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ABSTRACT
Intratumoral heterogeneity has been revealed in primary liver carcinoma (PLC).
However, spatial heterogeneity of tumor-infiltrating lymphocytes (TILs), which
reflects one dimension of a tumor’s spatial heterogeneity, and the relationship
between TIL diversity, local immune response and mutation burden remain unexplored
in PLC. Therefore, we performed immune repertoire sequencing, gene expression
profiling analysis and whole-exome sequencing in parallel on five regions of each
tumor and on matched adjacent normal tissues and peripheral blood from five PLC
patients. A significantly higher cumulative frequency of the top 250 most abundant
TIL clones was observed in tumors than in peripheral blood. Besides, overlap rates of
T cell receptor (TCR) repertoire for intratumor comparisons, significant higher than
those for tumor-adjacent normal tissue comparisons and tumor-blood comparisons,
which provide evidence for antigen-driven clonal expansion in PLC. Analysis of the
percentage of ubiquitous TCR sequences, regional frequencies of each clone and TIL
diversity suggested TIL clones varying between distinct regions of the same tumor,
which indicated weak TCR repertoire similarity within a single tumor. Furthermore,
correlation analysis revealed that TIL diversity significantly correlated with the
expression of immune response genes rather than the mutation load. We conclude
that intratumoural T-cell clones are spatially heterogeneous, which can lead to
underestimate the immune profile of PLC from a single biopsy sample and may present
challenge to adoptive cell therapy using autologous TILs. TIL diversity provides a
reasonable explanation for the degree of immune response, implied TIL diversity can
serve as a surrogate marker to monitor the effect of immunotherapy.

INTRODUCTION

screening, diagnosis and treatment, the prognosis of PLC
patients remains poor. Recent studies have attributed this
inconsistency to the high intrahepatic recurrence rate after
hepatectomy [4, 5], which is partly due to the naturally
heterogeneous properties of PLC.
PLC shows substantial heterogeneity at the genetic
level in multiple clinical and genomic studies [6, 7].
However, heterogeneity at the genetic level, for example,

Liver cancer is the third and second leading cause
of cancer-related death among both men and women in
China and worldwide, respectively [1, 2]. Hepatocellular
carcinoma accounts for approximately 80% of primary
liver carcinoma (PLC) and is the most frequent
pathological type [3]. Despite substantial improvements in
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mutational heterogeneity, only reflects one dimension of a
tumor’s spatial heterogeneity, previous studies have also
reported intratumor heterogeneity at non-genetic levels,
such as methylation and TILs [8, 9]. Repertoire of TIL is
generated by the somatic recombination of T cell receptor
(TCR) α- and β-chains or γ- and δ-chains [10, 11]. The
particular specificity of each T cell clone is determined
by highly variable complementary determining region 3
(CDR3), which is generated by the rearrangement of the
V, D and J segments at the TCR locus [12]. However,
antigen-specific αβ-T cells account for the majority of
TILs. Therefore, simultaneously analyzing the thousands of
TCR beta chain (TCRβ) CDR3 regions by next-generation
sequencing (NGS) can reveal the T cell subclones from
various diseases, including autoimmune diseases [13]
chronic diseases [14], and even the spatial heterogeneity
of the clonal composition of TILs [15–17]. Although
several studies have been conducted to assess TIL spatial
heterogeneity [15–17], the reported results have been
inconsistent. Chen et al. [16] explained this discrepancy by
highlighting the nature of different cancer types and the
technical limitations of early immune repertoire detection.
Originating from livers with a history of chronic hepatocyte
inflammation, PLC frequently displays significant
heterogeneity between and even within tumors at genetic
levels [6, 7]; however, whether spatial heterogeneity occurs
in TIL populations in PLC remains unexplored.
TIL diversity, which reflects clonal composition, the
potential antigenic recognition spectrum, and the quantity
of available T-cell responses in the immune repertoire,
is an important component of the comprehensive TIL
repertoire. Preliminary evidence emerging from clinical
trials of autologous active cellular immunotherapy
suggests that sipuleucel-T treatment increases TIL
diversity in prostate tumors [18]. The authors ascribe the
increase in TIL diversity to the tumor-associated immune
response modulated by sipuleucel-T. Although TIL
diversity could be applied to explain tumor-associated
immune responses, the relationship between TIL diversity
and the anti-tumor immune response is still being
explored. Moreover, TIL infiltration and clonal expansion
is caused by a tumor-antigen-specific T cell response;
thus, increasing the number of antigens will enhance the
degree of the immune response. Tumor associated antigens
such as neoantigens can be created by tumor-specific
mutations [19]. Therefore, the total number of mutations
theoretically should be associated with the degree of
immune response. Previous studies have revealed that a
higher mutation burden is predictive of a good response
to immune checkpoint blockade therapy in non-small
cell lung carcinoma (NSCLC) and melanoma [20, 21].
To understand the association of these components, it is
necessary to assess TIL clonal composition and spatial
distribution, local molecular phenotype and tumor cell
somatic mutations simultaneously using advanced NGS
technology.
www.impactjournals.com/oncotarget

To this end, we performed TCR repertoire
sequencing, gene expression profiling analysis and
whole-exome sequencing on multiple tumor samples
obtained from five tumors as well as matched adjacent
noncancerous liver tissues and peripheral blood from
five patients. We found that the TIL repertoire exhibited
extensive intratumoral heterogeneity in PLC, and TIL
diversity significantly related to the degree of immune
response instead of mutation burden. Deciphering the
heterogeneity of the TIL repertoire within individual
PLCs, the corresponding local molecular phenotype
and tumor cell somatic mutations may have important
implications for adoptive cell therapy using autologous
tumor-antigen-specific TILs.

