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ABSTRACT
T cell receptor (TCR) repertoire as a biomarker for predicting immunotherapy efficiency has been widely 
studied. However, its dynamics during radiotherapy combined with PD-1 blockade is little known. Using 
paired tumor and blood samples from the phase Ib clinical study (NCT03222440), we investigate the time- 
spatial TCR repertoire in esophageal squamous cell carcinoma (ESCC) patients treated with first-line 
definitive radiotherapy concurrently with anti-PD-1 antibody camrelizumab, and also evaluate the asso-
ciation between TCR repertoire and clinical outcomes. TCR sequencing was performed on tumor biopsies 
(n = 34, 15 pairs) and peripheral CD8+ T cells (n = 36, 18 pairs) collected at baseline and during treatment 
(after 40 Gy radiation and 2 rounds of camrelizumab). Whole exome sequencing was applied to estimate 
genomic mutations and tumor mutation burden. We show that the intratumoral TCR repertoire at 
baseline was correlated with tumor microenvironment and presented heterogeneity inter-individually. 
T-cell clones inflowed mutually between tumors and peripheral blood under combination treatment, 
resulting in an elevation of intratumoral TCR diversity. The peripheral CD8+ TCR diversity at baseline, 
increased tumor-peripheral Morisita-Horn overlap during treatment, and expansion of persistent intratu-
moral T-cell clones during treatment predicted improved survival. While it is unclear whether radiation 
contributed to the TCR changes versus PD-1 therapy alone, our results firstly reveal radiotherapy com-
bined with PD-1 blockade greatly promoted time-spatial alteration of TCR repertoire between tumor and 
peripheral blood, which demonstrate the peripheral CD8+ TCR diversity at baseline and dynamic altera-
tion of intratumoral TCRs acted as potential effective biomarkers of radiotherapy combined with immu-
notherapy in ESCC.
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Introduction

Inhibitors of programmed cell death protein 1 (PD-1), such 
as nivolumab,1 pembrolizumab,2 and camrelizumab,3 have 
shown promising application in advanced/metastatic eso-
phageal squamous cell carcinoma (ESCC). However, only 
19%,1 16.7%2 and 20.2%3 of these ESCC patients had objec-
tive response from nivolumab, pembrolizumab and camre-
lizumab alone treatment. Identifying valid biomarkers for 
patient selection is urgently needed to promote the clinical 
outcomes in anti-PD-1 therapy.

Previous studies showed that the expression of programmed 
death-ligand 1 (PD-L1) was not eligible as a predictive biomar-
ker for anti-PD-1/PD-L1 treatment in ESCC.1–4 Tumor muta-
tional burden (TMB) was associated with the responseto 

camrelizumab in ESCC patients.5 Dendritic cells were related 
with better survival in ESCC patients after chemoradiotherapy 
and PD-1 blockade.6 Other checkpoint molecules, such as 
T-cell immunoglobulin and mucin-domain-containing-3 
(TIM3) and T-cell immunoglobulin and immunoreceptor tyr-
osine-based inhibitory motif domain (TIGIT), were associated 
with poor survival in ESCC.7 Given that checkpoint blockade 
and TMB-induced neoantigens contributed to T cell antitumor 
immunoreactivity, T cell profiling is increasingly considered to 
have great predictive and prognostic value for immunotherapy.

Each T cell clones express a unique T cell receptor 
(TCR) that recognizes antigen in a unique cognate peptide, 
namely major histocompatibility complex (MHC). About 
90–95% TCRs are composed of α- and β-subunits that are 
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encoded by recombinant genes generated from somatic 
variable (V), diversity (D) and joining (J) segments (VJ 
rearrangement for α; V[D]J rearrangement for β), which 
results in the high diversities of complementarity determin-
ing region 3 (CDR3) and antigen-specific T cell repertoire. 
Recent studies have shown that deep sequencing of the 
TCR variable beta (Vβ) (TCRB) CDR3 region could moni-
tor the dynamics of T-cell repertoire response to 
treatment.8,9 Moreover, TCR clonality and diversity showed 
association in response to a broad range of tumor- 
associated antigens.10,11 Nonetheless, the TCR profiling 
response to immunotherapy in ESCC is relatively sparse.

Concurrent chemoradiotherapy is the standard therapy for 
unresectable locally advanced ESCC patients. Chemo- and 
radiotherapy are supposed to promote antigen presentation 
by increasing the release of the danger signals and tumor 
antigens from dead and injured cells. A few studies have been 
reported that the relationship with T cell profiling and chemor-
adiotherapy in ESCC patients. For instance, one study revealed 
that clonal expansion of tumor-infiltrating lymphocytes (TILs) 
would be induced more within ESCCs after definitive chemor-
adiotherapy than those with surgery alone.12 Meanwhile, the 
increases of TCR diversities were significantly found in periph-
eral T cells but not in TILs after preoperative chemotherapy in 
ESCC patients.13

For unresectable locally advanced ESCC patients who 
were intolerant to or refuse chemotherapy, radiotherapy is 
the primary treatment. However, approximately 80% of 
patients treated with radiotherapy alone will die of recurrent 
or metastatic disease.14,15 Based on the hypothesis of syner-
getic effect of radiotherapy and PD-1 blockade on ESCC, we 
carried out a phase Ib study evaluating the safety and 
feasibility of combined definitive radiotherapy and anti-PD 
-1 antibody camrelizumab as first-line treatment in locally 
advanced ESCC patients who were treatment-naïve and 
ineligible or refused chemoradiotherapy from July 24, 2017 
to January 25, 2018 (ClinicalTrials.gov NCT03222440).16 

Nineteen patients were enrolled. Thirteen patients received 
full cycles (200 mg once every 2 weeks, total 32 weeks) of 
camrelizumab from the beginning of radiotherapy while 18 
patients completed radiotherapy. We previously reported 
the clinical data of this phase Ib trial, which showed that 
radiotherapy combined with camrelizumab had antitumor 
efficacy with manageable toxicity for locally advanced 
ESCC.16

In order to investigate the TCR profiling in response to the 
combination of radiotherapy and immunotherapy in ESCC, we 
prospectively sequenced TCRB CDR3 in both intratumoral 
T cells and peripheral CD8+ T cells from patients at baseline 
and on-treatment (after 40 Gy radiation and 2 rounds of 
camrelizumab) in our study (ClinicalTrials.gov 
NCT03222440). Here, we illustrated the spatiotemporal 
dynamics of TCR diversities responding to radiotherapy com-
bined with camrelizumab in ESCC, which provided biomarker 
candidates for predicting the outcome of the combination 
treatment.

