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Abstract
Emerging evidence suggests that an increased density of pre-treatment  CD8+ tumor-infiltrating lymphocytes (TILs) is associ-
ated with good response to chemoradiotherapy (CRT) in patients with locally advanced rectal cancer. However, the signifi-
cance of T-cell complexity in the clinical setting remains unknown. High-throughput T-cell receptor (TCR) β sequencing 
was applied to quantify the TCR repertoire of pre-treatment biopsies from 67 patients with advanced rectal cancer receiving 
preoperative CRT. Diversity index was used to represent the complexity of the TCR repertoire in a tumor. Pre-treatment 
 CD8+ TIL densities were assessed by immunohistochemistry. Changes in TCR repertoire before and after CRT were also 
analysed in 23 patients. Diversity indices were significantly higher for good responders than for non-responders (P = 0.031). 
The multivariate analysis revealed that both  CD8+ TIL density and TCR diversity index were independently associated 
with good response to CRT (P < 0.001 and P = 0.049, respectively). Patients who were high for both  CD8+ TIL density and 
TCR diversity (double-high) had markedly better responses to CRT than double-low patients (84.2% vs 16.7%, P < 0.0001). 
Larger changes in TCR repertoires before and after CRT were correlated with better recurrence-free survival (P = 0.027). The 
complexity and dynamic change in the TCR repertoire might serve as a useful indicator of response to CRT in combination 
with  CD8+ TIL density in patients with rectal cancer.
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Introduction

Neoadjuvant chemoradiotherapy (CRT) followed by total 
mesorectal excision is the standard of care for patients with 
locally advanced rectal cancer. Whereas some patients 
respond completely to CRT and can avoid surgery [1], others 
respond poorly. Predicting responses to CRT would enable 
a more tailored treatment strategy: when a poor response to 
CRT is anticipated, CRT can be omitted to minimize any 
potential morbidity or detrimental functional consequences 
associated with CRT [2]. Multiple studies have previously 
identified potential biomarkers that can effectively distin-
guish between good and poor responders, including the 
expression levels of ectopic p53 protein [3], Ki67 and thy-
midylate synthase [4], and several gene sets [5] and micro-
RNA sets [6].

T cell-mediated adaptive immune response plays an 
important role in cancer progression [7]. A higher density 
of  CD8+ tumour-infiltrating lymphocytes (TILs) has been 
reported to be associated with better prognosis in patients 
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with various types of cancer, including colorectal cancer 
[8]. Whereas various clinical and pathological variables are 
linked with response to radiotherapy, recent studies have 
elucidated that the clinical efficacy of radiation is attributed 
to  CD8+ T-cell infiltration and function [9]. We and other 
groups have previously shown that  CD8+ TIL abundance in 
pre-treatment biopsies is associated with better responses 
to CRT in patients with rectal cancer [10–14]. Furthermore, 
recent next-generation sequencing studies have unveiled that 
the complexity of the T-cell receptor (TCR) repertoire could 
serve as a biomarker for prognosis and response to therapy 
in specific types of cancer [15–18]. For example, a less-
diverse intra-tumoral TCR repertoire is associated with a 
better response to anti-PD-1 therapy in metastatic melanoma 
[19], whereas a more diverse TCR repertoire is associated 
with sensitivity to anti-PD-1 therapy in metastatic Merkel 
cell carcinoma [17] and sensitivity to chemotherapy in dif-
fuse large B-cell lymphoma [16]. However, no study has 
evaluated the impact of the TCR repertoire on the response 
to CRT in rectal cancer.

In the present study, we aimed to quantify the complex-
ity of the TCR repertoire in the tumors of patients with 
advanced rectal cancer before they commenced CRT, and 
to investigate its correlation with treatment response. We 
also sought to examine how the TCR repertoires change 
between pre- and post-CRT samples. We show that response 
to CRT is associated with not only the  CD8+ TIL density but 
also the complexity of the TCR repertoire in pre-treatment 
samples. In addition, we show that larger variations in the 
TCR repertoire are associated with a favourable long-term 
outcome. Our data provide new insight into the impact of 
pre-treatment TCR complexity and TCR repertoire shifts 
over time on CRT response and recurrence in patients with 
rectal cancer.

