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Characterization of the T cell repertoire by deep T cell
receptor sequencing in tissues and blood from
patients with advanced colorectal cancer
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Abstract. The aim of the present study was to characterize
infiltrated T cell clones that define the tumor immune environ-
ment and are important in the response to treatment in patients
with advanced colorectal cancer (CRC). In order to explore
predictive biomarkers for the efficacy of immunochemothera-
pies, T cell receptor (TCR) repertoire analysis was performed
using blood samples and tumor tissues obtained from patients
with advanced CRC that had been treated with a combina-
tion of five-cancer peptide vaccines and oxaliplatin-based
chemotherapy. The TCR-a/f3 complementary DNAs (cDNAs),
prepared from the messenger RNAs (mRNAs) obtained from
17 tumor tissues and 39 peripheral blood mononuclear cells
of 9 CRC patients at various time points, were sequenced.
The oligoclonal enrichment of certain TCR sequences was
identified in tumor tissues and blood samples; however,
only a few TCR sequences with a frequency of >0.1% were
commonly detected in pre- and post-treatment tumor tissues,
or in post-treatment blood and tissue samples. The average
correlation coefficients of the TCR-a and TCR-f clonotype
frequencies between the post-treatment tumor tissues and
blood samples were 0.023 and 0.035, respectively, and were
much lower compared with the correlation coefficients of the
TCR-a and TCR-f clonotype frequencies between pre- and
post-treatment blood samples (0.430 and 0.370, respectively),
suggesting that T cell populations in tumor tissues vary from
those in blood. Although the sample size was small, a tendency
for the TCR diversity in tumor tissues to drastically decrease
during the treatment was indicated in two patients, who
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exhibited a longer progression-free survival time. The results
of the present study suggest that TCR diversity scores in tissues
may be a useful predictive biomarker for the therapeutic effect
of immunochemotherapy for patients with advanced CRC.

Introduction

Accumulating datahave indicated the significance of anti-tumor
immune responses in the prognosis of patients with various
types of cancer (1,2). Tumor infiltrating lymphocytes (TILs)
were shown to be associated with the prognoses of patients
with colorectal cancer (CRC), and are also considered to be
important as a predictor for the therapeutic response to chemo-
therapy and radiotherapy (3-7). Although immunotherapy
using peptide vaccines is expected to be a promising method
to treat cancer, it is not established as a treatment modality due
to its lack of efficacy. Several mechanisms to protect cancer
cells from host immune attacks in tumor tissues have been
proposed (8-10). For example, the limitation of anti-tumor
effects by cytotoxic T lymphocytes was partly explained by:
i) Downregulation or loss of expression of human leukocyte
antigen (HLA) or targeted antigen proteins; ii) upregulation
of programmed death-ligand 1 by tumor cells; iii) suppres-
sion of immune responses by production of the tryptophan
catabolic enzyme indoleamine 2,3-dioxygenase by dendritic
cells and macrophages; iv) accumulation of regulatory T cells;
v) loss of the costimulatory molecules cluster of differentia-
tion CD80 and CD86, which are ligands of CD28 and essential
in inducing immune responses; and vi) production of strong
immunosuppressive cytokines, including interleukin (IL)-6,
IL-10 and transforming growth factor-. TILs are one of the
key factors that define the tumor microenvironment and may
act as a predictive biomarker for the response to immuno-
therapy. However, the majority of previous studies focus on
the quantification of the number of TILs or CD8* cells in
tumors, without an examination of the functional or clonal
characteristics that confer to anti-tumor immune effects (3-7).
Characterizing the T cell repertoire in detail is essential to
improve the understanding of the tumor microenvironment
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that is associated with the clinical responses to various cancer
therapies. In addition, monitoring the immune responses in
cancer patients during the treatment is also important.