Materials and methods

Study design and sample collection

The tumor biopsies and peripheral CD8+ T cells evaluated in 
this study were collected from patients enrolled in a phase Ib 
study evaluating the safety and feasibility of definitive radio-
therapy combined with the anti-PD-1 antibody camrelizumab 
as first-line therapy for patients with locally advanced ESCC 
(ClinicalTrials.gov NCT03222440).16 Specifically, 19 patients 
with T3-4 N0M0 or T1-4N+M0 (stage II–IVa) who were naïve- 
treated, and were ineligible or declined concurrent chemora-
diotherapy were enrolled. Camrelizumab was infused intrave-
nously at a fixed dose of 200 mg once every 2 weeks from the 
beginning of radiotherapy for up to 32 weeks (i.e., for 16 
cycles).5 Radiotherapy was delivered as RapidArc (volumetric 
arc) intensity-modulated RT with a simultaneous integrated 
boost (SIB-IMRT). The radiotherapy was given according to 
Chinese treatment guidelines for esophageal carcinoma17,18 

and was prescribed to cover 95% of the pretreatment planning 
gross tumor volume (PGTV), given at 2.0 Gy per fraction, 5 
fractions per week, to a total of 60 Gy over 6 weeks. 
Camrelizumab (also named as SHR-1210) is a selective, huma-
nized, high-affinity IgG4-kappa PD-1 monoclonal antibody 
that blocks binding between PD-1 and PD-L1. 
Camrelizumab, alone or combined with chemotherapy has 
shown encouraging efficacy against recurrent or metastatic 
ESCC.5,19 The exploratory endpoints of this phase Ib study 
were changes in tumor immune microenvironment and per-
ipheral immune cells. Baseline (before the first dose of radia-
tion and camrelizumab) and on-treatment (after 40 Gy 
radiation and 2 rounds of camrelizumab) tumor biopsies and 
peripheral blood were prospectively collected (Supplementary 
Table 1). Deep biopsy samples of tumor tissues were collected 
under endoscopic ultrasonographic guidance20,21 and made 
into formalin-fixed paraffin-embedded (FFPE) tissue blocks. 
The study was approved by the institutional review board 
and ethics committee at Tianjin Medical University Cancer 
Institute & Hospital (E2017094) and conformed to the ethical 
principles outlined in the Declaration of Helsinki. All patients 
provided written informed consent to participate.

Purification of peripheral CD8+ T cells

6 mL EDTA-anticoagulant-treated peripheral blood samples 
were collected on the day before the first dose of radiation and 
camrelizumab and during treatment (after delivery of 40 Gy 
radiation and 2 rounds of camrelizumab). Within 2 hours after 
the fresh whole-blood collection, CD8+ T cells were isolated 
from the whole-blood samples by negative selection by using 
the RosetteSep™ Human CD8+ T Cell Enrichment Cocktail 
(StemCell, 15063) according to the manufacturer’s instruction. 
After being washed twice with cold phosphate-buffered saline 
(PBS), purified CD8+ T cells were resuspended in RNAlater 
(ThermoFisher, AM7020) and preserved at ‒80°C for further 
TCR analysis. The purification of CD8+ T cells was immedi-
ately confirmed by flow cytometry analysis after isolation. All 
purification of isolated CD8+ T cells was above 93%. We also 
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isolated the peripheral blood monocyte cells (PBMCs) from 
5 mL peripheral blood both at baseline and during treatment 
by Ficoll-Paque® density gradient centrifugation. The fresh 
PBMCs were tested by using flow cytometry.16 The baseline 
peripheral blood granulocytes on the upper layer of erythro-
cytes after Ficoll-Paque® density gradient centrifugation were 
preserved directly at ‒80°C, which were used as normal tissue 
control in TMB analysis.

Tissue processing and DNA extraction

Genomic DNA was isolated from FFPE tumor tissue samples 
with a commercially available Qiagen DNA FFPE kit (Maxwell® 
16 FFPE Plus LEV DNA Purification, Qiagen, Hilden, 
Germany Kit. catalog: AS1135), and matched peripheral 
blood samples (CD8+ T cells and granulocytes) were extracted 
by using a DNeasy Blood & Tissue Kit (Qiagen, Hilden, 
Germany). DNA concentrations were measured with a Qubit 
fluorometer and the Qubit dsDNA HS (High Sensitivity) Assay 
Kit (Invitrogen, Carlsbad, CA, USA). The total DNA yield had 
to have been ≥1 µg. The purity of DNA was determined by the 
ratio of spectrophotometric absorbance of DNA at 260 nm to 
that of 280 nm, and the ratio at 260 nm to 230 nm; 260/280 had 
to have been ≥1.8 and 260/230 ≥ 2.

Whole exome sequencing

Fragmented genomic DNA from tumor and peripheral blood 
granulocyte samples was used to construct a NEBNext Ultra II 
DNA Library (New England Biolabs, Ipswich, MA, USA), and 
exonic regions were captured in solution by using the SeqCap 
EZ Exome 64 M kit (Roche NimbleGen, Madison, WI, USA) 
according to the manufacturers’ instructions. Paired-end 
sequencing, resulting in 100 bases from each end of the frag-
ments for the exome libraries, was done with a HiSeq 3000 
Sequencing System (Illumina, San Diego, CA). The mean 
depth of coverage for the tumor samples was 203x. All samples 
had qualified QC.

Next generation sequencing analysis

Somatic mutations were detected in paired tissue DNA sam-
ples. From raw data, terminal adaptor sequences and low- 
quality reads were removed. BWA6 (version 0.7.12-r1039) 
was used to align the clean reads to the reference human 
genome (hg19). Picard (version 1.98) was used to mark PCR 
duplicates. Realignment and recalibration were done with 
GATK (version 3.4–46-gbc02625). MuTect2 (version 1.1.4) 
was used to “call” somatic insertion/deletions and single 
nucleotide variants. Identification of Copy Number Variants 
(CNV): CNV was expressed as the ratio of adjusted depth 
between tumor tissue DNA and germline DNA and was ana-
lyzed using FACETS-with log2 ratio thresholds of 0.322 and 
−0.415 for gain and loss, respectively.22

Mutations were considered as a candidate somatic mutation 
only when (i) the mutation had at least five high-quality reads 
(Phred score ≥30, mapping quality ≥30, and without paired- 
end reads bias) containing the particular base; (ii) the mutation 
was not present in >1% of the population in the 1,000 Genomes 

Project or the Single Nucleotide Polymorphism Database; and 
(iii) the mutation was not present in a local database of normal 
samples. For somatic mutations in tumors, a mutant allele 
must have been present in ≥3% of reads. Non-synonymous 
mutations annotated by variant effect predictor (VEP; www. 
ensembl.org) were used in tumor mutation burden (TMB) 
analysis.

