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Lung cancer is the leading cause of cancer-related deaths worldwide, and its occurrence
is related to the accumulation of gene mutations and immune escape of the tumor.
Sequencing of the T-cell receptor (TCR) repertoire can reveal the immunosurveillance
status of the tumor microenvironment, which is related to tumor escape and
immunotherapy. This study aimed to determine the characteristics and clinical
significance of the TCR repertoire in lung cancer. To comprehensively profile the TCR
repertoire, results from high-throughput sequencing of samples from 93 Chinese patients
with lung cancer were analyzed. We found that the TCR clonality of tissues was related to
smoking, with higher clonality in patients who had quit smoking for less than 1 year. As
expected, TCR clonality was correlated with stages: patients with stage IV disease
showed higher clonality than others. The correlation between TCR repertoire and
epidermal growth factor receptor (EGFR) status was also investigated. Patients with
EGFR non-LL858R mutations showed higher clonality and a lower Shannon index than
other groups, including patients with EGFR L858R mutation and wild-type EGFR.
Furthermore, we analyzed the TCR similarity metrics—that is, the TCR shared between
postoperative peripheral blood and tissue of patients with non-distant metastasis of lung
cancer. A similar trend was found, in which patients with EGFR L858R mutations had
lower overlap index (OLI) and Morisita index (MOI) scores. Moreover, the OLI showed a
positive correlation with several clinical characteristics, including the tumor mutational
burden of tissues and the maximum somatic allele frequency of blood; OLI showed a
negative correlation with the ratio of CD4+CD28+ in CD4+ cells and the ratio of CD8
+CD28+ in CD8+ cells. In conclusion, TCR clonality and TCR similarity metrics correlated
with clinical characteristics of patients with lung cancer. Differences in TCR clonality,
Shannon index, and OLI across EGFR subtypes provide information to improve
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understanding about varied responses to immunotherapy in patients with different

EGFR mutations.

Keywords: T-cell receptor repertoire, lung cancer, clonality, high-throughput sequencing, epidermal growth

factor receptor

INTRODUCTION

Accumulation of gene mutations and tumor escape from
immunosurveillance are the main causes of tumors.
Immunotherapy is among the most active research topics in
clinical oncology, because it can provide treatments that help
prevent the immune escape of tumors. Immune-checkpoint
blockers have created enormous interest among cancer
immunologists and oncologists (1). Because of the great
success of immune-checkpoint blockers in improving survival
in patients with lung cancer, more attention has been paid to the
mechanism of immune escape, and finding biomarkers that can
effectively predict the efficacy of immunotherapy has become an
important goal (2-4).

With the wide application of immunotherapies in lung cancer,
including as first-line and adjuvant therapies, programmed death
ligand 1 and tumor mutational burden (TMB) are no longer
sufficient to predict therapeutic outcomes; for adjuvant and
neoadjuvant therapy, their predictive efficiency is only 20%-50%
in patients with advanced disease (5, 6). T cells, which form a
major component of adaptive immunity, are related to immune
escape and interact with anticancer treatments (7-9). Therefore,
additional investigation of the T-cell receptor (TCR) repertoire
could provide more insight into tumor immunity and might
provide new biomarkers to predict the efficacy of immunotherapy.

The TCR repertoire, which reflects individuals’ immunity
during aging, infections, and even cancer, consists of thousands
of TCR clonotypes. The diversity and specificity of TCR are
determined by the highly variable complementarity determining
region 3 (CDR3) (10). Therefore, distinctively identifiable TCR
CDR3 regions can be used to analyze the TCR repertoire. TCR
repertoire analysis has potential applications in distinguishing
TCR clonality, diversity (Shannon index, richness, etc.), and
overlap of unique TCR [B-chain sequences identified between
tissue and blood [the overlap index (OLI)]. CDR3 clonality and
OLI are important tools in cancer diagnosis, therapy, and
prognosis (11-13); studies have found that patients with high
clonality and high OLI scores respond better to immunotherapy
(11, 12) and that patients with significant changes in clonality
before and after treatment have poor prognoses (7, 11, 14). Thus,
analyzing baseline TCR clonality will enhance our understanding
of the mechanisms of anticancer immunity and may provide new
predictive biomarkers for anticancer therapies (14). Moreover,
the existence of heterogeneity in the TCR repertoire in different
types of cancers (15-19) and the intratumor heterogeneity that

Abbreviations: TCR, T-cell receptor; TMB, tumor mutational burden; CDR3,
complementarity-determining region 3; OLI, overlap index; JI, Jaccard index;
MOI, Morisita index.

exists in early-stage lung cancer (20, 21) highlight the need for
additional detailed studies of lung cancer in a large population.

