B). The tumor-node-
metastasis (TNM) classification, based on the 8th edition
of The American Joint Committee on Cancer (AJCC)
guidelines, was confirmed by independent examination
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Fig. 1 Overview of the study design. The study utilized RNA expression profile data from ESCC patient samples at the Affiliated Tumor Hospital of Xinjiang
Medical University (cohort 1,n=90), as well as TCR sequencing data from samples of ESCC patients who received immunotherapy for the first time (cohort
2,n=41). The analysis focused on TCR repertoire features, including unique clone types, total clone numbers, top clone frequencies, diversity index, and
differences in CDR3 aa motifs between tumor tissue and adjacent normal tissue, as well as between patients who responded or did not respond to im-
munotherapy. Immunohistochemical staining confirmed the association of the TCR repertoire with TIME and suggested that the TCR repertoire diversity

index could potentially predict survival prognosis in ESCC patients

by two pathologists for all samples. Overall survival (OS)
was defined as the duration in months from ESCC diag-
nosis to death due to any cause. Complete clinical infor-
mation of patients in both cohorts, including age, gender,
alcohol consumption, smoking history, TNM stage, clini-
cal stage, and tumor grade (Table 1), was available. The
present study obtained approval from the Ethics Com-
mittee of Xinjiang Medical University Affiliated Tumor
Hospital, with approval number K-2,023,006, and strictly
adhered to applicable standards and regulations in accor-
dance with the Helsinki Declaration (revised in 2013).
Written informed consent was obtained from all partici-
pating patients.

High-throughput TCR sequencing

The genomic DNA was extracted from formalin-
fixed paraffin-embedded (FFPE) specimens of the 41
ESCC patients in cohort 2, using a DNA extraction kit
(abs60301, Absin, Shanghai). Subsequently, the con-
centration of DNA was measured using a NanoDrop
One ultraviolet spectrophotometer (NanoDrop One,
Thermo Fisher Scientific, America). Next, deep TCR [
chain (TRB) high-throughput sequencing analysis was
performed on DNA samples with qualified concentra-
tions. In brief, a multiplex PCR amplification strategy
targeting the CDR3 of TRB was employed. Firstly, DNA
underwent the first round of PCR (PCR-1) using 31 for-
ward TRBV primers and 12 reverse TRB]J primers from
the Multiplex PCR Kit (QIAGEN, Germany) to amplify

the CDR3 region of TRB. During PCR-1, amplification
was achieved through a cycling reaction under different
temperature conditions: 30 s at 94 °C, 30 s at 68 °C, and
60 s at 72 °C, with a final extension of 10 min at 72 °C.
Subsequently, Agenecourt AMPure XP beads (A63882,
Beckman Coulter Inc) were used to purify and remove
impurities and unamplified DNA molecules from the
amplified TRB products. The purified products then
underwent a second round of PCR (PCR-2) with Illumina
sequencing indexes, followed by another purification step
using Agenecourt AMPure XP beads. Finally, the purified
PCR products were diluted to appropriate concentrations
for sequencing sample preparation and sequenced on an
[llumina NovaSeq system, following standard protocols
with paired-end reads of 150 bp in length.

Reprocessing of TCR data

Cohort 1: From a large RNA sequencing dataset, the TCR
repertoire was extracted using the TRUST4 program.
Appropriate criteria were chosen in accordance with
TRUST4’s requirements. Raw sequence files were used as
input, and TRUST4 applied strict overlap criteria to each
read or read pair to find possible reads [26]. During the
assembly of candidate segments into immune receptor
sequences, TRUST4 employed a consensus-based assem-
bly approach using read overlaps. Reads with somatic
hypermutations were clustered within the same over-
lapping group. The TRUST4 tool aligns assembled over-
lapping clusters with sequences from the International
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Table 1 Table of cohort characteristics. Clinical and pathological
characteristics of ESCC patients divided by different cohorts.