RESULTS
Statistical characteristics of the TCR repertoire
sequencing data
As shown in the flowchart (Figure 1), the TCRβ
CDR3 regions of the T cells were reverse-transcribed
and amplified from the total RNA and then sequenced
in parallel. TIL repertoire sequencing was performed on
35 specimens from 5 PLC patients, including 25 tumor
samples, 5 adjacent noncancerous liver tissues and 5
peripheral blood samples (Table 1). A detailed description
of the statistical characteristics of the TCRβ repertoires
is included in Supplementary Table 1. The total number
of productive TCRβ reads achieved for each sample
type from the five patients was 3.65 × 106 to 5.92 × 106
for tumor tissues, 3.94 × 106 to 5.54 × 106 for adjacent
noncancerous liver tissues, and 4.14 × 106 to 7.13 × 106
for peripheral blood. The number of unique TCRβ reads
was 2.55 × 105 to 9.88 × 105 for tumor tissues, 3.33 × 105
to 7.51 × 105 for adjacent noncancerous liver tissues, and
4.74 × 105 to 1.27 × 106 for peripheral blood, indicating
that the average productive TCRβ reads between
different tissue types were not significantly different
(one-way ANOVA, p = 0.650), although average unique
TCRβ reads were significantly higher for peripheral
blood than for tumor tissues or adjacent normal tissues
(one-way ANOVA, blood vs tumor, p < 0.001; blood
vs noncancerous tissues, p = 0.007). This indicated that
peripheral blood contains more T cell clone types than
tumors or adjacent noncancerous liver tissues.
In order to evaluate the robustness of our TCR
repertoire sequencing technique, the five tumor samples
from patient 4 were amplified by PCR and sequenced
again (the duplicated samples were recorded as T1_RE,
T2_RE, T3_RE, T4_RE and T5_RE, respectively; for
example, T1 and T1_RE are duplicate samples of T1).
A detailed description of the statistical characteristics
of the TCRβ repertoires and the percentages of TCRβ
clones with different frequencies are summarized in
Supplementary Table 1 and Supplementary Table 2,
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Table 1: Patient characteristics and the number of tissue samples from each of the five patients
Patient
ID

Age

Gender

Typea

Differentiationb

Primary size
(cm)

TNM stage

Max
diameter(cm)

Location within
the tumor

Patient 1

40

male

HCC

M

4 × 4.2 × 4

T1N0M0

4.2

T1: Superior pole,
T2: Inferior pole,
T3: Left-lateral pole,
T4: Right-lateral pole, T5: Centre

Patient 2

65

female

HCC+ICC

L

9 × 7.5 × 3.8

T3N0M0

9

T1: Superior pole,
T2: Inferior pole,
T3: Left-lateral pole,
T4: Right -lateral pole, T5: Centre

Patient 3

37

female

HCC

M

10 × 9 × 6

T2N0M0

10

T1: Superior pole,
T2: Inferior pole,
T3: Left-lateral pole,
T4: Right -lateral pole, T5: Centre

Patient 4

45

male

HCC

M-L

6 × 4.2 × 3.8

T3N0M0

6

T1: Superior pole,
T2: Inferior pole,
T3: Left-lateral pole,
T4: Right -lateral pole, T5: Centre

Patient 5

49

male

HCC

H

8 × 7.5 × 6

T1N0M0

8

T1: Superior pole,
T2: Inferior pole,
T3: Left-lateral pole,
T4: Right -lateral pole,
T5: Centre

HCC: hepatocellular carcinoma, ICC: intrahcpatic cholangiocarcinoma; b H: high-differentiated, M: moderately-differentiated,
L: low-differentiated.
a

respectively. We selected the top 100, 250, 500, 1000,
2500, 5000, 7500 and 10000 most abundant T cell clones
from the duplicated samples and different tumor samples
drawn from the same patient’s tumor, respectively. Then,
identified the common unique TCRβ reads and calculated
the common rate for the duplicate samples of each tumor
region from patient 4. Furthermore, we assessed the
correlation between the duplicate samples of each tumor
region using the productive TCRβ reads of each common
T cell clones. As shown in Supplementary Table 3, the
average common rates of the duplicate samples of each
tumor region from different T cell clone groups was
as high as 0.893 (range: 0.842 to 0.950). Besides, the
correlation coefficient increased with the increase number
of T cell clones and always greater than 0.980 (Figure 2).
This indicated that our TCR repertoire sequencing
technique exhibits an excellent stability. The duplicated
samples T1_RE, T2_RE, T3_RE, T4_RE and T5_RE were
not included in the subsequent analysis.

frequency of the top 250 most abundant T cell clones
(called TOP250 hereafter) from each sample were
calculated and plotted (Supplementary Figure 1). The
results showed that the average cumulative frequencies
for the TOP250 were 45.74% (range: 29.13% to 63.24%)
in tumors, 42.86% (range: 24.90% to 54.77%) in adjacent
noncancerous liver tissues and 31.25% (range: 18.55% to
71.31%) in peripheral blood. The cumulative frequencies
of the TOP250 were significantly higher in tumors than in
peripheral blood (one-way ANOVA, p = 0.039, Figure 3A,
Supplementary Table 1), although there was no significant
difference between tumors and adjacent noncancerous
liver tissues. This indicated that T cell clones were
highly expanded in tumor tissues, which agrees with a
previous study [22]. In all three sample types, the TOP250
contained one-quarter or more of the total TCR repertoire,
which suggests that the entire repertoire had been
dominated by a tiny fraction of clones. Thus, to reduce
the sampling bias of rare clones, only the TOP250 in each
sample was included in the subsequent analysis except for
the TCR diversity analysis.
Moreover, we analyzed the differences among
tumor tissue, adjacent normal tissue and peripheral blood
from five patients based on the diversity of T cell clones.
On average, TIL diversity was 7689.49 (range: 949.64
to 27406.56) in tumor tissues, 8416.05 (range: 2215.72
to 24790.03) in adjacent normal tissues, and 38232.71
(range: 234.52 to 57895.63) in peripheral blood samples.
A significantly lower TIL diversity was observed in tumor
samples and adjacent normal tissues than in peripheral
blood samples (one-way ANOVA, tumor tissues vs

Differences in TCR repertoire between tumor
tissue, adjacent normal tissue and peripheral
blood
To overview the composition of TCRβ repertoires,
the percentages of TCRβ clones with different frequencies
are summarized in Supplementary Table 2. We observed
an obviously skewed distribution in the TCRβ clone
frequency. This finding implied that only a small fraction
of T cells was highly expanded. Then, to further explore
the configuration of the T cell repertoire, the cumulative
www.impactjournals.com/oncotarget
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peripheral blood, p < 0.001; adjacent normal tissues
vs peripheral blood, p < 0.001, Figure 3B), although
no significant difference was observed between tumor
tissues and adjacent normal tissue (one-way ANOVA,
p = 0.892). The results supported the existence of
differences in immune repertoire between tumor tissue
and adjacent normal tissues or peripheral blood and
indicated that the TCRβ repertoires of PLC tissues were
less clonotypes than in matched peripheral blood.
Additionally, to further decipher the dissimilarity
of the immune repertoires in tumor tissue, adjacent
noncancerous liver tissues and peripheral blood for each
patient, we generated heat maps to illustrate the pairwise
sequence overlap for each PLC patient. The average
pairwise sequence overlap rates from five PLC patients
was 36.19% (range: 22.25% to 61.29%) for tumor-tumor
pairs, 16.76% (range: 9.17% to 30.89%) for tumoradjacent normal tissue pairs, and 14.08% (range: 7.99%
to 32.28%) for tumor-peripheral blood pairs. There was
significantly higher overlap rates between tumor tissues
than those between the tumor and other tissues (one-way
ANOVA, tumor-tumor pairs vs tumor-adjacent normal
tissue pairs, p < 0.001; tumor-tumor pairs vs tumorperipheral blood pairs, p < 0.001, Figure 3C).The results
further suggested that the TIL repertoire is more similar
between tissues of the same tumor than that for tumor