Most studies of the TCR repertoire have focused on advanced
and localized lung cancer (22, 23). TCR characteristics of early-
stage lung cancer in European and American populations have
also been reported recently (13). With the use of immunoscores
in prognosis assessment of patients with lung cancer and the
development of immunotherapy as an adjuvant therapy, it has
become necessary to evaluate the TCR repertoire in Chinese
patients with early-stage lung cancer (24-26). In this study, we
retrospectively conducted a systematic analysis of the CDR3
clonality of the TCR B chain in surgical tissues from Chinese
patients with lung cancer to characterize the TCR repertoire of
lung cancer.

MATERIALS AND METHODS
Patient Cohorts

Ninety-three patients with lung cancer who received anticancer
therapy at the Cancer Center of Peking Union Medical College
Hospital (Beijing, China) provided written informed consent for
this study. Surgical tissue and postoperative blood were obtained
from 74 patients with non-distant metastasis, and needle biopsy
results were obtained from 19 patients with advanced lung cancer.
Patients with autoimmune disease or AIDS were excluded from the
study. Clinical information was collected from the hospital
information system and confirmed with the relevant doctors.

Next-Generation Sequencing-Based
Somatic Mutation Detection and
Calculation of TMB

Epidermal growth factor receptor (EGFR) status was known for
all 93 patients in this study. Tissue and postoperative peripheral
blood samples (7-10 days after surgery) from 20 patients with
nondistant metastasis were analyzed by next-generation
sequencing using a 1,021-gene panel. Genetic analysis was
conducted as previously described (27). Briefly, tumor tissues
were subjected to genomic tumor DNA extraction using a
QIAamp DNA mini kit (Qiagen, Valencia, CA). Circulating
tumor DNA was used to prepare sequencing libraries using
KAPA DNA library preparation kits (Kapa Biosystems,
Wilmington, MA), and genomic DNA sequencing libraries
were prepared with Illumina TruSeq DNA library preparation
kits (Illumina, San Diego, CA). The libraries were sequenced on a
NextSeq CN 500 system (Illumina, San Diego, CA) after
hybridization to custom-designed biotinylated oligonucleotide
probes (Roche NimbleGen, Madison, WI) targeting 1,021 genes
(Supplementary Table 1).
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Using default parameters, the sequencing data were analyzed
and the adaptor sequences and low-quality reads were removed.
The clean reads were aligned to the reference human genome
(hg19) with the Burrows-Wheeler aligner (version 0.7.12-r1039).
GATK (version 3.4-46-gbc02625), MuTect (version 1.1.4),
Contra (v2.0.8), and NCsv (in-house) software were used to
call variants, copy number variants, and structural variants.
Then, variants were filtered by manual verification to exclude
synonymous variants, known germline variants in dbSNP, and
variants that occurred at a population frequency of greater than
1% in the Exome Sequencing Project.

The TMB was calculated as the number of somatic
nonsynonymous single-nucleotide variants and small
insertions/deletions per megabase in the coding region (with a
variant allele fraction >0.03 for tissues) (28, 29).

High-Throughput DNA Sequencing of TCR
B-Chain Genes

TCR sequencing and TCR quantification were performed as in
previous research (22, 30, 31). The CDR3 region of the TCR 8
chain was inclusively and semi-quantitatively amplified by
multiplex polymerase chain reaction (PCR), including PCR1 and
PCR2. A set of 32 V forward and 13 J reverse primers was used to
perform multiplex PCR1 assays to achieve as much amplification
as possible of V(D)] combinations. PCR2 universal primers were
used in the second round of PCR. The TCR CDR3 region was
sequenced using an Illumina HiSeq X ten system, and reads of
151-bp lengths were obtained. Then, the CDR3 sequences were
identified and assigned using the MiXCR software package (32).

As previously reported (12), the Shannon index was
calculated as follows, where ni is the clonal size of the
clonotype (i.e., the number of copies of a specific clonotype), S
is the number of different clonotypes, and N is the total number
of TCR-cell receptor sequences analyzed:

ni ni
Shannon index = =35, N lnﬁ

T-cell clonality was defined as 1-(Shannon index)/In(number
of productive unique sequences). A maximally diverse
population has a clonal score of 0, and a perfectly monoclonal
population has a clonality score of 1.