PCR amplification of TCR β

We assessed TCR abundance in TCR-β chain CDR3 regions in 
both tumor and peripheral blood CD8+ T cells from 19 
patients, before RT and at 4 weeks of RT (i.e., after delivery 
of 40 Gy and 2 rounds of camrelizumab). Multiplex PCR 
amplification of the CDR3 of the TRB was implemented, 
including PCR1 and PCR2 inclusively and semi- 
quantitatively, as described below. Unique molecular identi-
fiers (UMIs) were used to enable the accurate bioinformatic 
identification of PCR duplicates. During the first round of 
PCR1, only 15 cycles were used to amplify CDR3 fragments 
using the specific primers against each V and J genes; in 
the second round, PCR was done with universal primers.

PCR1: 200ng of DNA (used as templates) were amplified 
after 25 µL of 2× QIAGEN Multiplex PCR Master Mix, 5 µL of 
5 × Q solution, 1 μL of forward primers set pool, and 1 μL of 
reverse primers set pool were added to form a reaction system 
by using a Multiplex PCR Kit (QIAGEN, Germany. catalog: 
206143). UMIs were added into the PCR mix. PCR was then 
done as follows: 1 cycle of 95°C for 15 minutes, 10 cycles of 
denaturation at 94°C for 30 seconds, and 15 cycles of both 
annealing at 60°C for 90s and extension for 30s at 72°C. After 
a final extension for 5 minutes at 72°C, the system was cooled 
down to 4°C. The target fragment of the multiplex-PCR pro-
ducts was purified on magnetic beads (Agencourt AMPure XP 
kit, Beckman Coulter, Beverly, MA, USA. catalog: A63882).

PCR2: The entire sample of the PCR1 product was used as 
a template for the second step of amplification after the addi-
tion of 2 μL communal primers, 25 μL phusion master mix 
prepared by using a Phusion® High-Fidelity PCR Kit (New 
England Biolabs, USA, catalog: E0553L), and nuclease-free 
water to reach a total volume of 50 μL. The reactions were 
then transferred to a thermal cycler that carried out the follow-
ing program: one cycle of 98°C for 1 min; 25 cycles of dena-
turation at 98°C for 20 s, annealing at 65°C for 30s, and 
extension at 72°C for 30 s; and final extension at 72°C for 
5 min. The samples were then held at 4°C.

Analysis of TRB sequencing data

Raw sequencing data were processed and analyzed with the 
following procedure. Briefly, (1) raw reads were filtered to 
remove undesired sequences that do not contain the primers 
for multi-PCR by using Cutadapt (https://github.com/mar 
celm/cutadapt); (2) the remaining high-quality paired reads 
were merged to obtain contigs by using Pear (Paired-End 
reAd merger, Scientific Computing Group, Heidelberg 
Institute for Theoretical Studies, Schloss-Wolfsbrunnenweg 
35, D-69118 Heidelberg) and (3) aligned to reference TRB 
V/(D)/J gene sequences (http://www.imgt.org) using MiXCR 
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(https://github.com/milaboratory/mixcr/) to determine the 
TRB V/(D)/J gene segment usage of each contig; (4) the 
CDR3 region was identified based on the conserved 
sequence of CDR3 region; (5) the CDR3 species were clus-
tered to eliminate the sequencing errors according to base 
quality and sequence similarity.

Diversity, clonality, top frequency, and overlap index were 
used to characterize the immune repertoire. The diversity of 
the TCR repertoire is calculated with the Shannon–Wiener 
index (Shannon index), which is the function of both the 
relative number of clonotypes present and the relative abun-
dance or distribution of each clonotype.23 The Shannon index 
is calculated as follows, where ni is the clonal size of the ith 
clonotype (that is, the number of copies of a specific clono-
type), S is the number of different clonotypes, and N is the total 
number of TCR/BCR sequences analyzed: 

Shannonindex ¼ �
Xs

i¼1

ni
N

ln
ni
N 

Clonality is defined as 1 – (Shannon index)/ln(# of productive 
unique sequences).24 A maximally diverse population is asso-
ciated with a clonality score of 0 and a perfectly monoclonal 
population with a clonality score of 1.

Simpson’s diversity index (Simpson’s index) measures the 
probability that two randomly selected individuals from 
a sample will be the same. The Simpson’s index is calculated as 
followed: where ni is the number of entities belonging to the ith 
type and N is the total number of entities in the dataset. Simpson’s 
index ranges between 0 and 1. The higher the value, the lower the 
diversity. 

Simpson0sindex ¼

PR

i¼1
ni ni � 1ð Þ

N N � 1ð Þ

A separate metric was used to further characterize the diversity 
of the TCR repertoire – richness. Richness reflects how many 
different V-J rearrangements are present and is defined as the 
ratio (expressed as a percentage) between the number of 
observed rearrangements in a sample and the number of possi-
ble theoretical rearrangements between V families and J genes.25

The Morisita–Horn similarity index (MH overlap) for 
determining the similarity between samples.26 To further 
investigate the status of baseline tumor immune infiltration, 
we used the MH overlap to evaluate the composition and the 
abundance of T-cell rearrangements in tumor tissues versus 
peripheral blood CD8+ T cells: 

MHoverlap ¼
2
Pc

i¼1
f igi

Pc

i¼1
f2

i þ g2
i

� �

where fi = n1i/N1 and gi = n2i/N2, n1i and n2i are the clone 
sizes of the ith clonotype (i.e., number of copies of each distinct 
CDR3 sequence for the TCR α- or β-chain) in samples 1 and 2, 
and N1 and N2 are the total number of TCRs in samples 1 and 
2. The summations in the numerator and the denominator are 

over all c clonotypes in both samples. This index ranges 
between 0 and 1, with 0 representing minimum similarity 
and 1 maximum similarity.

TMB analysis

TMB was defined as the number of somatic non-synonymous 
single nucleotide variants and insertion/deletion mutations per 
megabase of the targeted region. Increasing values of TMB were 
expressed as the “fold” change of TMB along with the new regions 
joining.

Neoantigen prediction

We used predicted neoantigens to investigate potential associa-
tions of neoantigen burden and tumor response. Briefly, iden-
tified non-silent mutations from WES were used to generate 
a comprehensive list of peptides 8–11 amino acids in length 
with the mutated amino acid represented in each possible 
position. The binding affinity of every mutant peptide and its 
corresponding wild-type peptide to the patient’s germline HLA 
alleles were predicted using netMHCpan-3.0. Predicted neoan-
tigens in correlation analysis were identified as those with 
a predicted binding strength of <50 nM and mutant peptide 
binding affinity less than 70% of wild-type binding affinity.