tissues compared to adjacent noncancerous tissue or
peripheral blood (Figure 4), which agrees with findings
published in esophageal cancer patients [16]. In order
to verify the stability of our results, we re-assessed the
pairwise overlap including only the 100 T cell clones
found with the highest regional frequency across each
region of the five tumors. As shown in Supplementary
Figure 2A, the TIL repertoire is still more similar between
tissues of the same tumor than that for tumor tissues
compared to adjacent noncancerous tissue or peripheral
blood. Collectively, T cell clones which highly expand in
PLC could be related to the tumor.

Spatial heterogeneity of TCR repertoire within a
single tumor
To dissect the degree of intratumoral TIL
heterogeneity in PLC, we further analyzed the TCR
repertoires from multiple regions of each tumor and
used the ubiquitous rate to measure the degree. The
clones present in all the regions from each tumor were
defined as ubiquitous; clones present in more than one
but not all regions were considered shared; and those
found only in one region were private. Both shared and
private TILs were heterogeneous. As shown in Figure 5,
the percentage of ubiquitous sequences in the TOP250

Figure 1: Schematic diagram of study design. The brown circle on behalf of the lesions, and the position of blue circles represent
spatial distribution of five tumor specimens (T1–T5) from the same tumor.
www.impactjournals.com/oncotarget
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ranged from 7.92% to 24.07% (median 10.93%), whereas
75.93–92.08% (median 89.07%) of the sequences were
heterogeneous, indicating that TIL populations are
spatially heterogeneous in PLCs and that the degree of
spatial heterogeneity showed obvious differences between
patients. Spatial heterogeneity of TIL populations was still
remains when including only the 100 most abundant T cell
clones (Supplementary Figure 2B).
Along with the T cell clonal population, the
frequency of each oligoclone is important for the immune
response. Thus, the frequencies of each clone detected
in all regions of each tumor were also required to assess
spatial heterogeneity within a single tumor. We used the
heat maps to demonstrate the regional abundance of each
T cell clone in each tumor. Only the TOP250 present in
each tumor region were included in the analysis. The TIL
population was not identical among the tumor regions,
and there were more than 250 unique clones from the
tumor regions of each patient. To facilitate the generation
of heat maps, we used the top 100 highly expanded T
cell clones from all the tumor tissues from each patient
(Figure 6). Heat maps of the 100 most frequent clones
from all the tumor regions from each patient demonstrated
that different tumor regions predominantly harbor distinct
T cell clones. Even the ubiquitous T cell clones show
regional abundance with obvious differences in certain
tumor regions. Most of the highly expanded T cell clones
present in tumor samples were low in abundance or
did not exist in matched noncancerous liver tissues and
peripheral blood, revealing that only a small fraction of

T cells present in the tumor samples circulate throughout
the tumor within the blood and implying that the majority
of T cell clones detected with high frequency in the
tumor tissues were related to tumor-associated antigens.
Additionally, to verify the stability of this result, only
the 100 most abundant T cell clones present in each
tumor region were included in analysis according to the
foregoing method. As shown in Supplementary Figure 2C,
spatial heterogeneity of TIL populations in PLC was still
remains and that different TIL clones could be dominant in
different tumor regions, which indicated the results exhibit
an excellent stability in this study.
Furthermore, we further investigated the spatial
heterogeneity of the TCR repertoire by analyzing TIL
diversity within a tumor. The median ShannonDI value
was 8544.03 (range: 7187.40 to 27406.56), 17516.28
(range: 11369.95 to 19349.52), 1534.50 (range: 1278.49
to 2281.84), 5218.94 (range: 3541.83 to 9356.73) and
1521.37 (range: 949.64 to 2593.43) for patient 1 to
patient 5, respectively. This indicated that TIL diversity
fluctuated considerably in different sites of the same tumor
(Figure 7A), which provides additional evidence of the
spatial heterogeneity of TILs.

TCR diversity is associated with expression level
of immune response genes rather than mutation
burden
Baseline TCR diversity has been linked to
prognosis and response to immunotherapy. However,

Figure 2: The correlation coefficient of the duplicate sample of each tumor region from patient 4. The y-axis shows the
specific numerical of correlation coefficient, x-axis shows the group with various amounts of abundant T cell clones.
www.impactjournals.com/oncotarget
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Figure 3: The distribution characteristics of the TCRβ repertoires in tumor tissues, adjacent normal tissues and
peripheral blood. (A) The cumulative frequency of the TOP250 in tumor tissues, adjacent normal tissues and peripheral blood. Data

points represent the cumulative frequency of the TOP250 of each sample from five patients, and bars depict the mean (± SEM) of the
groups. Differences between groups were compared using one-way ANOVA. *P = 0.039. TT, NT and PB represent tumor tissues, adjacent
normal tissues and peripheral blood, respectively. (B) Data show the distribution of TCR diversity by measuring the shannonDI. Each dot
represents the shannonDI of each sample, and bars show the mean (± SEM) of the groups. Differences between groups were compared
using one-way ANOVA. **P < 0.001. (C) Data show the overlap of clonotypes between sample groups, TT and TT, TT and NT, TT and
PB. Each dot represents the overlap rate between any two samples, and bars show the mean (± SEM) of the groups. Differences between
groups were compared using one-way ANOVA. **P < 0.001.

Figure 4: Comparison of the pairwise overlap of TCRβ repertoire between different samples of each patient. For each
patient we computed pairwise overlaps among all samples, the high overlap rate obtain a darker shade of blue in the heat map. Sample
names T, N and B represent tumor tissues, adjacent normal tissues and peripheral blood, respectively.
www.impactjournals.com/oncotarget
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whether TCR diversity can serve as a surrogate marker
for the antigen-specific T-cell immune response remains
unexplored. To this end, mRNA transcriptome profiling
of the 25 tumor samples from five PLC patients was
performed using Agilent microarrays to evaluate the
correlation between TCRβ repertoire diversity in the
tumor microenvironment and the local molecular
phenotype. To collect information reflecting the
molecular phenotype in a more robust manner from
the mRNA transcriptome profiling data, the GSVA
scores for the GO gene sets provided by the Molecular
Signatures Database were calculated for each of the 25
tumor samples to evaluate their activity. Then, correlation
analysis was conducted to assess the relationship between
TCR clonal diversity and the activity of the gene sets. Ten
GO gene sets with the largest correlation coefficients are
listed in Table 2, and we found six gene sets in Table 2
that were associated with immune response, suggesting
a significant association between TCR clonal diversity
and the anti-tumor immune response. Figure 7B–7D
shows the relationship between the ShannonDI, which
represents TIL diversity, and the three GO gene sets that
achieved the largest correlation coefficient, respectively
(Pearson’s correlation, all p < 0.001).