The OLI the Jaccard index (JI), and the Morisita index (MOI)
were used to assess the similarity of TCR repertoires between
tumor samples and postoperative blood samples (7-10 days after
surgery) from each patient. The metric of TCR repertoire overlap
was used to calculate the OLI, as previously reported (11). Briefly,
for two samples, a and b, we identified the number of TCR CDR3
sequences present in both samples, along with the sequencing read
count of each sequence in each sample. The TCR repertoire overlap
between samples was defined as the sum of the sequencing reads
from shared TCR sequences divided by the total number of
sequencing reads observed in both samples. The JI is also a
measure of the similarity in the TCR repertoire between samples,
taking into account the specific rearrangements regardless of their
respective frequency. MOI is another a measure of TCR repertoire
similarity between samples, taking into account the specific

rearrangements and their respective frequencies. All metrics
range from 0 to 1, in which 1 represents an identical TCR
repertoire and 0 represents completely distinct TCR repertoires.

Flow Cytometry

The protocol for flow cytometry was similar to that used in a
previous study (33). Briefly, fresh blood samples were collected
from patients 7-10 days before surgical treatment. Ten specific
monoclonal antibodies were used to differentiate lymphocyte
subsets. First, 100 UL of blood was mixed with the specific
monoclonal antibodies and incubated at room temperature for
15 minutes in the dark. The red blood cells in the mix were lysed
with the FACS lysing solution (BD Biosciences, San Jose, CA).
Then, flow cytometry was used to analyze the residual white
blood cells, and the proportions of the lymphocyte subsets were
calculated with the FlowJo version 10 data analysis software
(FlowJo, Ashland, OR). Lymphocyte subsets were determined by
the percentages of total lymphocytes.

Statistical Analysis

The Mann-Whitney test and a one-way analysis of variance were
used to compare differences between groups. Correlations
between variables were analyzed using Spearman’s rank test.
All statistical analyses were performed using GraphPad Prism
5.0. In this study, all tests were two sided, and p values less than
0.05 were considered statistically significant.

RESULTS
Patient Cohorts

The characteristics of the patients are summarized in Table 1. As
shown, patients were age 27-81 years (median age, 57.81 years; age
data not available in two patients), and 38 patients (40.86%) were
men. Smoking status was not recorded for 21 patients (22.58%); 59

TABLE 1 | Clinical characteristics of 93 patients.

Characteristic Total No. (N = 93) %
Median (range) age, years 57.81 (27-81) 97.85
Sex

Male 38 40.86
Female 55 59.14
Smoking

Current/former 13 13.98
Never 59 63.44
NA 21 22.58
Stage

| 60 64.52
Il 4 4.30
Il 10 10.75
\Y2 19 20.43
Histologic subtype

Adenocarcinoma 74 79.57
Squamous 9 9.68
Other type 10 10.75

Other type: non-small-cell lung cancer or lung cancer.
NA, not available.
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patients (63.44%) had never smoked. Almost all (12/13) smoking
patients had quit. Pathological stages were I, II, or III for 74
patients (79.57%), and disease was stage IV for 19 patients
(20.43%). Patients with stages I, II, or III disease were treatment
naive before curative lung resection, and five patients with stage IV
disease experienced relapse after several lines of therapy. The main
histologic subtype was adenocarcinoma (79.57%).

Correlation Between TCR Repertoire and
Clinical Characteristics

We retrospectively analyzed the TCR repertoire results from 93
patients with lung cancer. Data from different groups were
analyzed to examine whether TCR repertoire was related to
clinical characteristics, such as age, sex, smoking history, and
histology. The clonality ranged from 0.063 to 0.935 (mean=0.200);
the Shannon index ranged from 2.48 to 9.00 (mean=5.98). TCR
repertoire, clonality, and Shannon index were not affected by age
(Figure 1A) and were similar in men and women (Figure 1B). No
difference was found between current/former smokers and never-
smoking patients with respect to TCR repertoire. However,
patients who had quit smoking for less than 1 year had higher
clonality than those who had quit smoking for more than 1 year or
who had never smoked (Figure 1C). In our cohort, no correlation
was found between TCR repertoire and histology, whether
measured by clonality or Shannon index (Figure 1D).