Multiplex immunofluorescence analysis
We performed tyramide signal amplification (TAS)-based 
multicolor immunofluorescence staining assay to identify 
the tumor immune microenvironment in baseline and on- 
treatment tumor tissues. Briefly, tumor tissue sections were 
deparaffinized. And different primary antibodies were 
sequentially applied, followed by incubation with horserad-
ish peroxidase-conjugated secondary antibody and TSA. The 
slides were heated in a microwave after each TSA operation. 
PANO 7-plex IHC kit (Panovue, 0004100100) was used in 
multiplex immunofluorescence staining. Nuclei were stained 
with 4′-6′-diamidino-2-phenylindole (DAPI, SIGMA- 
ALDRICH, D9542) after all the human antigens had been 
labeled. Immune markers assessed included CD4, CD8, 
PD1, and PDL1. Tumor cells were identified with pan- 
cytokeratin (Pan-CK) antibodies. The stained slides were 
scanned with a Mantra System (PerkinElmer) and images 
were analyzed by using InForm image analysis software 
(PerkinElmer).

Statistical analyses

Analyses were performed using SPSS v.21.0 (STATA, College 
Station, TX, USA) or R 4.1.0 statistical software. Statistical 
significance between groups was compared using Fisher’s 
exact tests, non-parametric two-sided Mann–Whitney U tests 
for two independent samples or Wilcoxon Signed-Rank tests 
for paired samples, and correlations were evaluated assuming 
a non-Gaussian distribution (Spearman correlation) unless 
otherwise indicated. Statistical significance among multiple 
groups was compared using Kruskal–Wallis test. The 
Kaplan–Meier method was used to estimate OS and progres-
sive-free survival (PFS). Differences in survival were compared 
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with log-rank tests. The best cutoff of Kaplan–Meier survival 
analysis was calculated by the Youden index of the ROC curve. 
Reported P values were two-sided, and the significance level 
was set at 0.05. All heatmaps were created by using GenVisR 
(version 1.24.0) or ggplot2 (version 3.3.3) packages. The data 
cutoff date for all analyses was May 30, 2021.

Results

Genomic characteristics of tumors before radiotherapy 
combined with camrelizumab

Of the 19 patients enrolled, 12 were male and 7 were female, 
with a median age of 64 y (range, 46–74 y) (Figure 1a and 
Supplementary Table 2).16 At the data cutoff date of May 30, 
2021, the median follow-up duration was 42.5 months (95% CI 
38.5 to 46.5). Median OS was 16.7 months (95% CI 5.9‒27.9); 
OS rate was 31.6% at 24 months. Median PFS was 11.7 months 
(95% CI 0–30.3); PFS rate was 35.5% at 24 months.

We performed whole-exome sequencing of tumor tissue 
samples from 16 patients at baseline. Analysis of baseline 
genomic data showed the TMB ranged from 1.59 to 8.06 
Mutations/Mb, with a median of 4.35 Mutations/Mb 
(Figure 1b and Supplementary Figure S1); the predicted neoan-
tigens ranged from 54 to 326, with a median of 152 
(Supplementary Table 3). The CNV burden ranged from 76 
to 3506, with a median of 1662 (Supplementary Figure S2), 
consistent with the previous report in ESCC.27 We did not find 
the association between TMB, the predicted neoantigens, CNV 
burden, and the objective response and OS/PFS. We also 
investigated potential enrichment of alterations in specific 
genes or pathways, including eight DNA damage response 
pathways, cell cycling pathways, the HIPPO pathway, the 
PI3K pathway, the RTK-RAS pathway, and the interferon-γ 
pathway (Figure 1c, Supplementary Table 4 and Figure S3). 
Then, we found that both OS and PFS were longer in patients 
with mutations enriched in the PI3K pathway than in patients 
without mutations (Figure 1d and e).

TCR repertoire associated with clinical outcome

We conducted TCRB sequencing in 18 baseline and 16 on- 
treatment tumor tissues including 15 pairs. The TCRB sequen-
cing was also conducted in 18 pairs of baseline and on- 
treatment peripheral CD8+ T cells. The median total TCR 
reads and unique TCR were 4.33 × 106 and 470 in tumor tissues 
at baseline, and 3.20 × 106 and 3.25 × 104 during treatment, 
respectively (Supplementary Table 5 and 6). The median total 
and unique TCR reads were 4.73 × 106 and 3.19 × 104 in 
peripheral CD8+ T cells at baseline, and 5.89 × 106 and 
2.70 × 104 peripheral CD8+ T cells during treatment, respec-
tively (Supplementary Table 5 and 6). The median of total TCR 
reads in on-treatment tumor tissues was lower compared with 
that in baseline tumor tissues as well as that in peripheral CD8+ 

T cells both at baseline and during treatment (p = .017, 
p = .003, p < .005, respectively.).

To avoid bias from the sample size, we calculated TCR 
diversity indices, including Shannon index which was highly 
sensitive to low-frequency clones, clonality which was closely 

related to expanded clones, and Simpson’s index which empha-
sized high-frequency reads. Increased TCR diversity (higher 
Shannon index and lower Simpson’s index) in baseline tumors 
was found in patients with older age (Supplementary Fig. 4a 
and b). Other patient baseline characteristics, including gender, 
ECOG performance status score, smoking and drinking status, 
and disease stage, was not associated with TCR diversity in 
baseline tumors (Supplementary Table 2).

We analyzed the TCR diversity according to treatment 
response evaluated radiological and pathological responses, 
scored according to RECIST 1.1 by individual clinicians.16 

The results showed objective responsive (partial and completed 
responsive) patients had lower baseline intratumoral clonality 
compared with non-responsive (stable and progressive disease) 
patients (Figure 2a). Responsive patients also had marginal 
higher TCR diversity (elevated Shannon index and lower 
Simpson’s index) in baseline tumors (Supplementary Fig. 4c 
and d). While analyzing on-treatment TCR diversity, we found 
responsive patients had significantly higher TCR diversity 
(increased Shannon index, lower clonality and Simpson’s 
index) in the on-treatment peripheral CD8+ T cells compared 
with non-responsive patients (Figure 2b).