Materials and methods

Patients

All patients underwent oral 5-fluorouracil-based CRT with 
a total dose of 45.0 or 50.4 Gy, followed by total mesorectal 
excision within a median interval of 48 days (interquartile 
range 43–55 days) from the completion of CRT. In our insti-
tution, neoadjuvant CRT is indicated for patients with clini-
cal stage II–III tumors when the inferior border of the tumor 
is located below the peritoneal reflection. The current study 
was approved by the institutional review board of the Cancer 
Institute Hospital (Tokyo, Japan; approval number “2013-
1003”) and was conducted in compliance with the Declara-
tion of Helsinki. Signed informed consent was obtained from 
all participants.

Tumor samples

Tumor samples used in the current study were obtained 
through pre-treatment endoscopic biopsies or following sur-
gical excision [10]. Of the 107 biopsy samples with previous 
whole-exome sequencing and/or expression microarray data, 
TCR repertoire sequencing was performed in 69 samples 
for which > 800 ng RNA was available. Two samples were 
excluded due to a failure in library construction. Finally, 
67 pre-treatment samples were analyzed (Supplementary 
Table 1). Supplementary Table 2 presents the clinical char-
acteristics. Post-treatment tumor samples were collected 
from surgical specimens to assess the dynamic changes 
in TCR repertoire after CRT; specimens were only avail-
able for 23 patients because of the difficulties associated 
with obtaining sufficient amount of tissues from surgical 
specimens after CRT, especially in cases when only scar or 
necrotic ulcerative tissues are available after tumor shrink-
age. Biopsies and post-treatment tumor samples were stored 
at  − 150 °C. The procedures for DNA and RNA prepara-
tion, whole-exome sequencing, expression microarrays, and 
microsatellite instability (MSI) testing were described previ-
ously [10].

Tumor regression grade

The response to preoperative CRT was assessed on surgi-
cally resected specimens according to Dworak’s criteria [20] 
for tumor regression grade (TRG): TRG 1, dominant tumor 
mass with obvious fibrosis; TRG 2, dominantly fibrotic 
changes with few tumor cells; TRG 3, very few (difficult to 
find microscopically) tumor cells in the fibrotic tissue; and 
TRG 4, no viable tumor cells. Specimens graded as TRG 4 
and TRG 3 were grouped as “good responders”, whereas 
those graded as TRG 1 were “non-responders” [21]. TRG 2 
specimens were categorised as “partial responders” and were 
excluded from exome sequencing/microarray analysis [10].

T‑cell receptor sequencing and repertoire analysis

The complimentary determining region 3 (CDR3) of the 
TCR β chain was amplified using the iRepertoire multiplex 
primer set (HTBI-M; iRepertoire, Huntsville, AL, USA) 
following the manufacturer’s instructions [22]. The Qiagen 
OneStep RT-PCR kit (Qiagen, Valencia, CA, USA) was used 
for reverse transcription. Amplification and library prepara-
tion were performed with the iR-Processor and iRock 2.0 
(iRepertoire, Huntsville, AL, USA). Paired-end sequencing 
was performed on purified libraries using an Illumina MiSeq 
v2 500-cycle Reagent Kit (Illumina, San Diego, CA, USA). 
The web tools provided by iRepertoire (https ://www.irepe 
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rtoir e.com) were used to perform basic informatics analyses, 
such as barcode demultiplexing and filtering, V(D)J align-
ment, and CDR identification, and to calculate diversity indi-
ces [22]. The Morisita–Horn index was used to assess the 
extent of overlap in the TCR repertoires between samples; 
the range is zero (no overlap) to one (perfect overlap) [23].