Cohort 1 Cohort 2
N=90 N=41

Gender:

Female 28 (31.1%) 18 (43.9%)

Male 62 (68.9%) 23 (56.1%)
Agel(years):

<=60 45 (50.0%) 19 (46.3%)

>60 45 (50.0%) 22 (53.7%)
Race:

Chinese Han 31 (34.4%) 17 (41.5%)

Chinese other ethnic 59 (65.6%) 24 (58.5%)
Smoking status:

No 60 (66.7%) 26 (63.4%)

Yes 30 (33.3%) 15 (36.6%)
Drinking status:

No 72 (80.0%) 33(80.5%)

Yes 18 (20.0%) 8 (19.5%)
Stage:

Stage -l 32 (35.6%) 6 (14.6%)

Stage IV 58 (64.4%) 35 (85.4%)
T stage:

T1-T2 14 (15.6%) 3(7.32%)

T3-T4 76 (84.4%) 38(92.7%)
N stage:

NO 32 (35.6%) 7(17.1%)

N1-N3 58 (64.4%) 34 (82.9%)
Tumor grade:

G1 13 (14.4%) 5(12.2%)

G2 60 (66.7%) 28 (68.3%)

G3 17 (18.9%) 8 (19.5%)

ImMunoGeneTics information system (IMGT) database
(https://github.com/repseqio/library-imgt/releases/tag
/v5) to accurately identify V and ] genes and determine
CDR3 coordinates. This open-source software is specifi-
cally designed for repertoire analysis based on RNA-Seq
data and can be accessed at https://github.com/liulab-df
ci/TRUST4. The analysis was conducted with the aim of
ensuring its robustness, resulting in a final dataset com-
prising 180 samples.

Cohort 2: The generated raw TCR sequencing data
in FASTQ format undergoes quality control process-
ing, including the removal of reads contaminated with
adapter sequences, poor-quality reads, and reads with
high unknown base content. Then, further analysis is
performed on the remaining high-quality clean data. The
IgBLAST tool provided by NCBI is used to annotate and
align the clean data with the IMGT database, followed by
PCR amplification and correction of sequencing errors
based on clone frequency. Based on the downloaded
TCR reference genome, information about TRB V, ],
and D genes in each sequence is obtained. Sequences
containing corresponding V, J, and D gene segments are
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converted into TRB CDR3 nucleotide (nt) and amino
acid (aa) sequences, while excluding samples identified
as out-of-frame or stop codon sequences. The raw TCR
sequencing data generated in this study in FASTQ format
has been uploaded to the China National GeneBank Data
Center (CNGDB) under accession code HRA006108 and
can be accessed publicly through https://ngdc.cncb.ac.cn
/gsa-human [27, 28].

TCR repertoire analysis

The Shannon Index and D50 are used to define the diver-
sity and evenness of the TCR repertoire in ESCC patients.
The D50 metric, a novel immunological diversity mea-
sure, quantifies the minimum number of unique clono-
types that constitute at least 50% of all sequencing reads.
The richness of TCR clones in a sample is evaluated
using the Shannon Index, where higher values indicate
greater variety. The top 100 TCR clone types, referred to
as TOP100 clones, were determined based on their pro-
portion. The clone distribution, diversity, and overlap of
TCRs were examined using the ‘vegan’ and ‘immunarch’
packages in R, and VDJtools (https://github.com/mikes
sh/vdjtools). Kaplan-Meier (K-M) survival curves were
created using the ‘survival’ and ‘survminer’ R packages,
and univariate Cox analysis was performed to evalu-
ate the relationship between the diversity index and OS.
Additionally, the R packages ‘pROC’ and ‘ggplot2’ were
used to plot the Receiver Operating Characteristic Curve
(ROC) of diversity indices at ESCC levels and to calculate
the Area Under the Curve (AUC) values. When the AUC
value is greater than 0.6, it is considered reliable.

Immunohistochemical staining

The paraffin-embedded specimens were cut into con-
tinuous slices with a thickness of 5 um. After dewaxing
and rehydration, the slices were immersed in 3% H,O,
for 20 min, followed by rinsing. Antigen retrieval was
performed by adding citrate buffer and heating at high
temperature for 5 min, followed by cooling to room tem-
perature and repeating the same steps once more. After
blocking with serum at room temperature, the tissue
sections were covered separately with primary antibod-
ies CD3 (ZM-0417, ZSGB-Bio, Beijing), CD4 (ZA-0519,
ZSGB-Bio, Beijing), CD8 (ZA-0508, ZSGB-Bio, Beijing),
PD-L1 (ab213524, Abcam, UK), and FoxP3 (ab20034,
Abcam, UK) overnight at 4 °C. Subsequently, the sections
were incubated with rhodamine-labeled secondary anti-
body (PV-6000, ZSGB-Bio, BJ) for 20 min at 37 °C. Add
100puL of DAB chromogen solution (ZLI-9019, ZSGB-
Bio, Beijing) and treat at room temperature for 5 min.
After the washing steps were completed, counterstaining
was performed with hematoxylin-eosin staining solu-
tion, followed by differentiation using tap water con-
taining hydrochloric acid-alcohol solution. Finally, the
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dehydration process was carried out using xylene, and
the slides were mounted with neutral gum. The expres-
sion of CD3, CD4, CD8, PD-L1, and FoxP3 was blindly
evaluated by two independent pathologists with senior
professional titles. The average value was calculated
based on the percentage of positive cells as the immuno-
histochemical staining result.