Non-synonymous mutations in cancer cells are
known neoantigen sources that can trigger a T celldependent immune response. Previous studies by Rooney
and colleagues have suggested a significant correlation
between mutation burden and cytolytic activity index
in a pan-cancer context [23]. Synonymous mutations
do not yield neoantigens, and the correlation between
non-synonymous mutational burden and immune
activity is important to investigate. Whole-exome
sequencing resulted in a mean coverage of 126.87 reads
(Supplementary Table 4) in our study. We identified 430
non-synonymous mutations and mapped their regional
distributions across multiple regions of each tumor
(Supplementary Table 5). We selected 75, 70, 52, 56 and
80 non-synonymous mutations from patient 1 to patient
5, respectively, to validate the use of Sanger sequencing
(Supplementary Figure 3). For each PLC patient, routine
validation was performed in T1-T5. On average, 97.03%
of the mutations were specifically validated in the regions
in which they were initially detected (Supplementary
Table 6). We discarded mutations which failed to validate
and then investigated the relationship between TIL
diversity and the number of remaining non-synonymous
mutations. No significant correlation between TIL

Figure 5: Spatial heterogeneity of TIL clones in five PLC patients. Heat maps show the regional distribution of TOP250 from

all tumor samples of each patient. T cell clones identified in its original regions showed purple, otherwise light grey. Column close to
heat map show three categories of TIL populations: TILs present in all regions were defined as ubiquitous (salmon), in more than one but
not all regions were considered as shared (modena) and in one region was regarded as private (light-blue). Both shared and private TILs
were heterogeneous. Patient identification is showed on the top of figure. Then, the percentage of ubiquitous TIL clones of each patient is
indicated. Next, lesion names in the form of regional identification.
www.impactjournals.com/oncotarget
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Table 2: The ten gene sets having the largest correlation coefficient
GO termsa
GO_THYMIC_T_CELL_SELECTION
GO_NEGATIVE_REGULATION_OF_B_ CELL_
ACTIVATION
GO_RESPONSE_TO_INTERLEUKIN_4
GO_POSITIVE_REGULATION_OF_ACTIN_
FILAMENT_BUNDLE_ASSEMBLY
GO_CELLULAR_RESPONSE_TO_INTERLEUKIN_4
GO_T_CELL_DIFFERENTIATION_IN_THYMUS
GO_THYMOCYTE_AGGREGATION
GO_NEGATIVE_REGULATION_OF_KINASE_ACTIVITY
GO_POSITIVE_REGULATION_OF_TRANSCRIPTION_
FROM_RNA_POLYMERASE_II_PROMOTER
GO_REGULATION_OF_ACTIN_FILAMENT_ BUNDLE
_ASSEMBLY
a

R
0.889
0.883

P Value
2.80E-09
5.33E-09

0.881
0.878

6.16E-09
8.29E-09

0.868
0.868
0.868
0.864
0.864

1.85E-08
1.85E-08
1.94E-08
2.57E-08
2.66E-08

0.860

3.69E-08

GO terms which relate to immune response are indicated in bold.

diversity, represented by the ShannonDI within the tumor
microenvironment, and the corresponding numbers
of somatic non-synonymous mutations (Spearman’s
correlation, p = 0.163) was observed. Overall, our results
associate the expression of immune response genes rather
than mutational load with TIL diversity in PLC.

Regarding the TIL spatial distribution within a
tumor, our study demonstrated that only approximately ten
percent (7.92–24.07%) of the T cell clones were shared
among the five analyzed biopsy sites for each patient. This
suggests that distinct tumor regions harbor different T cell
clones, indicates TIL populations present in PLC exhibit
extensive spatial heterogeneity. Even for the ubiquitous
clones, regional frequencies show obvious discrepancies.
Furthermore, analysis of TIL diversity revealed that it
varies between distinct regions of the same PLC, further
demonstrating that intratumoral TIL repertoires were
spatially heterogeneous. Similar findings have been
reported in esophageal squamous cell carcinomas [16].
This suggests that single tumor-biopsy specimens reveal
only a minority of the TIL signature present in an entire
tumor, and it’s possible to overestimate the effects of
adoptive cell therapy using autologous TILs that obtained
from single tumor-biopsy specimens.
Immune repertoire diversity is a fundamental
determinant of the immune system competence [28].
Diversity of TILs is closely related to patient prognosis
and treatment effectiveness for different diseases [29, 30].
Previous studies have reported that low TIL diversity at
baseline suggests tumor progression and non-functional
TILs [31]. In our study, association analysis revealed
that the diversity of TCRβ repertoires was significantly
correlated with the T cell-mediated immune response,
which suggests TIL diversity can serve as a surrogate
marker for the antigen-specific T-cell immune response,
indicates that increasing TIL diversity would lead to more
effective killing of cancer cells during antitumor therapy.
For example, higher GSVA score of GO term “response
to interleukin 4”, higher TIL diversity, which indicated
the greater interleukin 4 was secreted by activated T
lymphocytes. Recent studies revealed that interleukin 4

DISCUSSION
To our knowledge, this is the first study to evaluate the
intratumoral spatial heterogeneity of TIL populations and
the association between TILs and cancer cells in primary
PLC patients. Accumulating evidence has supported the
idea that the tumor micro-environment [24–26], including
TILs [15, 16], exhibits extensive spatial heterogeneity. In
our study, we conducted next-generation TCR sequencing
to elucidate the spatial distribution of TIL populations in
PLC. Analysis of the pairwise sequence overlap of TCRβ
repertoire revealed that intratumoral TIL populations are
more similar than those between tumor and adjacent tissues
or peripheral blood, which is consistent with recent findings
in renal cell carcinomas [15] and esophageal squamous cell
carcinomas [16]. This result indicated that T cell clones
spatially confined in the tumor micro-environment might
be tumor-specific. In addition, the cumulative frequencies
of the TOP250 were significantly higher in tumors than in
peripheral blood, indicating that tumor-related T cell clones
were highly expanded in tumor tissues. This suggests that
autologous tumor-antigen-specific TILs may be an effective
agent for PLC patients as for metastatic colorectal cancer
[27]. Moreover, the tumor-peripheral blood overlap revealed
that 7.99% to 32.28% of the αβ-T cells in peripheral blood
might be tumor-specific, which would also provide a
potential non-invasive method to monitor the intratumoral
environment during clinical trials.
www.impactjournals.com/oncotarget
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Figure 6: Regional frequencies of the 100 most abundant T cell clones in different samples of the five PLC patients. The