Neoantigen prediction

Using our previous whole-exome sequencing data [10], we 
performed HLA genotyping and neoantigen predictions 
using Optitype [24] and NetMHCpanv2.8 software [25]. 
We considered as neoantigens all 8 to 11-mer peptides har-
bouring each substituted amino acid with binding affinities 
of < 50 nM to HLA class I alleles.

Immunohistochemistry

CD8+ TIL density was quantified using the Aperio Ima-
geScope system (Leica Biosystems, Newcastle, UK), as 
described previously [10, 26]. Among 67 samples with TCR 
repertoire sequencing data, two samples could not be evalu-
ated due to an insufficient number of cancer cells.

Statistical and bioinformatic analyses

Continuous variables were compared using the Mann–Whit-
ney U test, and categorical variables were compared using 
Fisher’s exact test or χ2 test. Paired continuous variables 
were compared using Wilcoxon matched-pairs signed 
rank test. Spearman correlation was used to determine the 
relationship between two sets of data. Receiver operat-
ing characteristic (ROC) curve analysis with the Youden 
index was used to determine the optimal cut-off value. The 
Kaplan–Meier method with log-rank test was used for sur-
vival analyses. Recurrence-free survival (RFS) was defined 
as the time from surgery to any recurrence. Statistical 
analyses were performed with GraphPad Prism 7 software 
(GraphPad, San Diego, CA). Univariate and multivari-
ate analyses were performed using the logistic regression 
model with JMP software V10.0.2 (SAS Institute, USA) to 
evaluate predictors of CRT response. The Morisita–Horn 
index was computed using the divo package in R (v3.6.3; 
R Foundation for Statistical Computing, Vienna, Austria). 
Differentially expressed genes in the microarray between 
groups were obtained using SAGx package in R/Biocon-
ductor. Gene ontology (GO) analysis was performed using 
the online platform Metascape [27], where differentially 
expressed genes are assigned to a set of predefined terms 
(Kyoto Encyclopedia of Genes and Genomes Pathway, GO 
Biological Processes, Reactome Gene Sets, Canonical Path-
ways, and CORUM). For estimation of term similarity, the 
arrangement calculator Cohen kappa coefficient was used; 

a kappa value > 0.3 was set as a threshold for selecting the 
terms for clustering. Two-sided P values < 0.05 were con-
sidered statistically significant.

Results

Patient characteristics

The clinical characteristics of the 67 patients included in 
this study are summarized in Supplementary Table 2. Forty 
(60.0%) patients were male, and 39 (58.2%) patients were 
clinical stage III. Thirty-two (47.8%) patients were good 
responders (TRG 3/4), and 35 (52.2%) patients were non-
responders (TRG 1).

Relationship between TCR repertoire and response 
to CRT 

To assess the complexity of the TCR repertoire in a pri-
mary tumor before CRT, we isolated RNAs from pre-treat-
ment biopsy specimens and performed TCRβ sequencing. 
We obtained a total of 646,753 ± 155,125 sequence reads 
(average ± SD) mapped to the V, D, J, and C segments, and 
identified 1,734 ± 1,212 unique CDR3 clonotypes that are 
important for the recognition of a unique antigen on an 
HLA molecule. The frequencies of the top 10 clonotypes 
ranged from 1.9% to 89.7% (54.5 ± 23.8%), indicating 
high variability in TCR diversity within a tumor between 
patients (Fig. 1a). We used the diversity index to evaluate 
TCR complexity in a tumor sample, with higher values 
indicative of higher complexity. The diversity index was 
significantly higher for good responders than non-respond-
ers (P = 0.0309, Fig. 1b). The TCR diversity index was 
also significantly higher for ypN-negative patients than for 
ypN-positive patients, and it tended to be higher for ypT0-2 
patients than for ypT3-4 patients (P = 0.0451, P = 0.0673, 
respectively; Fig. 1c). RFS was not significantly different 
between high and low TCR diversity index groups [Fig. 1d; 
median follow-up, 74 months after surgery (interquartile 
range, 67–85 months)].