Statistical analysis

The Student t-test or Mann-Whitney U test was
employed to evaluate disparities in the diversity index,
V(D)J gene, and immunohistochemical scores for T cell
markers (CD3, CD4, CD8, PD-L1 and FoxP3) among
efficacy groups. Fisher’s exact test was utilized for com-
parisons of non-ordinal categorical variables, while
Pearson’s chi-square test was employed for comparisons
of ordinal categorical variables. Survival analysis of OS
data was conducted using the K-M method, accompa-
nied by a log-rank test. GraphPad Prism 10.0 and R 4.3.1
software packages were utilized for data visualization
and statistical calculations. The differences are consid-
ered statistically significant at P<0.05(*), P<0.01(**), and
P<0.001(**).

Results

Patient characteristics

To investigate the differences in TCR repertoire features
among ESCC patients, we collected RNA sequencing
data from 90 tumor samples and their corresponding
adjacent normal tissues, extracting TCR repertoire char-
acteristics (cohort 1). Additionally, TCR sequencing was
performed on 41 ESCC tumor samples from patients
receiving immunotherapy for the first time (cohort 2).
Table 1 displays the clinical features of all 131 ESCC
patients (Table 1). The median age of the patients was 61
years, with more than half being male (64.88%) or from
ethnic minorities (63.35%). According to the eighth edi-
tion staging system of AJCC guidelines, there were 38
patients (29.77%) in stage II, 83 patients (63.35%) in stage
III, and 10 patients (7.63%) in stage IV. Among the 41
patients who received immunotherapy combined with
chemotherapy, Camrelizumab was administered to 13
cases (31.71%), Tislelizumab to 12 cases (29.27%), Sintil-
imab to 10 cases (24.39%) and Toripalimab to eight cases
(19.51%). Cohort 2 treatment strategies are summarized
in supplementary Table 1 (Table S1).

Compared to the adjacent normal tissues, TCR repertoire
diversity within the tumor tissue is reduced

We measured clone counts, unique clone counts, and
utilization of top clones in both tissue types to examine
the differences in the TCR repertoire between ESCC
tumor tissues and adjacent normal tissues. The results
revealed significant disparities in unique clone species
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and the frequency of top clones between ESCC tumor
tissues and adjacent normal tissues. However, there
was no discernible distinction in overall clone numbers
(Fig. 2A-C). Using the richness and evenness indicators
D50 and Shannon Index, we compared the tumor tissue
to the adjacent normal tissue. The findings showed that
the tumor tissue had lower D50 and Shannon Index val-
ues than the adjacent normal tissue (Fig. 2D-E). Further-
more, we assessed the diagnostic potential of D50 and
Shannon Index for ESCC and its adjacent tissues using
ROC curves. The findings demonstrated that both D50
and Shannon Index exhibited a high diagnostic value for
ESCC (AUC>0.60) (Fig. 2F). The reduced diversity of
tumor tissue may be ascribed to the preferential selection
of specific clones during tumor infiltration. Additionally,
in the process of gene rearrangement, multiple codons
can encode the same amino acid, and different V, J and
D rearrangements can ultimately yield identical TCR
amino acid sequences. This phenomenon is referred to
as TCR convergence or convergent recombination (CR).
The richness of CDR3 nt sequences also serves as an indi-
cator of TCR clone characteristics; therefore, we further
investigated the disparities in CDR3 aa motifs between
the two tissue types and observed a higher abundance of
these motifs in adjacent normal tissues (Fig. 2G-H).