100 most abundant TIL clones showed in heat maps identified as the highest regional frequencies throughout five regions of each tumor.
Frequencies that listed on the right of each heat map represent the corresponding T cell clones. The color of cell check indicates different
frequency of T cell clone, the corresponding relationship between color and clone abundances are indicated by figure legend presents on
the bottom of figure. Patient identifications and lesion names are showed on the top of figure.
www.impactjournals.com/oncotarget
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can stimulate growth of B and T lymphocytes, enhance
cytotoxic T lymphocyte activity and promote growth of
TILs [32–34]. Besides, Soydinc and colleagues reported
that serum IL-4 levels decreased following chemotherapy
[35]. Thus, higher TIL diversity at baseline suggests
more pre-existing tumor-related T cells in the tumor
microenvironment, which predicts a better response to
chemotherapy and clinical outcomes. However, as our
study is a cross-sectional study, the prognostic information
for the PLC patients is unknown. Whether TIL diversity
predicts PLC patient clinical outcomes must be further
analyzed in a longitudinal, large-scale study.
Clinical trials of immune checkpoint blockade
therapy in melanoma and NSCLC indicated that high
mutational loads might predict good responses [20, 21].
A higher number of non-synonymous mutations are
expected to result in greater numbers of neoantigen [36].
Neoantigens-normally absent from the human genomethat are presented by the major histocompatibility
complex (MHC) on the surface of tumor cells can elicit
T cell immune responses, which facilitates rejection of
the tumor cells by the immune system [19].Thus, each
additional mutation increases the odds of identifying
a rejection epitope, and the burden of non-synonymous

mutations has been considered as biomarker for antitumor immunity. In our study, non-synonymous somatic
mutations in combination with TIL diversity in 25 tumor
samples were simultaneously analyzed. We observed no
correlation between the degree of anti-tumor immunity
presented by TIL diversity and the corresponding
numbers of non-synonymous somatic mutations.
However, the lack of association between TIL diversity
and mutational burden does not rule out neoantigens as a
driver of lymphocyte activation. A large proportion of nonsynonymous mutations produce antigens with low or no
immunogenicity. Although a minority of non-synonymous
mutations yields high immunogenicity neoantigens, these
are obscured in the surrounding mutational profile, which
reduces the “visibility” of these mutations to investigators
attempting to distinguish them from non-synonymous
mutations. Furthermore, some low frequency mutations
that encode immunogenicity neoantigens might be
neglected due to the lower sequencing depth.
Antigen-specific αβ-T cells are generated by somatic
recombination of the TCR α- and β-chains. In this study,
we used the TCRβ chains to analysis the diversity of TCR
repertoires, which is likely to underestimate the diversity
of TIL repertoires because TCRs sharing a common TCR

Figure 7: The relationship between local TCR clone diversity and the immune status. (A) The ShannonDI for each tumor

sample of five PLC patients. (B–D) Correlations between ShannonDI values and GSVA score of three GO gene sets list in Table 2 that
achieved the largest correlation coefficient in the tumor samples of five PLC patients. The best-fit lines are indicated on each panel, each
dot represents an individual tumor region.
www.impactjournals.com/oncotarget
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β-chain may have different TCR α-chains. Besides, TCRβ
chain sequencing allows analysing the clonal expansion of
intratumoral and peripheral T cells, but we cannot compare
the clonal expansion obtained from distinctly subtypes of
T cells, such as CD4+ T cells and CD8+ T cells. Only
when combined with cell sorting technique by cell surface
marker, TCRβ chain sequencing makes it possible for us
to evaluate the differences between the TCR repertoires
of the T cell subsets. Lastly, we did not consider the MHC
binding ability of the mutated proteins because we could
not find a reliable method. Much effort has been dedicated
to solve these limitations in the future.
In summary, using TCR repertoire sequencing, we
provide a comprehensive characterization and report the
spatial heterogeneity of the PLC-infiltrating T cells from
five PLC patients. Furthermore, a synthetic analysis of the
relationship between TILs and cancer cells connected the
expression level of immune response genes, rather than
mutational load, with TIL diversity. In view of the modest
sample sizes, the findings should be further validated in a
large-scale study.

line DNA and blood cell RNA were extracted from whole
blood using a DNeasy Blood & Tissue kit (Qiagen, cat.
69504) and TRIzol reagent (Thermo Fisher, cat. 15596018),
respectively. Subsequently, total RNA was used to prepare
TCR libraries. A series of three previously described
nested PCR reactions [37] were performed to obtain a
TCR repertoire using the primers shown in Supplementary
Table 7; the ARM-PCR procedure [28] was slightly
modified for this assay. Primer TRBC Ro (Supplementary
Table 7) and ProtoScript II Reverse Transcriptase (NEB,
cat. no. M0368X) were used to synthesize TCRBspecific cDNA from 500 ng of total RNA. For the first
PCR reaction, pre-amplification was performed with a
multiplex PCR 5x Master Mix (NEB, cat. no. M0284S)
using multiple Vβ region primers (TRBV1Fo - TRBV30Fo,
Supplementary Table 7) and a Cβ region primer (TRBCRo
primer) in a 25 μl reaction based on the following cycling
conditions: 95°C for 3 min; 95°C for 30 sec, 60°C for 2
min, 68°C for 1 min × 10 cycles; 68°C for 5 min; and
4°C. Then, 2 µl of the first reaction product was used as
the template for the next 25 μl PCR with NEB multiplex
PCR master mix and TRBV1Fi - TRBV30Fi and TRBCRi
primers (Supplementary Table 7). The cycling conditions
were identical to the first step. The goal of the final PCR
was to incorporate barcodes and enable sequencing on
the Illumina HiSeq 2500 platform (pair-end 250). Two
microliters of the second product was used as a template
for 50 μl PCR using Deep VentR (exo-) DNA polymerase
(NEB, cat. no. M0259S) with the primers SuperF and
SuperR (Supplementary Table 7) according to the following
cycling conditions: 94°C for 3 min; 94°C for 30 sec, 72°C
for 1 min × 25 cycles; 72°C for 5 min; and 4°C. Next, DNA
ranging from 200-500 bp was separated and purified with
a QIAquick gel extraction kit (Qiagen, cat. no. 28706), and
the amplicons were sequenced. Clean data were acquired
using Trimmomatic v0.33. Then, FLASH v1.2.11 was used
to merge the paired reads to obtain the complete CDR3
region sequence for TCRb. MiGEC v1.2.1b was used to
assign the rearranged mRNA sequences to their germ-line
V, D, and J counterparts. Subsequently, we applied VDJ
tools v1.0.0 as a post-alignment analysis tool to analyze
the basic TCR clone statistics and T cell clonal diversity
(calculation of Shannon-Wiener diversity index) [38-40].
All raw data of TCR sequencing are available from the
SRA database (accession number SRP094909).