We did not find that the TCR diversity in baseline tumors, 
on-treatment tumors, or on-treatment peripheral CD8+ T cells 
was associated with patient survival. However, landmark ana-
lysis revealed that patients with high baseline TCR diversity in 
peripheral CD8+ T cells had better OS and PFS (Figure 2c). On 
the contrary, high baseline clonality in peripheral CD8+ T cells 
was connected with worse OS and PFS (Figure 2d).

Baseline intratumoral TCR diversity associated with 
immune environment and heterogeneity

We previously reported that PD-1 expression on CD4+ and 
CD8+ TILs was associated with survival in these patients by 
using multicolor immunofluorescence staining.16 To explore 
the characteristics of intratumoral TCR diversity before treat-
ment, we compared the TCR repertoire in 17 patients who had 
enough baseline tumor biopsies for both TCRB sequencing and 
multicolor immunofluorescence staining. We found that 
patients with high baseline PD-1+CD4+ TILs had increased 
TCR diversity and decreased clonality in baseline tumors 
(Figure 3a and Supplementary Figure S5). Similarly, patients 
with high baseline PD-1+CD8+ TILs also had higher TCR 
diversity and lower clonality in baseline tumors (Figure 3b).

In analyzing the correlation between TCR diversity and 
tumor mutations in baseline tumors available from 16 patients, 
we found TCR diversity showed loosen correlation with TMB 
(Figure 3c), probably owing to limited samples. Furthermore, 
we found patients with mutation enriched in RTK-RAS path-
way had higher TCR clonality (increased Simpson’s index) 
(Figure 3d and Figure 1c).

To investigate the heterogeneity of TCR repertoire among 
patients, we assessed the TCR clonotypes in the baseline 
tumors from 18 patients. We firstly classified the unique 
TCR clonotypes identified in the baseline tumors into two 
categories. The first category included the “patient-specific” 
clonotypes which were detected only in individual patients 
but not shared with the other patients. The second category 
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Figure 1. Whole-exome sequencing in baseline tumor tissues. (a) Study workflow. (b) Mutation genes detected in baseline tumor samples. Upper graph, tumor mutation 
burden. Most mutations were non-synonymous. Middle graph, mutation genes at top 30 mutation occurrence in all samples were illustrated. A total of 16.89 months, 
median overall survival time. (c) Gene mutations enriched in representative signaling pathways in baseline tumor samples. (d and e) Kaplan–Meier estimates of overall 
survival (d) and progressive-free survival (e) among patients with or without PI3K pathway mutation. Cutoff value, Youden index of the ROC curve. N = 16. P < .05, 
significant difference. IF, immunofluorescence. TCR, T cell receptor. WES, whole-exome sequencing. TMB, tumor mutation burden. TNB, tumor neoantigen.
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included shared clonotypes which were identified in the base-
line tumors from no less than 2 patients. We found a median 
of 181 (ranged from 8 to 795) of “patient-specific” clonotypes 
and 284 (ranged from 76 to 939) shared clonotypes in base-
line tumors (Supplementary Fig. 6a). Both these two clono-
type categories were positive associated with total unique 
TCR clonotypes (Supplementary Fig. 6b). The percentages 
of “patient-specific” and shared clonotypes covered wide 
range among each baseline tumors (5.06% to 82.27% and 
17.73% to 94.94%, respectively). The median percentage of 
shared clonotypes was higher than “patient-specific” clono-
types (61.35% vs 38.65%, p = .039, Figure 3e). We then 

integrated all the unique clonotypes in all baseline tumors 
from the 18 patients (Supplementary Fig. 7). Of the total of 
5283 unique clonotypes in these baseline tumor samples, the 
“patient-specific” clonotypes were 2.8 times more than those 
shared clonotypes (71.19% vs. 18.81%, Figure 3f). The num-
bers of TCR clonotypes decreased sharply with the increased 
numbers of patients shared (Figure 3f). Less than 1% of 
clonotypes were shared in more than 10 patients. Only one 
TCR clonotype was shared in 17 patients. No TCR clonotype 
was shared in 14–16 patients or all 18 patients (Figure 3f and 
Supplementary Fig. 7). Lastly, landmark analysis indicated 
patients with high percentages of “patient-specific” 

Figure 2. TCR diversity associated with treatment outcome of radiotherapy combined with camrelizumab. (a) Responsive patients had lower clonality in baseline 
tumors. (b) Responsive patients had higher Shannon index, lower clonality and lower Simpson’s index in peripheral CD8+ T cells during treatment. (c and d) Landmark 
analysis of overall survival and progression-free survival among patients in TCR Shannon index (c) and clonality (d) of baseline peripheral CD8+ T cells. Responsive: 
partial + completed response. Non-responsive: stable + progressive disease. BLT, baseline tumor tissues. RTC, peripheral CD8+ T cells after 40 Gy radiation and 2 rounds 
of camrelizumab. BLC, baseline peripheral CD8+ T cells. Black solid line, landmark point. P < .05, significant difference.
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Figure 3. TCR repertoire in baseline tumor tissues associated with tumor microenvironment. (a) Patients with high baseline PD-1+CD4+ TILs had higher Shannon index, 
lower clonality and lower Simpson’s index in baseline tumors. (b) Patients with high baseline PD-1+CD8+ TILs had higher Shannon index and lower Simpson’s index in 
baseline tumors. The median density (/mm2) of PD-1+CD4+ TILs and PD-1+CD8+ TILs was used as cutoffs in (a) and (b). (c) Association between TCR diversity and tumor 
mutation burden. (d) Patients with RTK-RAS pathway mutations had higher Simpson’s index in baseline tumors. (e) Patient-specific and shared unique T-cell clonotypes 
in individual patient. (f) Unique T-cell clonotypes shared among patients. (g) Landmark analysis of overall survival and progression-free survival among patients in 
patient-specific unique clonotypes in baseline tumors. TIL, tumor-infiltrated lymphocyte. TMB, tumor mutation burden. N = 17 (a and b), 16 (c and d), and 18 (e-g). 
P < .05, significant difference.
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Figure 4. Radiotherapy plus camrelizumab remodel TCR diversity. (a) Changes of Shannon index, clonality and Simpson’s index during combination treatment. (b) 
Intratumoral clonotypes identified at baseline expanded or contracted in on-treatment tumors. (c) Intratumoral expansion of persistent clonotypes during treatment 
was associated with patient survival. (d) Intratumoral clonotypes identified at baseline expanded or contracted in peripheral CD8+ T cells during treatment. Expanded, 
TCR frequency higher in on-treatment tumors (b and c) or in on-treatment peripheral blood (d) compared with their corresponding samples at baseline. Contracted, TCR 
frequency lower in on-treatment tumors (b) or in on-treatment peripheral blood (d) compared with their corresponding samples at baseline. RTT, intratumoral T cells 
after 40 Gy radiation and 2 rounds of camrelizumab. RTC, peripheral CD8+ T cells after 40 Gy radiation and 2 rounds of camrelizumab. N = 15 paired tumor tissues (a-c), 
18 paired peripheral CD8+ T cells (a), and 17 (d). P < .05, significant difference.
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Figure 5. Clonotype redistribution during combination treatment. (a) Total frequencies of top 100 clonotypes in tumors or peripheral CD8+ T cells before and during 
treatment. N = 15 paired tumor tissues, and 18 paired peripheral CD8+ T cells. (b) Landmark analysis of overall survival among patients in frequencies of top 100 clones 
in baseline peripheral CD8+ T cell. (c) Different frequencies of clonotypes during treatment. The upper four graphics showed the proportions of high-frequency, 
medium-frequency, and low-frequency clonotypes in tumors or peripheral CD8+ T cells from each patient before and during treatment. Low-frequency clones, ≤0.01%. 
Medium-frequency clones, 0.01% to 0.1%. High-frequency clones, ≥0.1%. N = 14. (d and e) Landmark analysis of overall survival among patients in low-frequency 
clonotypes (d) and high-frequency clonotypes (e) in baseline tumors. (f) Variable-Joining (V/J) gene utilization profiles of TCRβ (TRB) in tumors or peripheral CD8+ T cells 
before and during treatment. V-J pairs identified in all tumors and peripheral CD8+ T cell samples were included in the analysis. BLT, BLC and RTC, N = 18 each. RTT, 
N = 16. (g) Frequencies of V/J gene profiles of TRB in tumors from each patient before and during treatment. V-J pairs identified in all tumors were included in the 
analysis. (h) Kaplan–Meier estimates of overall survival among patients with TRBV20-1 in the peripheral CD8+ T cells during treatment. BLT and BLC, baseline tumor 
tissues and peripheral CD8+ T cells. RTT and RTC, tumor tissues and peripheral CD8+ T cells after 40 Gy radiation and 2 rounds of camrelizumab. P < .05, significant 
difference.
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clonotypes in baseline tumors had shorter OS and PFS 
(Figure 3g). These results indicated the heterogeneity of 
TCR repertoire in baseline tumors among patients.