No positive correlation of TCR repertoire diversity 
with mutational/neoantigen load

Given the positive link between mutational load and sensi-
tivity to CRT [10], we suspected that there might also be a 
possible correlation between mutational load and TCR com-
plexity. We identified four hypermutators (Fig. 1a): two had 
POLE proof-reading domain mutations; and two—without 
POLE mutations—showed MSI-H accompanied by ger-
mline mutations in MSH2. One tumor with a POLE mutation 
also had an MSI-H phenotype. With the exclusion of four 
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hypermutators, we observed no correlation for the number 
of single nucleotide variants (SNVs)/indels or the number 
of neoantigens (Fig. 2a, b; P = 0.1810 and P = 0.6762).[10] 
Correlations were also not significant when the hypermuta-
tor samples were included (SNVs/indels; P = 0.1144, and 
neoantigens; P = 0.4523). The TCR diversity index for 
the hypermutators was high (≥ 4.9) in 3 tumors but low 
(= 4.2) in 1 tumor with MSI-H.  CD8+ TIL density was high 
(≥ 73 cells/mm2) for all 4 hypermutators.

Relationship between TCR repertoire diversity 
and  CD8+ TIL density

Consistent with previous reports [10], we observed a posi-
tive association for  CD8+ TIL density with good response 
(TRG 3/4) to CRT (Fig. 3a; P = 0.0010). Although not 

significant, there was a high trend for an association 
between diversity index and  CD8+ TIL density (Fig. 3b; 
P = 0.0970). Using univariate logistic regression analyses, 
we found that patients with a higher density of  CD8+ TILs 
and with more complex T-cell repertoires in the tumor had 
a higher frequency of CRT-sensitive (TRG 3/4) tumors 
(Table 1; P < 0.001 and P = 0.009). Importantly, these cor-
relations were independent of various clinical parameters, 
as revealed by the multivariate test (Table 1; P < 0.001 and 
P = 0.049). To determine whether the diversity index could 
be used to refine patient subgroups based on  CD8+ TIL 
density, we divided patients into four groups according to 
a combination of (1) CD8 + TIL density (TIL-high;  TILhi, 
and TIL-low;  TILlo) and (2) TCR diversity index (DI-high; 
 DIhi, and DI-low;  DIlo). Whereas the  TILhi/DIhi group had 
the highest frequency of responders (TRG 3/4; 84.2%), 
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Fig. 1  Response to preoperative chemoradiotherapy (CRT) and sur-
vival according to T-cell receptor (TCR) repertoire diversity. a Clono-
types for TCR repertoire of pre-treatment biopsy samples. Frequen-
cies of top 10 clonotypes in a sample are presented as a colour map 
after sorting by diversity index. Diversity index is shown as a heat-
map below the colour map. Tumor regression grade (TRG), micros-
atellite instability (MSI) status and mutational status of POLE exo-
nuclease (exo) domain for each sample are shown. b TCR repertoire 

diversity index and tumor regression grade (TRG). The median value 
is represented by a horizontal line. Data were analysed using a Mann–
Whitney U test. c TCR repertoire diversity index and post-CRT tumor 
and lymph node stage (left; ypT, and right; ypN). The median value 
is represented by a horizontal line. Data were analysed using Mann–
Whitney U-tests. (d) Kaplan–Meier curves for recurrence-free sur-
vival by TCR repertoire diversity index. Groups were compared with 
the log-rank test
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Fig. 3  CD8+ tumor-infiltrating lymphocyte (TIL) density and T-cell 
receptor (TCR) diversity in response to preoperative chemoradiother-
apy (CRT). a  CD8+ TIL density and tumor regression grade (TRG). 
Horizontal line indicates median value. P value was computed by 

Mann–Whitney U test. b  CD8+ TIL density and TCR diversity. Rho 
and P value were computed by Spearman’s correlation test. c Com-
binatory status of  CD8+ TIL density and TCR diversity and TRG. P 
value was computed by χ2 test and Fisher’s exact test
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the lowest frequency was observed in the  TILlo/DIlo group 
(16.7%). The  TILhi/DIlo and  TILlo/DIhi groups exhibited an 
intermediate frequency of responders (TRG 3/4; 52.9% and 
36.4%, respectively) (Fig. 3c). A significant difference in the 
frequency of responders (TRG 3/4) was detected between 
 TILhi/DIhi and  TILlo/DIlo groups (P < 0.0001 by Fisher exact 
test). These findings suggest that T-cell complexity is asso-
ciated with good response in combination with  CD8+ TIL 
density.