Although the characteristics of the TCR repertoire in lung cancer
have been extensively studied, there has been limited investigation
of the correlation between TCR repertoire and stage. We assessed
the relationship between TCR repertoire and pathological stage.
Clonality was significantly higher in patients with stage IV versus
stage I/IT disease; those with stage III disease showed intermediate

clonality, which was not significantly different than clonality
observed at other stages (Figure 2A; Supplementary Figure 1).
There was no correlation between Shannon index and stage
(Supplementary Figure 3). Furthermore, among patients with
non-distant metastasis, TCR repertoire in patients with versus
without lymph node metastasis did not differ (Supplementary
Figures 2 and 3). We also analyzed the effects of tumor size on
TCR repertoire in patients without lymph node or distant
metastasis. The stratification by median tumor size (1.2 cm) is
shown in Figure 2B; clonality was higher when the tumor diameter
was greater than 1.2 cm, but not significantly so (p=0.0663); no
correlations were found between tumor size and Shannon index
(Supplementary Figure 3). Because of the high proportion of
patients with stage Ia disease in our study, we also analyzed the
correlation between Shannon index and tumor size without these
patients. There was a negative, and nonsignificant, correlation trend
(Spearman r=-0.334; p=0.150; Supplementary Figure 3). These
results suggest that patients with advanced lung cancer have higher
TCR clonality and that the clonality of the TCR repertoire is closely
associated with tumor stage.

Correlation Between TCR Repertoire and
EGFR

The impact of EGFR on immunotherapy has been reported in
recent studies (34). Studying the relationship between EGFR and the
TCR repertoire improves understanding about the application of
immunotherapy in lung cancer (13, 35). To assess the relationship
between EGFR status and the TCR repertoire, we collected and
explored the gene mutations of patients. EGFR mutations were
detected in 36.5% (34/93) of patients, including 44.1% (15/34) with
L858R mutations and 35.3% (12/34) with exon 19 deletions (19del).
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FIGURE 1 | Relationship between T-cell receptor (TCR) repertoire and individual characteristics. (A) Correlation between age and clonality or Shannon index.

(B) Comparison of TCR repertoire between male and female patients. (C) Comparison of TCR repertoire between smoking and never-smoking patients.

(D) Comparison of TCR repertoire between patients with adenocarcinoma (adenous) and squamous carcinoma disease. Statistical analyses were performed using
the Mann-Whitney test and Spearman’s rank test. Boxes depict the interquartile range with the line at the median and the whiskers at the 5th-95th percentiles.
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Patients were divided into three groups according to their mutations
(1): EGFR-mutated group, consisting of patients with EGFR-
sensitive mutations; (2) other-driver group, consisting of patients
with mutations of genes listed in the National Comprehensive
Cancer Network guideline (KRAS, ALK, BRAF, ROSI, ERBB2,
RET, NTRK) other than EGFR; and (3) a negative group, to
which the remaining patients were assigned. As shown in Figure
3A, the three groups had similar TCR clonalities. The EGFR-
mutated group was divided into subgroups; patients with EGFR
19del and other EGFR-sensitive mutations (EGFR other mutations)
had significantly higher clonality than those with EGFR L858R
mutations (Figure 3B). The subgroup with EGFR non-L858R
mutations (i.e., those with EGFR 19del and EGFR other
mutations) also had significantly higher clonality than the
negative group, and patients with EGFR L858R mutations had
significantly lower clonality than other groups (Figure 3C). All of
these differences could be replicated in patients with stage I-III, but
not stage IV, disease (Figures 3C-F; Supplementary Figure 4),
possibly because of the limited number of patients with stage IV
disease. Similarly, no difference in the Shannon index was found
between the EGFR-mutated group and other groups (Figure 3G).
However, the EGFR L858R subgroup had a higher Shannon index
compared with the EGFR non-L858R and EGFR wild-type groups
(Figures 3H-L).

Similarity of TCR Repertoire Between
Postoperative Blood and Tissue in
Patients With Non-Distant Metastasis
Because TCR repertoire reflects tumor status, we further analyzed
the TCR similarity metric for postoperative peripheral blood and
tissue from patients with lung cancer and non-distant metastases.
The subset of unique TCR sequences found within each patient’s
tumor tissue was evaluated with respect to its detection in the
postoperative peripheral blood. By restricting our analysis to the
unique TCR sequences found in the tumor tissues, we could explore
the correlations between clinical characteristics and TCR repertoire.
We evaluated the relationship between age and TCR
similarity metrics. Increasing age showed a significant positive

Clonality

FIGURE 2 | Clonality of T-cell receptor repertoire stratified by pathological stage and tumor size. (A) Comparison of clonality among different pathological stages.
(B) Comparison of clonality in patients with primary tumor diameter greater than or less than 1.2 cm and without lymph node metastasis. Inset shows the correlation
between tumor size and clonality in patients without lymph node metastasis. Statistical analyses were performed using the Mann-Whitney test and Spearman’s rank

correlation with the OLI and JI (Figure 4A). Because smoking is
a risk factor for lung cancer, we next compared the TCR
similarity metrics between smoking and never-smoking
patients. Smoking patients showed significantly higher OLI
scores and lower MOI scores than never-smokers (Figure 4B);
a higher JI was noted in smoking patients, but it was not
significantly different compared with smokers (p=0.0797).
Hence, no correlation between TCR similarity metrics and sex
or pathology was identified (Supplementary Figure 5).