Combined radiotherapy with camrelizumab remodel TCR 
repertoire

To explore the variation of TCR repertoire during combination 
treatment, we initially compared the TCR repertoire in 
matched pre- and on-treatment tumors from 15 patients. The 

intratumoral TCR diversity increased remarkably during treat-
ment compared with that at baseline (Figure 4a). On the con-
trary, the intratumoral clonality decreased significantly during 
treatment (Figure 4a). We also calculated the TCR richness 
index to monitor the actual number of unique TCR 
sequences.25 It was found that the intratumoral richness 
increased during treatment (P < .001, Supplementary Fig. 8a). 
Additionally, we found patients with MMR pathway mutation 
had higher intratumoral clonality during treatment than those 
without (Supplementary Fig. 8b). While, there was no 

Figure 6. Mutual influx of T-cell clones between tumor and peripheral blood T cells. (a) Morisita-Horn (MH) overlap index between tumors and peripheral CD8+ T cells. 
(b) Increased MH overlap index was associated with progressive-free survival. (c) Clonotypes shared between tumors and peripheral CD8+ T cells at baseline and during 
treatment. The new on-treatment TCR clonotypes firstly shared between tumors and peripheral CD8+ T cells during treatment. (d) Representative upset Venn diagram 
to assess unique TCR clonotypes in tumors and peripheral CD8+ T cells both at baseline and during treatment. Each row, unique clonotypes in individual tested samples. 
Each column, intersection set (shared clonotypes) or exception set (peculiar clonotypes) between samples. UpSetR (version 1.4.0) packages was used. (e) Different 
derivation of new shared clonotypes during treatment. (f) New shared clonotypes in baseline samples. N = 14. P < .05, significant difference.
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association between TMB, TIL subsets and intratumoral TCR 
diversity during treatment. Opposite with the changes of TCR 
repertoire in tumors, the diversity of peripheral CD8+ TCRs 
decreased during treatment (Figure 4a and Supplementary 
Fig. 8a). The lymphocyte count deceased under the combina-
tion treatment compared with that at baseline in all 19 patients 
([1.85 ± 0.56]×106/mL vs [0.51 ± 0.04]×106/mL, p < .001, 
paired t-test). Kaplan–Meier analysis did not show the associa-
tion between lymphocyte count, objective response rate and 
survival.

We next evaluated the unique TCR clonotypes in tumors 
during treatment. The majority of clonotypes identified at 
baseline were lost during treatment across all paired tumors. 
Above 99.9% intratumoral clonotypes during treatment were 
newly detected that were not observed in tumors at baseline 
(Supplementary Table 7). Less than 0.1% of clonotypes existed 
persistently in tumors both before and during treatment 
(Supplementary Table 7). Because the on-treatment TCR rich-
ness increased exclusively in all tumors, it was feasible to 
categorize these persistent clonotypes into expanded or con-
tracted, according to their frequencies in the on-treatment 
tumors were higher (expanded) or lower (contracted) than 
those in the baseline tumors. A median of 46% (ranged from 
17% to 83%) persistent T-cell clones expanded in tumors dur-
ing treatment (Figure 4b). And higher percentage of expansion 
of these persistent clones in on-treatment tumors was asso-
ciated with both longer OS and PFS (Figure 4c). We also 
assessed a median of 19 (range from 3 to 65) T-cell clonotypes 
that were identified in baseline tumors persistently existed in 
the peripheral blood during treatment (Figure 4d and 
Supplementary Fig. 9). And a median of 50% (range from 
18% to 91%) of these clones expanded in peripheral blood 
during treatment (Figure 4d).

Clonotype composition and variable-Joining (V-J) gene 
utilization profiles during combination treatment

To further characterize the TCR repertoire alteration during 
treatment, we evaluated the number of clonotypes with differ-
ent frequencies. The total frequencies of the top 100 clones 
decreased in tumors, while increased in peripheral CD8+ 

T cells during treatment (Figure 5a). Patients with low frequen-
cies of top 100 clones in baseline peripheral CD8+ T cells had 
longer OS (Figure 5b). We then divided the T-cell clones into 
high-frequency clones (clone fraction ≥0.1%), medium- 
frequency clones (0.01% to 0.1%), and low-frequency clones 
(≤0.01%) (Figure 5c). The proportions of high-frequency and 
medium-frequency clones decreased, whereas the proportions 
of low-frequency clones increased in all tumors during treat-
ment compared with those in baseline tumors (Figure 5c). The 
high-frequency proportions of peripheral CD8+ T cells 
increased during treatment (Figure 5c). We found patients 
with higher low-frequency clones in the baseline tumors had 
better OS (Figure 5d). However, patients with higher high- 
frequency and higher medium-frequency clones in the baseline 
tumors had worse OS (Figure 5e and Supplementary Fig. 10).