Differences in gene expression between  TILhi/DIhi 
and  TILlo/DIlo groups

To gain biological insight into the link between TCR rep-
ertoire status and CRT response, we assessed differentially 
expressed genes between  TILhi/DIhi and  TILlo/DIlo groups 
by exploring transcriptome data. Among the differentially 
expressed genes (q < 0.1; between the groups), 108 and 743 
genes were upregulated in  TILhi/DIhi and  TILlo/DIlo tumors, 
respectively (Fig. 4a, Supplementary Table 3). Whereas 

upregulated genes in the  TILhi/DIhi group included gene 
ontological (GO) annotations of “leucocyte activation”, 
“immune-response activating cell surface receptor signal-
ing pathway”, and “cytokine signalling pathway”, genes 
enriched in the  TILlo/DIlo group were associated with “ribo-
some biogenesis and assembly” (P value cut-off = 0.001). 
In a network analysis, we observed intra- and inter-cluster 
similarities in the clusters enriched in the  TILhi/DIhi group; 
the genes expressed in the  TILlo/DIlo group showed no clus-
ter similarity (Fig. 4b). These findings imply the relevance 
of immunological processes in CRT sensitivity for  TILhi/
DIhi tumors.

Similarity of TCR repertoire before and after CRT 

Recent findings have indicated that exposing tumor cells 
to radiation evokes neoantigen production and activa-
tion of immunological processes against tumor cells [28]. 
To explore the effect of CRT on the TCR repertoire, we 
measured the T-cell complexity in both pre- and post-CRT 

Table 1  Univariable and 
multivariable regression 
analyses of pretreatment 
factors associated with tumor 
regression grade 3/4

Values in parentheses are 95% confidence intervals
CEA carcinoembryonic antigen, AV anal verge, TIL tumor-infiltrating lymphocytes, TCR  T-cell receptor

Tumor regression grade ¾

Univariate analysis Multivariate analysis

Odds ratio P Odds ratio P

Age (years) 0.934 0.994
  ≤ 60 1.00 (reference) 1.00 (reference)
  > 60 1.05 (0.36, 3.03) 1.01 (0.25, 4.17)

Sex 0.685 0.403
 Male 1.00 (reference) 1.00 (reference)
 Female 0.81 (0.30, 2.20) 0.58 (0.15, 2.05)

Pretreatment CEA (ng/mL) 0.883 0.525
  ≤ 5 1.00 (reference) 1.00 (reference)
  > 5 0.93 (0.34, 2.50) 0.67 (0.18, 2.30)

Distance of tumor from AV (mm) 0.718 0.936
  ≤ 40 1.00 (reference) 1.00 (reference)
  > 40 0.84 (0.31, 2.23) 0.95 (0.26, 3.40)

Clinical T category 0.696 0.947
 2/3 1.00 (reference) 1.00 (reference)
 4 0.67 (0.08, 4.30) 0.92 (0.07, 9.41)

Clinical N category 0.061 0.119
 0 1.00 (reference) 1.00 (reference)
 ½ 0.38 (0.13, 1.04) 0.37 (0.10, 1.29)

CD8+ TIL  < 0.001  < 0.001
 Low 1.00 (reference) 1.00 (reference)
 High 7.14 (2.46, 22.9) 7.67 (2.41, 28.2)