In humans, the majority (~95%) of T lymphocytes carry
T cell receptors (TCRs), which consists of a heterodimer of
an o-chain and a B-chain (11). The high degree of the diversity
in TCRs is generated by a somatic recombination process of
variable (V), diversity (D) (only for $-chain) and joining (J)
exons, termed the V(D)J recombination (11). Random trimming
and the addition of non-template nucleotides at the junction
site significantly increase the TCR diversity. The rearrange-
ment of the V, (D) and J segments defines the highly variable
complementarity determining region 3 (CDR3), which is critical
to characterize the antigen recognition specificity of individual
T cell clones (12). A repertoire of 10> various TCRs may be
generated in humans (13,14). Therefore, the characterization of
the TCR in TILs may reveal important information regarding
the biologically important anti-tumor T cell responses (15). In
the present study, the T cell repertoire was analyzed in blood
samples and cancer tissues in advanced CRC patients that had
received cancer vaccine treatment, with the aim of exploring
predictive biomarkers for the efficacy prior to treatment, and
for selecting of patients that are likely to exhibit better clinical
outcomes.

Materials and methods

Patients. Due to the availability of surgical specimens, 9 out of
96 patients with advanced CRC that were enrolled in a previous
phase II study (FXV study)were selected for the present
study (16). All patients in the present study were enrolled
at Yamaguchi University Hospital (Ube, Japan) between
February 2009 and November 2012. A total of 17 tumor tissues
from the surgical resection of primary or metastatic CRCs and
39 blood samples were collected, as summarized in Table I.
Pre- and post-treatment tumor tissues were collected from
6 patients. Blood samples were collected at various time points,
and peripheral blood mononuclear cells (PBMCs) were isolated
from whole blood using Ficoll-Paque PLUS (GE Healthcare
Bio-Sciences, Pittsburgh, PA, USA). The present study was
approved by the Institutional Review Boards of the University
of Chicago (Chicago, IL, USA; approval no., 13-0797) and
Yamaguchi University (Ube, Japan; approval no., H23-135).

Library preparation. The libraries for TCR sequencing were
prepared according to a previously established method (17).
Total RNA was extracted from tumor tissues and PBMCs
using an RNeasy Mini kit (Qiagen, Inc., Valencia, CA, USA)
with DNase treatment. Complementary DNA (cDNA) with the
5'-RACE adapter was synthesized using the SMART cDNA
Library Construction kit and Advantage 2 Polymerase (Clon-
tech Laboratories, Inc., Mountainview, CA, USA) following the
manufacturer's protocol. Second-round polymerase chain reac-
tion (PCR) was performed using the Platinum PCR SuperMix
High Fidelity (Thermo Fisher Scientific, Waltham, MA, USA)
with a forward fusion-primer, consisting of an Ion Torrent trP1
adaptor sequence and 5' universal primer sequence, and a
reverse fusion-primer consisting of an Ion Torrent A adaptor and
specific sequence to the C region of the TCR-a or TCR-f (17).
The amplification thermocycle consisted of: 3 min at 94°C;
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and 40 cycles of 30 sec at 94°C, 30 sec at 65°C and 1 min at
68°C; followed by purification using AMPure XP (Beckman
Coulter, Inc., Brea, CA, USA) to obtain a final library. The
sequencing templates were prepared on the OneTouch2 system
and subjected to DNA sequencing on the Ion PGM sequencer
using the Ton PGM Sequencing 400 kit and Ton 318 Chip kit v2
(Thermo Fisher Scientific).

Sequencing analysis. Raw fastq files were analyzed using Tcrip
software (17). Briefly, each of the reads was separately mapped
to the International ImMunoGeneTics reference sequences of
the V, J and constant (C) gene segments of TCR-a or TCR-f3
using the Bowtie 2 aligner, version 2.1.0 (18,19). Among the
reads that were properly mapped to the V, J and C segments,
a junction sequence between the V and J segments in the read
was analyzed for TCR-a and TCR-f. For TCR-a, the junc-
tion sequence was recognized as an N segment. For TCR-f3, a
D segment in the junction sequence was searched by scoring
similarities of sub-sequences of the junction sequences with
the reference sequences of D segments using a sliding window
method (20), and then N1 and N2 segments were determined.
Following the decomposition of reads into the V, D, J and
C segments, the amino acid sequences of the CDR3 regions
were determined, starting with the second conserved cysteine
in the V segment and ending with the conserved phenylalanine
in the J segment.

Statistical analysis. Correlation coefficient and TCR diversity
was compared using the Student's 7-test. P<0.05 was consid-
ered to indicate a statistically significant difference. Pearson's
correlation was used for correlation analysis All statistical
analyses were performed using the R statistical environment
version 2.15.2 (available from, www.r-project.org).