We then estimated the V-J gene utilization profiles of TRB 
pre- and during treatment. The segment TRBV12-3 and 
TRBJ2-7 were the most frequent for the baseline intratumoral 

T cells (Supplementary Fig. 11 and 12). The segment TRBV20- 
1 and TRBJ2-7 were the most frequent for the intratumoral 
T cells during treatment and peripheral CD8+ T cells both at 
baseline and during treatment (Supplementary Fig. 11 and 12). 
We also characterized the V-J pairing profile in all samples. 
The TRBV6-1/TRBJ2-7 pair was the most frequent for baseline 
intratumoral T cells, while its frequency decreased, and the 
TRBV20-1/TRBJ2-7 pair ranked to the most frequency during 
treatment (Figure 5f and Supplementary Fig. 13). Of the 
V-J pairing segments identified in baseline tumors, the 
TRBV20-1/TRBJ1-1 pair was the only one with increased fre-
quency during treatment (Figure 5g). Patients with higher 
TRBV20-1 in the on-treatment peripheral CD8+ T cells had 
better OS (Figure 5h).

Mutual influx of T-cell clones between tumor and 
peripheral blood T cells

To investigate the potential migration of T-cell clones between 
local tumors and peripheral blood, we used Morisita-Horn 
(MH) overlap to evaluate the shared T-cell clones between 
tumor tissues and peripheral CD8+ T cells. Fourteen patients 
who had all four samples (tumors and peripheral CD8+ T cells 
both at baseline and during treatment) for TCRB sequencing 
were included in the analysis. The MH overlap elevated in 86% 
(12/14) patients during treatment (Figure 6a). And a higher 
increase in MH overlap (on-treatment MH overlap – baseline 
MH overlap) predicted improved PFS (Figure 6b). These 
results indicated the migration between local tumors and sys-
tematic blood.

To vividly track the compartmentalization influx of T-cell 
clones, we then focused on the T-cell clonotypes newly shared 
between tumors and peripheral CD8+ T cells during treatment 
but not shared between these two compartments at baseline. 
The new shared clonotypes occupied 72.63% and 81.88% of the 
total clonotypes in the intratumoral and peripheral CD8+ T cells 
during treatment, respectively (Figure 6c). Based on the baseline 
location of these new shared clonotypes, we grouped them into 
tumor-derived which were also detected in the baseline tumors, 
peripheral-derived which were also detected in baseline periph-
eral CD8+ T cells, and others which were detected in neither of 
the two biological compartments at baseline (Figure 6d). Of the 
total new shared clonotypes, more than 90% were peripheral- 
derived, tiny minority tumor-derived, and the rest less known 
the derivation in the present study (Figure 6e). Seven (7/14, 
50%) patients had the new shared clonotypes shared with their 
baseline tumors (Figure 6f), constituting 0.015% of the new 
shared clonotypes in these patients. The median proportion of 
the new shared clonotypes shared with the baseline tumors and 
baseline peripheral CD8+ T cells were 0.002% and 95.78%, 
respectively (Figure 6f). These results demonstrated the mutual 
influx of T-cell clones between tumors and peripheral blood 
under combination treatment.

Discussion

In the present study, we illustrated the spatiotemporal varia-
tion of T-cell repertoire induced by radiotherapy combined 
with camrelizumab in ESCC patients for the first time. We 
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found that the diversity of intratumoral TCR and the mutual 
influx between tumor and peripheral blood were greatly pro-
moted by the combination treatment. Our results also revealed 
the baseline intratumoral TCR repertoire was closely associated 
with tumor immune microenvironment and had heterogeneity 
among patients. High diversity of baseline peripheral CD8+ 

T cells increased, on-treatment MH overlap between tumors 
and peripheral CD8+ T cells, and expansion of persistent intra-
tumoral T-cell clones were the biomarker candidates for pre-
dicting the treatment outcome.

We found a positive correlation between TMB and TCR 
clonality, and a negative correlation between TMB and TCR 
diversity in baseline tumors. Higher TMB would elevate more 
production of neoantigens, which leading to enhanced expan-
sion of neoantigen-specific T cells. However, we did not find 
the association between TMB and treatment response though 
what has been observed in advanced ESCCs with 
camrelizumab5 and multiple cancers with 
immunotherapy.28,29 The TMB was significantly higher in 
radioresistant cells than radiosensitive cells in breast cancer 
patients.30 Radiotherapy was associated with increases in dele-
tion burden, which contributed to worse survival in patients 
with glioma.31 Combing with the close association between 
MMR pathway mutation and higher intertumoral clonality 
during treatment in our result, we inferred that tumor muta-
tions during radiotherapy also played an important role in the 
treatment outcome. In addition, our results demonstrated that 
patients with mutations enriched in PI3K pathway may benefit 
from the treatment of radiotherapy combined with PD-1 
blockade, which may attribute to the activation of PI3K/Akt/ 
mTOR pathway32 and PI3K/Akt/STAT3 pathway in response 
to radiotherapy and immune therapy,33 promoting PD-L1 
expression. These results supported the rational combination 
strategies of immunotherapy and radiotherapy, and suggested 
that the TMB during treatment and pathways enriched muta-
tions would be potential biomarkers to predict the response to 
the combination treatment.