The TCR repertoire is associated with immune therapy
response

Immunotherapy has been extensively utilized in the
treatment of ESCC, and there is a growing clinical
need for predicting its efficacy. As the TCR repertoire
evolves concomitantly with novel antigens over time, it
implies that specific TCR repertoires can reflect immune
response characteristics and disease progression [29].
Therefore, we collected tumor tissue samples from 41
ESCC patients who were undergoing immunotherapy
combined with chemotherapy for the first time at base-
line status and conducted TCR sequencing analysis to
investigate the association between immunotherapy and
TCR repertoire features. Our study unveiled significant
variations in the effectiveness of immunotherapy across
different treatment modalities, independent of factors
such as age, gender, and ethnicity (Table S2). Next, indi-
vidual patients were classified as either responders or
non-responders based on how well their immunotherapy
worked. We found that respondents had a higher per-
centage of the top 100 clones in terms of frequency as
well as a greater diversity in unique clone species. How-
ever, although there were more clones overall in the
non-responders’ display, there was no statistically signifi-
cant difference (Fig. 3A-C). Moreover, using the Jaccard
method to evaluate TCR repertoire overlap, we found
low overlap between responders and non-responders,
suggesting significant differences in TCR repertoire clone
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composition (Figure S2E). Furthermore, we conducted
a comparative analysis of D50 and Shannon Index
between non-responsive and responsive patients. Our
findings indicated considerably higher values for both
indices in non-responsive patients, indicating a greater
diversity that was statistically significant (Fig. 3D-E).
Using ROC curves, we assessed the diagnostic capacity
of D50 and Shannon’s Index in predicting the response
to ESCC immunotherapy. We found that they had a
strong diagnostic value for ESCC (AUC>0.60) (Fig. 3F).

Additionally, we noticed that the responders had a
greater number of CDR3 aa motifs (Fig. 3G-H).
Additionally, we conducted an analysis of the forms
of TRB V-] gene combinations and V-D-] gene combi-
nations. The bar graph illustrates disparities in the uti-
lization rates of V and ] genes between the two groups,
with TRBV20-1 and TRBV28 being the most commonly
used V genes, while TRBJ2-7 and TRBJ2-1 were found
to be the most commonly used ] genes in both cases
(Figure S2A-B). Previous investigations have also docu-
mented that diseases such as hepatocellular carcinoma,
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nasopharyngeal carcinoma, and pancreatic cancer
exhibit enrichment of gene segments including TRBV20-
1, TRBJ2-7, and TRBJ2-1 [22, 30, 31]. The Venn diagram
showed that the V and ] genes were paired similarly. The
volcano plot revealed that, in comparison to responsive
patients, non-responsive patients exhibited a higher
abundance of upregulated combinations of V] and VD]
genes (Figure S2C-D, G-H). Subsequently, we utilized
VDJtools to acquire information regarding the existing
TCR antigens. We generated a list of potential antigens,
which included antigen species, antigen epitopes, antigen
genes, and MHC class, that were found in both respon-
sive and non-responsive patients (>0.01%) (Table S3).
While non-responsive patients exhibited a wider range

of potential antigens, MHC class I, CMV, and Influ-
enza A were shared among all potential antigens. How-
ever, MHC class I was found to be more predominant in
responsive patients. Of all the antigen epitopes, GILG-
FVFTL, KLGGALQAK, and NLVPMVATYV were shown
to be the three most commonly detected epitopes.

The diversity of TCR repertoire can predict overall survival

To investigate whether the TCR repertoire diversity index
can serve as an effective biomarker for predicting the sur-
vival of patients with ESCC, we conducted a univariate
Cox analysis including variables such as age, tumor stage,
pathological grade, and TCR repertoire diversity indices
(D50 and Shannon Index) in cohort 1 of ESCC patients.
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The results showed that higher D50 and Shannon Index
were positively correlated with poor prognosis in ESCC
patients, while age and histological grade had no signifi-
cant correlation with prognosis (Fig. 4A). Subsequently,
the association between D50, Shannon Index, and OS
was further confirmed using K-M survival analysis, which
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|
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[
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I
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I
I
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yielded results consistent with those of univariate Cox
regression: patients with higher D50 and Shannon Index
exhibited shorter OS (Fig. 4B-C). The results obtained
from patients who received immunotherapy in cohort
2 also demonstrated similar findings, providing further
support for the hypothesis that the TCR repertoire may
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serve as a prognostic risk factor influencing the survival
outcome of ESCC patients (Fig. 3D-F). This finding also
corroborates previous research indicating a relationship
between the TCR repertoire diversity index and survival
prognosis [32].