Given the correlations of clonality with pathological stage,
tumor size, and lymph node metastasis, the correlations between
these characteristics and TCR similarity metrics were examined.
No correlations were found between TCR similarity metrics and
stage or lymph node metastasis (Supplementary Figures $6 and
§7). We also analyzed the correlation between tumor size and
TCR similarity metrics in patients with lung cancer and found a
positive correlation between tumor size and the OLI (Spearman
r=0.371; p=0.0033) or the JI (Spearman r=0.280; p=0.0274);
however, no correlation existed with the MOI (Spearman r=-
0.105; p=0.4148; Figure 4C). Twenty-two patients had flow
cytometry results from preoperative blood. The correlation
between flow cytometry and TCR similarity metrics was
analyzed. The OLI did not show an association with CD4+
(Spearman r=0.287; p=0.195) or CD8+ (Spearman r=0.287;
p=0.195) T cells (Supplementary Figure 9). A negative
correlation was found between the OLI and the ratio of CD4+
CD28+ in CD4+ T cells or the ratio of CD8+CD28+ in CD8+ T
cells, as shown in Supplementary Figure 9. No correlation
between flow cytometry and the JI or MOI was found.

We also analyzed the relationship between TCR similarity
metrics and the TMB. The TMB was significantly positively
correlated with the OLI (Spearman r=0.585; p=0.0067) and the JI
(Spearman r=0.613; p=0.0041; Figure 5A). Because the samples
were postoperative peripheral blood, mutations were detected in
only six of the 18 samples. Although the blood TMB was not
significantly correlated with TCR similarity metrics, the OLI was
significantly correlated with the maximum somatic allele
frequency of gene mutations in the blood, assuming that the
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undetected maximum somatic allele frequency was 0
(Supplementary Figure 9). Furthermore, the correlation
between TCR similarity metrics and EGFR mutation was
analyzed. Like the earlier results, no difference in the OLI or
MOI was observed among the EGFR-mutated, other-driver, and
negative groups (Figures 5B, C), but the EGFR-mutated group
had a higher JI than the other groups (p=0.015 vs. other-driver;
p=0.017 vs. negative groups; Supplementary Figure 10). The
EGFR non-L858R subgroup within the EGFR-mutated group
had a significantly higher OLI than the EGFR L858R subgroup
did (Figure 5B). The EGFR non-L858R subgroup also had a
higher OLI than the other-driver and negative groups (Figure
5B). All these differences also were observed in MOI
comparisons; the EGFR 19del subgroup also had a significantly
higher MOI compared with the EGFR L858R subgroup or the
other-driver and negative groups (Figure 5C). However, no
difference within the EGFR-mutated group was found in JI
comparisons (Supplementary Figure 10). Given these results,
we annotated the clonotypes of our patients using the VDJdb
(36), McPAS-TCR (37), and TBAdb (38) databases. A median
(range) of 7.45% (0%-44.83%) of clonotypes were annotated by
VDJdb, and all were related to pathogens. Other databases had
similar annotation rates: 7.04% (0%-40%) with McPAS-TCR
and 5.50% (0.4%-65.50%) with TBAdb. Of these, only 9.52% and
7.87% of annotated clonotypes, in the respective databases, were
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related to cancer. The ratio of cancer-related TCRs to non-
cancer-related TCRs was not associated with clinical
characteristics and molecular characteristics, including age,
smoking, tumor size, and EGFR mutations. Similarly, no
difference was found in the EGFR-mutated group
(Supplementary Figure 12).