Results

TCR sequencing of tumor and blood samples from advanced
CRC patients. The sequences of TCR-a and TCR-f3 cDNAs
were prepared from a total of 56 samples (17 tumor tissue
samples and 39 blood samples) at different time points, which
were obtained from 9 patients with advanced CRC that were
treated with cancer vaccines, were analyzed (Table I). Through
cDNA sequencing of TCR, on average 550,116+422,311 and
215,160+243,900 reads mapped to V(D)J and C segments
were obtained for TCR-a and TCR-f, respectively. From the
analysis of these reads, 32,608+28,216 unique clonotypes for
TCR-a and 28,693+29,361 unique clonotypes for TCR-f§ were
identified. Fig. 1A-D shows the representative results of patient
CRC6. Enrichment of certain TCR sequences was observed in
the tumor tissues and blood. However, the majority of enriched
sequences with a frequency of >0.5% in pre- or post-treatment
tumor samples were not commonly detected in these samples,
and were not identified in TCR sequence reads in the blood
samples of the same patients (Fig. 1A and B).

By applying the correlation analysis, a strong correlation was
indicated in the TCR clonotypes among pre- and post-treatment
blood samples (correlation coefficients, r=0.83 and 0.82 for
TCR-a and TCR-f, respectively), but no correlation between
pre- and post-treatment tumor tissues (#=0.001 and 0.006,
respectively), or between tumor tissues and blood samples
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Figure 1. Distribution of the TCR clonotype in tumor tissues and blood of 9 patients with CRC. Frequency distribution of clonotypes of (A) TCR-a and (B) TCR-f
in tumor tissues and blood samples from patient CRC6. Clonotypes with functional CDR3 identified at >0.1% in at least one sample were plotted. The frequency
was calculated based on the total reads, which include non-functional CDR3. Clonotype frequency plots of (C) TCR-o and (D) TCR-f in patient CRC6. Each dot
on the scatter plots indicates a single clonotype with a normalized log,, clone count graphed at pre-treatment tumor tissue vs. post-treatment tumor tissue (left),
pre-treatment blood vs. post-treatment blood (middle) and post-treatment tumor tissue vs. post-treatment blood (right). Blood sample at 35 weeks was used as
post-treatment blood. Comparison of the correlation coefficient calculated in (E) TRC-a and (F) TRC-f clonotype frequency plots of 9 patients with CRC. The
horizontal line indicates the median concentration, the box covers the 25-75 percentiles and the maximum length of each whisker is 1.5 times the interquartile
range. Each dot indicates an outlier. TRC, T cell receptor; CRC, colorectal cancer; CDR3, complementarity determining region 3.
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Figure 1. Continued. (G) Heatmaps of TCR clonotype frequency in tumor tissues and blood samples. The 10 most abundant TCR clonotypes in each of the
pre- and post-treatment tumor samples are selected. The vertical axis indicates TCR clonotype. The number in brackets indicates the timing of sample collec-
tion from the initiation of immunochemotherapy. TCR, T cell receptor; CRC, colorectal cancer.

(r=0.017 and 0.018, respectively) were indicated (Fig. 1C and D).
Similarly, the median correlation coefficients for comparing
between the pre- and post-treatment tissue samples (n=6), were
0.006 and 0.002 for TCR-a and TCR-, respectively, and 0.016
and 0.021 for TCR-a and TCR-f, respectively, in the tumor
tissue and blood comparison (n=9), which were much smaller
compared with the coefficients in the pre- and post-treatment
blood comparison (n=9; 0.28 and 0.20 for TCR-a and TCR-f3,
respectively) (Fig. 1E and F).

The heat map in Fig. 1G indicates that TCR sequences
enriched in pre-treatment tumor tissues were undetectable
in blood samples; but, notably, TCR sequences enriched in
the post-treatment tumor tissues were detectable in the blood
samples, although their frequencies were as low as 0.1-0.5%.
Particularly, patient CRC3 showed a higher correlation coef-
ficient between T cells in a post-treatment tumor tissue and
blood sample, which shared an abundant TCR-f clonotype
with TRBV7-2, TRBJ2-7 and CDR3 (sequence, CASSLD-
PGWTYEQYF). These results indicate that, although TCR
clonotypes in tumor tissues are almost entirely different from
those in blood samples, several TCR clonotypes enriched in
tumor tissues were commonly observed in circulating lympho-
cytes during the treatment.