The diversity of TCR repertoire remains unaffected by the
tumor characteristics

In order to explore the correlation between clinical
characteristics and TCR repertoire, we examined altera-
tions in TCR repertoire diversity index across different
pathological grades, N stages, and tumor stages. Initially,
within cohort 1, we observed a progressive increase in
TCR repertoire diversity with worsening pathologi-
cal grade, displaying significant differential expression
between G1 and G3 as well as G2 and G3 (Figure S3A).
Unfortunately, no correlation was found between patho-
logical grade and patient survival prognosis; furthermore,
the observed trend in cohort 2 did not reach statistical
significance (Figure S3B-D). We observed differential
expression of TCR repertoire diversity between NO and
N1-N3 stages in cohort 1 in terms of N staging, which
was also associated with an unfavorable prognosis (Fig-
ure S3E-G). This suggests that the state of lymph nodes
may impact the TCR repertoire. However, the TCR rep-
ertoire diversity index observed in cohort 2 did not show
any statistically significant differences (Figure S3F-H).
Subsequently, we examined the variations in TCR reper-
toire diversity and prognosis across tumor stages. Consis-
tent with previous findings, the differential expression of
TCR repertoire diversity was evident in cohort 1 and cor-
related with an adverse prognosis. However, there were
no statistically significant differences observed in cohort
2, possibly due to its smaller sample size (Figure S3I-L).

The diversity of TCR repertoire is associated with the TIME

The tumor microenvironment is a complex and dynamic
system consisting of immune cells, stromal cells, extra-
cellular matrix components, cancer cells, and intricate
cytokines [33]. T cell subsets are widely acknowledged as
pivotal immune cells that orchestrate robust anti-tumor
responses and confer primary immunity within the
tumor microenvironment. To investigate the correlation
between TIME and diversity index of TCR repertoire, we
employed immunohistochemical staining to assess the
expression levels of molecular markers associated with
various subsets of T cells (including CD3, CD4, CDS8,
FoxP3, and PD-L1) within TIME. The patients in cohort
1 with higher TCR repertoire diversity indices (Shannon
Index and D50) exhibited increased expression of CD8
and PD-L1. Unfortunately, no significant differences were
observed in D50 expression (Fig. 5A-D, Figure S4A-B).
Similarly, in cohort 2, we found that patients with higher
Shannon Index and D50 showed increased expression
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of CD3, CD4, CD8, FoxP3, and PD-L1 (Fig. 6A-H, Fig-
ure S4C-F, Figure S5A-C). Therefore, we speculate that
there is a correlation between TIME and the diversity of
tumor-infiltrating TCRs. Higher levels of T lymphocyte
infiltration may be accompanied by a more diverse reper-
toire of TCRs.

Discussion

In this study, we collected data from two cohorts of ESCC
patients, constituting the largest TCR repertoire cohort
to date in ESCC, and characterized their TCR repertoire
landscape. The TCR repertoire landscape was primar-
ily delineated by assessing the diversity of TCR Diversity
index of TCR repertoire within tumor and adjacent nor-
mal tissues, evaluating immune therapy response, and
predicting patient survival prognosis. Additionally, we
investigated the correlation between the TCR repertoire
and the TIME. Our findings revealed that the diversity of
TCR repertoire within tumor tissues was comparatively
restricted compared to surrounding tissues. Non-respon-
sive patients exhibited higher TCR repertoire diversity
indices than responsive patients following immune ther-
apy. Moreover, the TCR repertoire diversity index dem-
onstrated potential as a prognostic indicator for survival
outcomes in ESCC patients. Furthermore, immunohisto-
chemical staining provided evidence for an association
between TIME and TCR repertoire.