MATERIALS AND METHODS
Patient samples
Fresh tumor specimens as well as matched adjacent
noncancerous liver tissues and peripheral blood were
obtained from five patients diagnosed with PLC by
histopathology and treated with surgical resection at
the National Cancer Center/Hospital of the Chinese
Academy of Medical Sciences and Peking Union Medical
College from November 2015 to March 2016. The spatial
distribution of five tumor tissues from each PLC patient is
shown in Supplementary Figure 4. Different regions of the
tumor specimens and matched adjacent normal tissue from
each patient were bisected, and one tissue sample was
processed with RNAlater (Invitrogen, cat. AM7021) and
stored at −80°C; the other sample was sent for histological
verification. Four milliliters of blood was collected into
a K2EDTA tube (BD, cat. 367844) prior to surgery. HE
staining showed that all the PLC samples contained more
than 90% viable tumor cells. All the patients with chronic
HBV infection were treatment naïve, and informed
consent was obtained from each patient for this research.
The clinical characteristics of all of the individuals are
presented in Table 1. This study was approved by the
Ethics Committee of the National Cancer Center/Hospital
of the Chinese Academy of Medical Sciences and Peking
Union Medical College.

Messenger RNA microarray analysis
RNA samples from five PLC patients were analyzed
using the Agilent 4 × 44 K Whole Human Genome Oligo
microarrays (Agilent, cat.no G4112A). The labeling,
hybridization, and washing were performed according
to the manufacturer’s instructions. Then, the slides were
scanned using an Agilent SureScan Microarray Scanner
(G2600D) and extracted with Agilent Feature Extraction
Software v10.5.1.1.

TCR sequencing and data analysis
Genomic DNA and total RNA were extracted from
each specimen (20-30 mg) simultaneously using the
AllPrep DNA/RNA mini kit (Qiagen, cat. 80204). Germwww.impactjournals.com/oncotarget
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The data were normalized using the quantile method
from the “limma” R package. The raw and normalized
PLC data were submitted to the GEO database with the
accession number GSE92528.

assess the underlying activity variation for all of the GO
gene sets provided by the Molecular Signatures Database
v5.2. For correlation analysis, Pearson’s or Spearman’s
correlation was performed using the R packages “stat.”
Moreover, one-way analysis of variance (ANOVA) was
used to analyze normally distributed data. p-values < 0.05
were considered statistically significant. These analyses
were performed using SPSS v16.0 (SPSS Inc., Chicago,
IL, USA).

Whole-exome sequencing and somatic mutation
calling
DNA of tumor samples were normalized to 1 μg and
sheared to 150–200 bp according to the manufacturer’s
protocol for Agilent Sure Select Human All Exon V6
(Agilent, cat. no. 5190-8863). Then, a Paired-End DNA
Sample Prep Kit (Illumina, cat. no. PE-102-1002) was
used to repair the end of the enriched DNA fragments
and ligate adaptors to them. The capture libraries were
quality checked and sequenced on an Illumina HiSeq
2000 instrument (Illumina, San Diego). For each sample,
the average effective read depth required a minimum of
100-fold. Illumina CASAVA v1.7 software with default
parameters was used to process the raw image files, and
the sequences for each sample were generated as 100-bp
paired-end reads. For the raw data, we first removed the
adapter sequence. In addition, the low-quality reads were
discarded. Then, the cleaned short paired-end reads were
aligned to hg19 (UCSC) using the Burrows-Wheeler
Aligner (BWA v0.7.12) with default parameters. The
aligned SAM files were converted to BAM format and
sorted. Picard tools (broadinstitute.github.io/picard/)
v1.119 was used to remove PCR duplications. Next, the
data were processed for local InDel realignment and base
quality recalibration using the typical GATK workflow
(Genome Analysis Toolkit v3.4-46). For somatic mutation
calling, we used VarScan v2.3.9. The following criteria
were used to further filter the calls for each variant
position: 1) at least 10× coverage in the germline sample
of each patient with zero non-reference reads; 2) at least
10x total coverage in tumor samples with over 2× mutation
coverage; 3) the variant position had to be annotated as
exonic by ANNOVAR v2015 Jun16, and multiple variants
located in a genomic interval shorter than 100 bp within
the identical site were discarded. All of the raw NGS
data have been deposited in the SRA database (accession
number SRP092464).

Abbreviations
TILs: tumor-infiltrating lymphocytes; PLC:
primary liver carcinoma; TCR: T cell receptor; CDR3:
complementary determining region 3; TCRβ: TCR beta
chain;NGS: next-generation sequencing; NSCLC: nonsmall cell lung carcinoma; TOP250: the top 250 most
abundant T cell clones; MHC: major histocompatibility
complex.

Statement of author contributions
Shujun Cheng, Kaitai Zhang and Jianxiong Wu
designed and supervised the project. Lijun Shi performed
the experiments, analyzed the data and wrote the manuscript.
Yang Zhang and Liming Wang participated in experiment.
Lin Feng participated in data analysis. Weiqi Rong and Fan
Wu collected the samples and the clinical information.

ACKNOWLEDGMENTS AND FUNDING
We would like to thank Dr. Binlei Liu for
suggestion and assistance with study design, Dr. Wen
Zhang for helpful discussion and support, Dr. Ping Li for
pathological consult.
This work was supported by the National Key
Research and Development Program of the Ministry of
Science and Technology of China (NO.2016YFC0905301)
and CAMS Innovation Fund for Medical Sciences
(CIFMS, NO.2016-12M-3-005).

CONFLICTS OF INTEREST
The authors have declared no competing interests.