Association between TCR diversity and clinical outcome.
The TCR diversity was calculated using the inverse Simpson's

diversity index (1/D,) (21), and the association between the
TCR diversity and patients' clinical outcome was investigated.
The 9 CRC patients were divided into two groups based on
progression-free survival (PFS), consisting of the favorable
(PFS =12 months) and unfavorable (PFS <12 months) groups,
and then the TCR diversity between these two groups was
compared (Fig. 2A and B). A tendency for lower diversity scores
of TCR-a and TCR-f was indicated in post-treatment tumor
tissues (TCR-a, P=0.16; TCR-, P=0.14; Fig. 2C and D). A
decrease in TCR diversity during treatment was also observed
in the favorable group compared with the unfavorable group
(TCR-a, P=0.19; TCR-B, P=0.29; Fig. 2E and F). In blood
samples, the higher ratio of TCR-f} diversity at the early time
point (8-19 weeks subsequent to the initiation of treatment) rela-
tive to pre-treatment tended to associate with a longer PFS; in
particular, the greatest ratio was observed in patient CRC3, who
exhibited the longest PES (Fig. 3A and B). Notably, the diversity
of TCR-a and TCR-f in blood samples was markedly decreased
following the surgical resection of tumors in two patients (CRC2
and CRC7).

Discussion
Previous studies have demonstrated that TILs are associ-

ated with the prognosis of patients with CRC, and are also
considered to be an important predictor of therapeutic
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Figure 2. Association between TCR diversity in tumor tissues and clinical outcome of 9 patients with CRC. Changes in (A) TCR-a and (B) TCR-f diversity
during treatment in 9 patients with CRC. Open circles and closed circles indicate the diversity in tumor tissues at pre- and post-treatment, respectively.
Comparison of (C) TCR-a and (D) TCR-f diversity in post-treatment tumor tissues between the favorable (n=3) and unfavorable (n=6) groups. The horizontal
line indicates the median concentration, the box covers the 25-75 percentiles and the maximum length of each whisker is 1.5 times of the interquartile range.
Each dot outside the whiskers indicates an outlier. Comparison of the ratio of (E) TCR-a and (F) TCR-f diversity between favorable (n=2; CRC3 and CRC4)
and unfavorable (n=4; CRCI1, CRC2, CRC6 and CRC9) groups. The horizontal line indicates the median concentration, the box covers the 25-75 percentiles
and the maximum length of each whisker is 1.5 times the interquartile range. CRC, colorectal cancer; TCR, T cell receptor; 1/D;, inverse Simpson's diversity

index; PFS, progression-free survival.

responses (3-7). However, to the best of our knowledge, no
previous studies have investigated the clonality or function-
ality of the T cells. In the present study, next-generation
sequencers were used to comprehensively analyze the TCR
repertoire in the tissue and blood samples obtained from
advanced CRC patients that had been treated with cancer
peptide vaccines in combination with oxaliplatin-based
chemotherapy, and it was confirmed that the T cell reper-
toires in tissues varied from the T cell repertoires in blood

samples, as previously described (22-27). Although previous
studies only analyzed TCR clonotypes.

The majority of the enriched TCR sequences observed
in pre-treatment tumor tissues were undetectable in the
blood samples, but several clones enriched in post-treatment
tumor tissues were detectable in the blood at a low frequency
of 0.1-0.5%. These common T cell populations in the
post-treatment tissues and blood samples may possibly be
activated in the lymph nodes near the vaccine injection sites
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Table I. Characteristics of patients with CRC and time points of sample collection.