The heterogeneity of the TCR repertoire between
tumor tissue and surrounding tissue has been thoroughly
studied in past studies pertaining to a variety of tumor
types, such as lung cancer, bladder cancer, hepatocellular
carcinoma, and pancreatic cancer [12, 14, 34, 35]. How-
ever, characterizing the TCR repertoire in ESCC has been
the subject of only a few studies. By conducting a com-
prehensive investigation into the disparities in TCR rep-
ertoire characteristics between ESCC tumor tissue and
its surrounding environment, we discovered that within
the tumor tissue, there is reduced diversity in terms of
unique clone types as well as top clone abundance. Addi-
tionally, decreased diversity was observed in terms of
diversity index and CDR3 aa motifs. This phenomenon
may be attributed to selective clonal expansion during
tumor infiltration. Therefore, when observing diminished
diversity within tumor tissue samples, it can be inferred
that there are more constraints on selection within this
subset, which could potentially be associated with an
increased degree of CR. CR leads to multiple CDR3 nt
sequences encoding the same CDR3 aa sequence due to
TCR selection during the immune response [36].

A number of ICIs have been licensed in recent years to
treat metastatic malignancies, including bladder cancer,
lung cancer, and malignant melanoma [37-39]. Immu-
notherapy has demonstrated unprecedented therapeutic
benefits in a significant proportion of cancer patients,
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Fig.5 Expression of CD8 and PD-L1 between Shannon Index in cohort 1(n=90). (A-B) Statistical analysis was conducted on the Shannon Index for differ-
ent groups based on immunohistochemical staining results of CD8 and PD-L1 expression. (C-D) Representative immunohistochemical staining images

of CD8 and PD-L1 expression in patients from cohort 1

highlighting the growing clinical demand for predicting
immunotherapy efficacy. Investigations into TCR reper-
toire characteristics may serve as effective biomarkers for
prognosticating patient outcomes and response to ICI
therapy [40—44]. Our study investigated the characteris-
tics of the TCR repertoire in patients exhibiting diverse
responses to immunotherapy. The findings revealed that
non-responsive patients displayed higher TCR repertoire
diversity index and a higher prevalence of common V and
] gene usage. Moreover, non-responsive patients exhib-
ited an increased abundance of potential antigens, while
MHC class I expression was more frequently observed
among all potential antigens in responsive patients.
These results suggest that MHC class I expression on
tumor cells plays a pivotal role in facilitating T cell recog-
nition and cytotoxicity, particularly within tumor micro-
environments. Additionally, high-frequency TCRs also

recognized other antigenic sites with potential implica-
tions for engineered T cell therapies targeting cancer cell
proliferation, invasion, and metastasis.

During tumor development, the TCR repertoire under-
goes continuous changes as cancer cells emerge and
are cleared. When cancer cells evade immune destruc-
tion and reach a state of equilibrium or escape, tumor-
associated T cells are continuously generated, shaping
the TIME [45]. Numerous studies have shown that the
baseline TCR repertoire in tumors is closely linked to
the TIME, with TCR repertoire diversity reflecting T cell
activation across various cancers within this environment
[46]. Our research primarily evaluated immune cell-
related biomarkers, with a main focus on T-cell subtypes,
in order to elucidate the association between baseline
TCR repertoire diversity and the tumor immune micro-
environment. We also confirmed the significant value of
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the TCR repertoire diversity index in predicting patient
survival prognosis. While previous studies have inves-
tigated the impact of immunotherapy on the immune
microenvironment by analyzing samples collected before
and after treatment, our current data only includes base-
line samples. In future investigations, we aim to further
elucidate the impact of immunotherapy on the immune
microenvironment.

There are several limitations to this study. Firstly, the
extraction of TCR data from cohort 1 may not fully cap-
ture the functional diversity of T cells, whereas employ-
ing high-throughput TCR sequencing could yield more
comprehensive insights. Secondly, the utilization of
patient data solely from a single center and the absence of
tumor samples from stage I patients necessitate collabo-
ration with other medical centers to augment the sample
size. Lastly, incorporating pre-immunotherapy and post-
immunotherapy patient samples would provide a more
comprehensive understanding of the impact of immuno-
therapy on the TCR repertoire.

Through high-throughput RNA and TCR sequencing,
this study identified a reduction in the diversity of TCR
repertoire in tumor tissues compared to adjacent nor-
mal tissues. Furthermore, it unveiled inter-patient het-
erogeneity in immune therapy response based on their
respective TCR repertoires. Moreover, our research sub-
stantiated the prognostic significance of TCR repertoire
diversity for patient survival prognosis and its associa-
tion with TIME. These findings hold promise for guiding
novel immunotherapy approaches, particularly personal-
ized TCR-T therapy, in patients with ESCC.
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