Additional statistical analysis

REFERENCES

Pairwise overlap rate was used to explore the
similarity of TCRβ repertoires between two samples and
was calculated as follows: n/Uab, in which a and b represent
two different samples, n is the unique TCRβ CDR3
sequences present in both samples, and U represents the
total number of unique sequencing reads in a and b. The
Shannon-Wiener diversity index (ShannonDI) was used to
quantify the T cell clonal diversity in this study. The Gene
Set Variation Analysis (GSVA [41]) program was used for
expression profiling of the multi-region tumor samples to
www.impactjournals.com/oncotarget

34855

1.

Ferlay J, Soerjomataram I, Dikshit R, Eser S, Mathers C,
Rebelo M, Parkin DM, Forman D, Bray F. Cancer
incidence and mortality worldwide: sources, methods and
major patterns in GLOBOCAN 2012. Int J Cancer. 2015;
136:E359–E86.

2.

Chen W, Zheng R, Baade PD, Zhang S, Zeng H, Bray F,
Jemal A, Yu XQ, He J. Cancer statistics in China, 2015. CA
Cancer J Clin. 2016; 66:115–132.
Oncotarget

3. McGlynn KA, Petrick JL, London WT. Global
epidemiology of hepatocellular carcinoma: an emphasis on
demographic and regional variability. Clin Liver Dis. 2015;
19:223–238.

15. Gerlinger M, Quezada SA, Peggs KS, Furness AJ, Fisher R,
Marafioti T, Shende VH, McGranahan N, Rowan AJ,
Hazell S, Hamm D, Robins HS, Pickering L, et al. Ultradeep T cell receptor sequencing reveals the complexity
and intratumour heterogeneity of T cell clones in renal cell
carcinomas. J Pathol. 2013; 231:424–432.

4. Kishi Y, Hasegawa K, Sugawara Y, Kokudo N.
Hepatocellular carcinoma: current management and future
development-improved outcomes with surgical resection.
Int J Hepatol. 2011; 2011:728103.

16. Chen Z, Zhang C, Pan Y, Xu R, Xu C, Lu Z, Ke Y. T cell
receptor beta-chain repertoire analysis reveals intratumour
heterogeneity of tumour-infiltrating lymphocytes in
oesophageal squamous cell carcinoma. J Pathol. 2016;
239:450–458.

5. Poon RT, Fan ST, Lo CM, Liu CL, Wong J. Long-term
survival and pattern of recurrence after resection of small
hepatocellular carcinoma in patients with preserved
liver function: implications for a strategy of salvage
transplantation. Ann Surg. 2002; 235:373–382.

17. Emerson RO, Sherwood AM, Rieder MJ, Guenthoer J,
Williamson DW, Carlson CS, Drescher CW, Tewari M,
Bielas JH, Robins HS. High-throughput sequencing of
T-cell receptors reveals a homogeneous repertoire of
tumour-infiltrating lymphocytes in ovarian cancer. J Pathol.
2013; 231:433–440.

6. Xue R, Li R, Guo H, Guo L, Su Z, Ni X, Qi L, Zhang T,
Li Q, Zhang Z, Xie XS, Bai F, Zhang N. Variable intratumor genomic heterogeneity of multiple lesions in patients
with hepatocellular carcinoma. Gastroenterology. 2016;
150:998–1008.

18. Sheikh N, Cham J, Zhang L, DeVries T, Letarte S,
Pufnock J, Hamm D, Trager J, Fong L. Clonotypic
diversification of intratumoral T cells following
sipuleucel-T treatment in prostate cancer subjects. Cancer
Res. 2016; 76:3711–3718.

7. Ling S, Hu Z, Yang Z, Yang F, Li Y, Lin P, Chen K, Dong L,
Cao L, Tao Y, Hao L, Chen Q, Gong Q, et al. Extremely
high genetic diversity in a single tumor points to prevalence
of non-Darwinian cell evolution. Proc Natl Acad Sci USA.
2015; 112:E6496–E6505.

19. Schumacher TN, Schreiber RD. Neoantigens in cancer
immunotherapy. Science. 2015; 348:69–74.

8. Martinez-Cardus A, Moran S, Musulen E, Moutinho C,
Manzano JL, Martinez-Balibrea E, Tierno M, Elez E,
Landolfi S, Lorden P, Arribas C, Muller F, Bock C, et al.
Epigenetic homogeneity within colorectal tumors predicts
shorter relapse-free and overall survival times for patients with
locoregional cancer. Gastroenterology. 2016; 151:961–972.

20. Snyder A, Makarov V, Merghoub T, Yuan J, Zaretsky JM,
Desrichard A, Walsh LA, Postow MA, Wong P, Ho TS,
Hollmann TJ, Bruggeman C, Kannan K, et al. Genetic basis
for clinical response to CTLA-4 blockade in melanoma. N
Engl J Med. 2014; 371:2189–2199.

9. Muller P, Rothschild SI, Arnold W, Hirschmann P,
Horvath L, Bubendorf L, Savic S, Zippelius A. Metastatic
spread in patients with non-small cell lung cancer is
associated with a reduced density of tumor-infiltrating T
cells. Cancer Immunol Immunother. 2016; 65:1–11.

21. Rizvi NA, Hellmann MD, Snyder A, Kvistborg P,
Makarov V, Havel JJ, Lee W, Yuan J, Wong P, Ho TS,
Miller ML, Rekhtman N, Moreira AL, et al. Cancer
immunology. Mutational landscape determines sensitivity
to PD-1 blockade in non-small cell lung cancer. Science.
2015; 348:124–128.

10. Wong GW, Zuniga-Pflucker JC. gammadelta and alphabeta
T cell lineage choice: resolution by a stronger sense of
being. Semin Immunol. 2010; 22:228–236.

22. Sherwood AM, Emerson RO, Scherer D, Habermann N,
Buck K, Staffa J, Desmarais C, Halama N, Jaeger D,
Schirmacher P, Herpel E, Kloor M, Ulrich A, et al. Tumorinfiltrating lymphocytes in colorectal tumors display a
diversity of T cell receptor sequences that differ from
the T cells in adjacent mucosal tissue. Cancer Immunol
Immunother. 2013; 62:1453–1461.

11. Attaf M, Legut M, Cole DK, Sewell AK. The T cell antigen
receptor: the Swiss army knife of the immune system. Clin
Exp Immunol. 2015; 181:1–18.
12. Davis MM, Bjorkman PJ. T-cell antigen receptor genes and
T-cell recognition. Nature. 1988; 334:395–402.

23. Rooney MS, Shukla SA, Wu CJ, Getz G, Hacohen N.
Molecular and genetic properties of tumors associated with
local immune cytolytic activity. Cell. 2015; 160:48–61.