Age, Progression-free Time of tumor collection, Time of blood
Patient years Gender Response survival, months  Outcome type (weeks®) collection, weeks*
CRCl1 55 Male PR 9.6 Succumbed Colon (-6), liver (83) 0,4,8,35,59
CRC2 47  Female SD 8.4 Succumbed Colon (-79), pancreas (17) 0,4,35
CRC3 66 Male SD 23.8 Alive Colon (-142), lung (97) 0,4,12,35,87
CRC4 61 Male PR 13.7 Alive Colon (-5), liver (63) 0,4,19,35,59
CRC5 36 Male PR 17.8 Alive Colon (61) 0,4,19,35
CRC6 47  Female PR 94 Alive Colon (-4), liver (39) 0,5,19,35,77
CRC7 65  Female PR 52 Succumbed Colon (17) 0,4,8,19
CRC8 42 Male PR 11.8 Alive Colon (27), lung (27), pelvis (55) 0,4,8,23,44
CRC9 69  Female PR 9.5 Alive Colon (-3), small intestine (33) 0,4,19

“Time of the sample collection was measured in weeks subsequent to the initiation of immunochemotherapy. Samples collected prior to the
innitiation of immunochemotherapy are indicated by a negative number. CRC, colorectal cancer; PR, partial response; SD, stable disease.
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Figure 3. Diversity of the TCR clonotype in blood from 9 patients with CRC. (A) TCR-a and (B) TCR- diversity in blood samples at multiple time points in
9 patients with CRC. Open circles, closed circles and closed squares indicate the time points of pre-treatment, post-treatment and following surgery, respec-
tively. TRC, T cell receptor; CRC, colorectal cancer; PFS, progression-free survival; 1/D, inverse Simpson's diversity index.

and then circulate in theblood. Certain T cell clones had accu-
mulated and activated in the tumor lesions.

In addition, T cell repertoires were extremely different in
the pre- and post-treatment tumor tissues, and in the primary
and metastatic tumor tissues, indicating that the immune envi-
ronment of cancer tissues changes markedly. In particular, the
lack of a common clonotype between primary and lung meta-
static tumors in patient CRCS, which were surgically resected
at the same time, indicated the huge variation in the immune
microenvironment, possibly due to the tumor heterogeneity or
‘seed-soil’ association, or a combination of the two.

For the evaluation of the vaccine-specific immune
responses of patients, several currently-available approaches
exist, including an enzyme-linked immunosorbent spot assay

and an HLA-multimer assay (28). However, since an ex vivo
expansion step of peripheral blood lymphocytes with antigen
stimulation under certain cytokines is required, these methods
are not suitable to quantitatively monitor patients' immune
responses over time. Therefore, TCR sequencing with next
generation sequencing was applied in order to monitor the
immune responses. Increased TCR diversity in blood samples
at an early time point, 8-19 weeks from the beginning of the
treatment, was indicated to potentially reflect an improved
immune response, in association with a better PFS (Fig. 3).
A similar increase of TCR diversity was observed in another
T cell repertoire analysis in non-small cell lung cancer patients
that were treated with cancer peptide vaccines (17). The
increases of TCR diversity in blood samples may possibly be
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explained by the following mechanism: Cancer cells that are
damaged by the treatment are likely to be phagocytosed by
antigen-presenting cells, which present various cancer-specific
antigens on their cell surface and eventually induce the activa-
tion of various T cell populations, including killer and helper
T cells. TCR diversity in the blood samples may reflect the
extent of the damage of cancer cells. Notably, the surgical
resection of the tumors in two patients resulted in a significant
decrease of TCR diversity in blood samples (Fig. 3) and the
enhancement of clonal expansion of certain T cell populations
in blood samples. These results may reflect the strong inflam-
matory reactions that occur following surgical treatment, or
may reflect the immune reactions in the blood due to the tran-
sient increase of circulating tumor cells during the surgical
procedure. TCR diversity scores in blood samples may be a
predictive biomarker for the therapeutic response in advanced
CRC patients. However, accumulating a large amount of infor-
mation is clinically important, as TCR diversity is extremely
complex and is affected by various environmental stimuli.

In summary, to the best of our knowledge, the present study
is the first to deeply analyze the TCR-a and TCR-f repertoires
of tumor tissues and blood samples prior to and subsequent
to immunotherapy in combination with chemotherapy in
patients with advanced CRC. Although the significance of the
present results is limited due to the small sample size, T cell
populations in tumor tissues prior to the treatment were indi-
cated to be almost entirely different from those in blood, but
demonstrate commonality subsequent to vaccine treatment.
The decrease of TCR diversity in the tumor tissues during the
treatment may also be associated with a longer PFS. These
results suggest that TCR diversity scores in the tissues may
be a useful predictive biomarker for the therapeutic effect of
immunochemotherapy for advanced CRC patients.
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