TCR repertoire diversity index 0.009 0.049
 Low 1.00 (reference) 1.00 (reference)
 High 3.83 (1.40, 11.1) 3.32 (1.00, 11.8)
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samples obtained from biopsy and surgical specimens 
(n = 23 patients). We found that the diversity index signifi-
cantly increased after CRT (data not shown, P = 0.0085). 
When we assessed this change in the diversity index accord-
ing to CRT response, we found that the diversity index sig-
nificantly increased after CRT in non-responders (TRG 1 
patients; P = 0.0074) but was not significantly altered in 
good responders (TRG 3/4 patients; P = 0.6875) (Fig. 5a). 
Neither an increase nor decrease in the diversity index dur-
ing CRT significantly affected patient RFS (Fig. 5b). The 
similarity in the TCR repertoire before and after CRT was 
then assessed using the Morisita–Horn index. We found 
that the Morisita–Horn index was not significantly differ-
ent between good responders (TRG 3/4) and non-responders 
(TRG 1) (P = 0.6828) but tended to be higher in patients 
with recurrence than in those without (P = 0.0810, Fig. 5c). 
Of note, patients with a higher Morisita–Horn index exhib-
ited shorter RFS [Fig. 5d; P = 0.0270, median follow-up of 
84 months after surgery (interquartile range 66–94 months)], 
which may suggest that the extent of alterations to the TCR 
repertoire during CRT is an important prognostic factor.

Discussion

We applied high-throughput next-generation sequencing 
to characterize the TCR repertoire in pre-treatment biopsy 
specimens, and showed that TCR diversity in a pre-treatment 

sample was positively correlated with good response to 
CRT. This suggests that a diverse TCR repertoire before 
CRT provides adequate immune surveillance and, hence, 
ensures broad tumor antigen control. Whereas the impor-
tance of TCR complexity in tumor tissues has been previ-
ously noted in predicting patient responses to chemotherapy 
and immunotherapy [16, 17], few studies have evaluated the 
impact of TCR complexity on the response to radiotherapy, 
including CRT. One previous study described a lack of cor-
relation between TCR diversity and survival in head and 
neck squamous cell carcinoma treated with CRT [29]. To 
our knowledge, the present work is the first to show the rel-
evance of TCR complexity on CRT response.

CD8+ TIL density and TCR diversity index were inde-
pendently associated with response to CRT, indicating that 
not only density but also complexity of TIL coordinately 
impact on CRT responses in rectal cancer. Noteworthy, 
improved RFS was associated with  CD8+ TIL density in a 
previous study [10] but not with TCR diversity in the current 
study. There could be two reasons for this difference: First, 
 CD8+ TIL density better reflects the number of T cells with 
effector activity than does the diversity index, which does 
not distinguish between CD8 and CD4. Second,  CD8+ TIL 
density reflects not only the number of unique clonotypes 
but also the number of expanded clones; i.e., the extent of 
T-cell migration and expansion. Comparatively, the TCR 
diversity index is based on the number of unique clonotypes, 
and therefore, only captures the extent of T-cell migration. 

-4 -2 0 2 4

a TILhi/DIhi (n = 17) TILlo/DIlo (n = 15) b
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Immune response-activating cell surface receptor signaling pathway
Cytokine-mediated signaling pathway
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Mast cell activation
Regulation of antigen receptor-mediated signaling pathway
Platelet activation, signaling and aggregation
ROS and RNS production in phagocytes
Smooth muscle contraction
PCP/CE pathway

Fig. 4  Differentially expressed genes between double-high and dou-
ble-low tumors for  CD8+ TIL density and TCR diversity. a Heat-
map of differentially expressed genes. Expression levels of genes 
with q-value < 0.1 are shown (red; overexpressed, and green; under-
expressed). Q-value was computed by Benjamini and Hochberg’s 

method. b Network of enriched clusters in the  TILhi/DIhi group com-
pared with the  TILlo/DIlo group. Each node represents an enriched 
term, and node size is proportional to the number of input genes that 
fall into that term. The thickness of the node connection represents 
the term similarity, as calculated by Cohen kappa coefficient
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Neither  CD8+ TIL density nor TCR diversity index are a 
perfect index to reflect the extent of  CD8+ TIL, particularly 
in terms of recognizing tumor-associated antigens. There-
fore, it is important to note that the TCR diversity is use-
ful as a biomarker along with  CD8+ TIL density, with the 
combination offering a more precise way to identify good 
responders than using  CD8+ TIL density alone.