13. Klarenbeek PL, de Hair MJ, Doorenspleet ME, van
Schaik BD, Esveldt RE, van de Sande MG, Cantaert T,
Gerlag DM, Baeten D, van Kampen AH, Baas F, Tak PP, de
Vries N. Inflamed target tissue provides a specific niche for
highly expanded T-cell clones in early human autoimmune
disease. Ann Rheum Dis. 2012; 71:1088–1093.

24. Gatenby RA, Grove O, Gillies RJ. Quantitative imaging in
cancer evolution and ecology. Radiology. 2013; 269:8–15.
25. Chaudhury B, Zhou M, Goldgof DB, Hall LO, Gatenby RA,
Gillies RJ, Patel BK, Weinfurtner RJ, Drukteinis JS.
Heterogeneity in intratumoral regions with rapid gadolinium
washout correlates with estrogen receptor status and nodal
metastasis. J Magn Reson Imaging. 2015; 42:1421–1430.

14. Liaskou E, Klemsdal Henriksen EK, Holm K, Kaveh F,
Hamm D, Fear J, Viken MK, Hov JR, Melum E, Robins H,
Olweus J, Karlsen TH, Hirschfield GM. High-throughput
T-cell receptor sequencing across chronic liver diseases
reveals distinct disease-associated repertoires. Hepatology.
2016; 63:1608–1619.
www.impactjournals.com/oncotarget

26. Lloyd MC, Alfarouk KO, Verduzco D, Bui MM,
Gillies RJ, Ibrahim ME, Brown JS, Gatenby RA. Vascular

34856

Oncotarget

measurements correlate with estrogen receptor status. BMC
Cancer. 2014; 14: 279.

cytotoxic for human autologous melanoma. J Exp Med.
1988; 168:2183–2191.

27. Tran E, Robbins PF, Lu YC, Prickett TD, Gartner JJ,
Jia L, Pasetto A, Zheng Z, Ray S, Groh EM, Kriley IR,
Rosenberg SA. T-Cell Transfer Therapy Targeting Mutant
KRAS in Cancer. N Engl J Med. 2016; 375:2255–2262.

35. Soydinc HO, Guney N, Basaran M, Duranyildiz D,
Yasasever V. Clinical significance of interleukin-4
and interleukin-18 levels in aggressive non-Hodgkin’s
lymphoma patients. Genet Mol Res. 2016; 15.

28. Wang C, Sanders CM, Yang Q, Schroeder HW Jr, Wang
E, Babrzadeh F, Gharizadeh B, Myers RM, Hudson JR Jr,
Davis RW, Han J. High throughput sequencing reveals a
complex pattern of dynamic interrelationships among
human T cell subsets. Proc Natl Acad Sci U S A. 2010;
107:1518–1523.

36. van Rooij N, van Buuren MM, Philips D, Velds A,
Toebes M, Heemskerk B, van Dijk LJ, Behjati S,
Hilkmann H, El Atmioui D, Nieuwland M, Stratton MR,
Kerkhoven RM, et al. Tumor exome analysis reveals
neoantigen-specific T-cell reactivity in an ipilimumabresponsive melanoma. J Clin Oncol. 2013; 31:e439–e442.

29. van Heijst JW, Ceberio I, Lipuma LB, Samilo DW,
Wasilewski GD, Gonzales AM, Nieves JL, van den Brink
MR, Perales MA, Pamer EG. Quantitative assessment of
T cell repertoire recovery after hematopoietic stem cell
transplantation. Nat Med. 2013; 19:372–377.

37. Han A, Glanville J, Hansmann L, Davis MM. Linking T-cell
receptor sequence to functional phenotype at the single-cell
level. Nat Biotechnol. 2014; 32:684–692.
38. Shugay M, Bagaev DV, Turchaninova MA, Bolotin DA,
Britanova OV, Putintseva EV, Pogorelyy MV, Nazarov VI,
Zvyagin IV, Kirgizova VI, Kirgizov KI, Skorobogatova EV,
Chudakov DM. VDJtools: Unifying Post-analysis of T
Cell Receptor Repertoires. PLoS Comput Biol. 2015;
11:e1004503.

30. Jia Q, Zhou J, Chen G, Shi Y, Yu H, Guan P, Lin R, Jiang N,
Yu P, Li QJ, Wan Y. Diversity index of mucosal resident T
lymphocyte repertoire predicts clinical prognosis in gastric
cancer. Oncoimmunology. 2015; 4:e1001230.
31. Clemente MJ, Przychodzen B, Jerez A, Dienes BE,
Afable MG, Husseinzadeh H, Rajala HL, Wlodarski MW,
Mustjoki S, Maciejewski JP. Deep sequencing of the T-cell
receptor repertoire in CD8+ T-large granular lymphocyte
leukemia identifies signature landscapes. Blood. 2013;
122:4077–4085.

39. Ruggiero E, Nicolay JP, Fronza R, Arens A, Paruzynski A,
Nowrouzi A, Urenden G, Lulay C, Schneider S, Goerdt S,
Glimm H, Krammer PH, Schmidt M, et al. High-resolution
analysis of the human T-cell receptor repertoire. Nat
Commun. 2015; 6:8081.
40. Britanova OV, Putintseva EV, Shugay M, Merzlyak EM,
Turchaninova MA, Staroverov DB, Bolotin DA,
Lukyanov S, Bogdanova EA, Mamedov IZ, Lebedev YB,
Chudakov DM. Age-related decrease in TCR repertoire
diversity measured with deep and normalized sequence
profiling. J Immunol. 2014; 192:2689–2698.

32. Spits H, Yssel H, Takebe Y, Arai N, Yokota T, Lee F, Arai K,
Banchereau J, de Vries JE. Recombinant interleukin 4
promotes the growth of human T cells. J Immunol. 1987;
139:1142–1147.
33. Treisman J, Higuchi CM, Thompson JA, Gillis S,
Lindgren CG, Kern DE, Ridell SR, Greenberg PD, Fefer A.
Enhancement by interleukin 4 of interleukin 2- or antibodyinduced proliferation of lymphocytes from interleukin
2-treated cancer patients. Cancer Res. 1990; 50:1160–1164.

41. Hanzelmann S, Castelo R, Guinney J. GSVA: gene set
variation analysis for microarray and RNA-seq data. BMC
Bioinformatics. 2013; 14:7.

34. Kawakami Y, Rosenberg SA, Lotze MT. Interleukin 4
promotes the growth of tumor-infiltrating lymphocytes

www.impactjournals.com/oncotarget

34857

Oncotarget