In analyzing the baseline intratumoral TCRs, we found 
that patients with high PD-1+CD4+ or PD-1+CD8+ TILs had 
lower T-cell clone expansion, and lower TCR clonality was 
associated with objective response. Besides strictly regulated 
in T cells, PD-1 is also affected by multiple cytokines in the 
tumor microenvironment; more inhibitory immune environ-
ment would induce higher level of PD-1 expression.34The 
ESCC patients with high PD-1 expressed TILs probably had 
more seriously inhibitory tumor immune microenvironment. 
It was reported that high PD-1 expressed CD8+ TILs exhib-
ited exhausted traits and tumor-specific recognition com-
pared with intermediated or no PD-1 expressed CD8+ TILs 
in non-small cell lung cancer.35 Applying anti-PD-1 antibody 
could block the PD-1/PD-L1 inhibitory signaling and 
improve the anti-tumor response. We found the heterogene-
ity of TCR repertoire existed in individuals. Furthermore, the 
patients with more “patient” specific clonotypes had worse 
survival. The different TCR repertoire in multiple regions in 
the same ESCC tumor contributed to intratumor heterogene-
ity of T-cell immune response.36 These “patient” specific 
clonotypes in baseline tumors probably included T cells that 
lacked the capacity to recognize the tumor cells.37 A large 

proportion of these cells might be bystander TILs that recog-
nized unrelated tumor antigens, such as virus, resided in the 
tumor tissues during the process of tumorigenesis.38–40 

Additionally, a part of these tumor-resident T cells may 
have specificities for MHC-peptide complex that previously 
existed in tumors, but subsequently lost due to deficiency of 
presenting MHC allele41 or tumor antigen editing.42 As 
a result, although high level of these cells presented in tumors, 
they could not be activated or revigorated effectively by radio-
therapy combined with PD-1 blockade, thus uncapable as 
effector T cells under the combination treatment. We here 
could not determine whether the PD-1 expressed TILs repre-
sented tumor-specific T cells, or the specificities of “patient” 
specific T cells infiltrated in tumors. And we also need con-
sider that different TCR clonotypes may recognize the same 
tumor antigen which would be impossible to discern in the 
present analysis. However, our findings indicated that hetero-
genous antitumor capability of T-cells in baseline ESCC 
tumors, which deserved further study in future.

Previous studies showed neoadjuvant nivolumab resulted 
in augmented TCR clonal diversity among TILs in resect-
able glioblastoma,43 while nivolumab induced temporal clo-
nal expansion of TILs in advanced melanoma.44 In our 
study, we found a sharp elevation of TCR diversity 
occurred in the tumor T cells during the treatment, which 
was probably due to the release promotion of tumor anti-
gens through radiotherapy. It was reported that T-cell clo-
nal expansion could be induced in the ESCC patients who 
relapsed after definitive chemoradiotherapy, despite the clo-
nal expansion was not associated with prognosis.12 

However, we did not find the superiority of intratumoral 
clone expansion during treatment, partially because of the 
toxicity of radiation to proliferative T cells, as we collected 
the on-treatment tumor samples during radiotherapy. 
Intriguingly, more than 99.9% of T-cell clonotypes were 
newly detected in the on-treatment tumors, probably result-
ing from efficient attraction of novel functional T cells 
infiltrating into tumors.45,46 It may explain one of the 
mechanisms that radiotherapy combined with anti-PD-1 
antibody enhance the anti-tumor response. Meanwhile, the 
result of expansion in persistent TILs during treatment 
enlightened another mechanism involved in the combina-
tion treatment, reinvigorating anti-tumor T cells that were 
dysfunctional before treatment.33,47,48 Additionally, the 
increased TCR clonality of peripheral blood during treat-
ment indicated that combined radiotherapy with anti-PD-1 
antibody also effectively activated the systematic anti-tumor 
immune response. Lastly, adjuvant nivolumab significantly 
prolonged PFS among patients with residual pathological 
disease after neoadjuvant chemoradiotherapy followed by 
surgery for locally advanced esophageal or gastroesophageal 
junction cancer.49 Sequential radiotherapy and PD-1 block-
ade could prevent the proliferative T cells from being killed 
by radiation, which could be a feasible option for the 
patients included in our study and sketch a specific TCR 
repertoire in tumor tissues as well as in peripheral blood.

Our results revealed the mutual influx of T-cell clones 
between tumors and peripheral blood under combined radio-
therapy with anti-PD-1 therapy. It was reported that 
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peripheral blood contributed to the construction of TILs in 
ESCC patients after preoperative chemotherapy.13 The unique 
clonotypes in post-treatment TILs shared with pre-treatment 
TILs and peripheral T cells were 55.6% and 48.8%, 
respectively.13 However, 95.78% of new shared clones derived 
from peripheral CD8+ T cells in our study. Radiation 
increased immunogenic cell death50 and presentation of 
tumor antigens.51 As an immune modulator,52 radiation 
induced secretion of chemokines, such as CXCL16, CXCL9 
and CXCL10, which attracted T helper 1 cells and CD8+ 

T cells infiltrating into tumors.45,46,53 TCR repertoire in 
tumors was broadened by radiation.54 Our results indicated 
peripheral blood could act as a T-cell clone pool supporting 
the diversity of TCR repertoire in tumors, and this process 
was greatly promoted by combined radiotherapy and anti-PD 
-1 therapy. Consequently, we found TCR diversity of baseline 
peripheral CD8+ T cells was closely associated with both 
response and survival. And the higher peripheral-derived 
clonotypes migrated into the on-treatment tumors, the better 
survival was in the patients. Similar results were found in 
non–small cell lung cancer patients after PD-1/PD-L1 
blocked.55,56 The TCR diversity may reflect the probability 
of neoantigen recognition.44,57 The peripheral cells with 
higher diversity provided more opportunities for tumor 
neoantigen recognition, subsequently resulting in enhanced 
antitumor immune response under the anti-PD-1 therapy.58 

We supposed the tumor-specific CD8+ T cells circling periph-
erally in ESCC patients were capable to migrate into the local 
tumors and elicit anti-tumor responses to the combination 
treatment of radiotherapy combined with anti-PD-1 antibody, 
indeed. Our results also revealed that the intratumoral T-cell 
clones migrated into peripheral blood during treatment. 
However, the clonotypes migrated from the tumors into per-
ipheral blood were much lower than those migrated from the 
peripheral blood into the tumors during treatment, which 
may be the cause of more serious local inflammation response 
in tumor tissues induced by radiotherapy.

Several limitations existed in our study. Due to the 
natural characteristics of the phase Ib clinical study, the 
sample size was limited. TCR metrics from normal esopha-
geal tissues as control was not available. Additionally, TCR 
sequencing used to identify the TCR repertoire could not 
exactly represent the function of T cells. Although single- 
cell TCR sequencing had the inherent advantage that it 
could integrate the information of gene expression and 
TCR repertoire in one single cell, the ESCC tissues col-
lected under endoscopic ultrasonography weighed less than 
20 mg. Lack of adequate tissue samples limited the step of 
single-cell digestion for next single-cell TCR sequencing.

In conclusion, this is the first study to explore the time- 
spatial dynamics of TCR repertoire induced by radiother-
apy combined with anti-PD-1 antibody in ESCC. Our 
results further revealed that the TCR diversity of peripheral 
CD8+ T cells could be an ideal predictive biomarker for this 
combination treatment, which deserved further evaluation 
in our ongoing phase III study (NCT04426955) and 
exploration the underlying mechanisms of anti-tumor 
immune response.
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