Functional characterization of the immune microenviron-
ment in  TILhi/DIhi tumors using microarray data revealed 
a higher expression of genes involved in T-cell activation: 
e.g., IL2RB, CD3D, TCIRG1 [30], LCP2 [31], RASGRP1 
[32]. A previous study of rectal cancer similarly showed 
enrichment of immune activation-related pathway markers 
in CRT responders [33]. LCP2 is an adapter protein that acts 
as a substrate in the TCR-activated protein tyrosine kinase 
pathway, and is important for T-cell activation [31]. TCIRG1 
is a membranous protein expressed in T-cells and is essential 
for T-cell activation [30]. RasGRP1 is responsible for Ras 
activation in T-cells, and mediates the activation of conven-
tional αβ T-cells [32].

The TCR repertoire becomes more diverse after CRT as 
compared with baseline readings. This change is in accord-
ance with previous observations showing that radiation 

enhances TCR repertoire diversity in intra-tumoral T-cells 
in mouse models of metastatic melanoma [34]. The increase 
in TCR diversity is perhaps caused by an elevation in the 
expression of tumor-associated antigens after irradiation, 
which can develop additional tumor-reactive clones [18]. 
Importantly—yet possibly derived from different sampling 
regions—we found a dissimilarity in the clonotypes between 
pre- and post-CRT to be associated with improved RFS but 
not with TRG. This finding suggests that the newly emerged 
T-cell clones, which can recognize a new set of tumor anti-
gens, can endow the host with long-lasting immunity, and, 
therefore, effectively suppress tumor recurrence. Because the 
sample number is limited, a future study with larger sam-
ple size is needed to confirm the impact of changes in the 
TCR repertoires before and after CRT on prognostication 
and perhaps to rule out any positional bias associated with 
sampling region.

There were several limitations in this study, most of 
which were predominantly due to the small sample size 
and the retrospective study design. Partial responders 
were excluded from whole-exome sequencing, expression 
microarray, and TCRβ sequencing analyses [10], which 
may have caused a bias in our study population. We do not 
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Fig. 5  Alteration of T-cell receptor (TCR) repertoire before and 
after CRT. a Change in TCR diversity index before and after CRT 
in good responders (left; TRG 3/4) and non-responders (right; TRG 
1). P value was computed by Wilcoxon matched-pairs signed rank 
test. b Kaplan–Meier curve analysis for recurrence-free survival 
between increased and decreased TCR repertoire diversity. P value 

was computed by the log-rank test. c Morisita–Horn index and recur-
rence. Horizontal line indicates median value. P value was computed 
by Mann–Whitney U-test. d Kaplan–Meier curve analysis for recur-
rence-free survival between high and low Morisita–Horn indices. P 
value was computed by the log-rank test
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have data regarding the impact of TCR diversity on CRT 
response according to T-cell type (e.g., CD8 + T-cells, 
CD4 + T-cells, CD4 + CD25 + regulatory T-cells). Further-
more, we restricted our evaluation of TCR diversity to the 
TCRβ CDR3 region: this might have led to an underestima-
tion of diversity, because a functional TCR is composed of 
α and β chains.

In conclusion, to our knowledge, this is the first study 
exploring the TCR repertoire in patients with rectal cancer 
who were treated with CRT. Our data suggest that the pre-
treatment complexity of the TCR repertoire is associated 
with CRT responses in combination with  CD8+ T-cell den-
sity, and that a lower overlap of the TCR repertoire before 
and after CRT is associated with lower rates of recurrence. 
These results should be validated in a larger cohort study.
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