To explore the prognostic value of the TCR similarity metrics,
patients with stage I-III disease were observed. During a median
follow-up of 416 days, five patients—two with stage I disease and
three with stage III disease—experienced relapse. As shown in
Supplementary Figure 11, three patients presented in the high
OLI range, using the median OLI value (0.33) as the cut-off. The
disease-free survival of patients with stage III disease was
assessed in the high and low OLI groups according to the
median OLL no difference was found between the two groups
(p=0.942; Supplementary Figure 11). Similarly, no difference
was found when patients were divided into high or low JI
(median, 0.023) or MOI (median, 0.185) groups on the basis of
median values (p=0.771 and p=0.665, respectively;
Supplementary Figure 11). Our data do not yet indicate
whether TCR similarity metrics are associated with prognosis,
and more population survival information is needed to confirm
the prognostic value of the TCR repertoire.

Taken together, these findings indicate that the TCR similarity
metrics were closely associated with clinical characteristics and gene
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mutations; low OLI or JI scores correlated with a favorable clinical
status, suggesting that these indices may have the potential to
predict patient prognosis.

DISCUSSION

The adaptive immune system is very important in fighting
diseases, especially cancer. It is widely accepted that tumors are
caused by the accumulation of genetic mutations and immune
escape. Many studies have identified mutations in cancer genes,
and some targeted drugs have been developed (39). Recently, the
study of tumor immune escape and immune microenvironment
has attracted considerable research attention. A better
understanding of the immune microenvironment could help us
better understand tumors and guide treatment (40). In this study,
we performed TCR repertoire analysis in a cohort of 93 Chinese
patients with lung cancer and reported the characteristics and
clinical significance of TCR clonality, the Shannon index, and the
OLI in lung cancer, especially in patients with early-stage disease.

The TCR repertoire has been investigated in several studies, and
its relationship to immunotherapy in lung cancer has been shown
(12, 13, 22). Recent studies have demonstrated changes in the TCR
repertoire are associated with clinical parameters (13, 41). These
studies showed that clonality was related to smoking and histology.
Most of the smokers in our cohort (92.3%) had quit smoking, so we
found no association between smoking and TCR. However, we did
observe significantly higher clonality in patients who had quit
smoking for less than 1 year or who still smoked compared with
never smokers. The clonality was also higher in patients who had
quit smoking for less than 1 year compared with those who had quit
smoking for more than 1 year. Consistent with the results of Kargl
et al, who found that the duration of smoking was positively
correlated with clonality, our study confirms that duration of
cessation may also affect clonality (41). The study by Kargl et al.
also confirmed the correlation between TCR repertoire and
histology; patients with squamous cell carcinoma had higher
clonality and lower richness than patients with adenocarcinoma.
However, no such difference was found in our study, even in disease
stages I-III. Given that squamous cell carcinoma is associated with
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smoking (42, 43), the proportion of smokers in the patient
population may have influenced the results. In our cohort, five of
nine patients with squamous cell carcinoma were smokers, but four
fifths of them had quit smoking for more than 6 months. Thus, the
histology results may have been influenced by the proportion of
smokers. Additional research is needed because of the limited
number of squamous cell carcinoma patients in our cohort.

We demonstrated that clonality was positively correlated with
pathological stage. Programmed death ligand 1, an effective
biomarker for the prediction efficacy of immunotherapy in
patients with advanced lung cancer, has no correlation with
the efficacy of neoadjuvant or adjuvant immunotherapy in early-
stage disease, indicating immunoheterogeneity between
advanced and early-stage populations (44, 45). Similarly,
clonality differences were observed between stage IV and stage
I-III groups in our study. Studies have shown a negative
correlation between tumor size and richness and no correlation
between clonality and tumor size (13, 22). We also found no
significant correlation between clonality and tumor size,
although the larger tumor size group showed slightly higher
clonality (p=0.06). The conflicting results of TCR diversity may
be related to large number of patients with stage Ia disease in our
cohort. Recent studies have suggested that CD8+ T-cell
infiltration is weak in patients with early-stage lung cancer and
that patients with positive CD8+ T-cell infiltration had a higher
percentage of subclonal mutations (23, 46). When we excluded
patients with stage Ia disease from analyses, a negative, though
nonsignificant, correlation trend was found between the
Shannon index and tumor size (r=-0.3343; p=0.150). However,
this trend was not found in patients with stage Ia disease.
Therefore, we hypothesized that larger tumor size is related to
malignancy in stage I disease, so large size may cause more
immune responses, such as inflammation, resulting in higher
TCR diversity.

EGFR, as a common biomarker in lung cancer, was widely
tested to guide clinical treatment. Recent studies have suggested
that mutations in this gene may affect anti-tumor immune
responses (34). The biology underlying the lower clinical
response rates to immunotherapy in lung cancer with EGFR
mutations has been investigated in several studies (13, 35) and is
thought to be related to the higher diversity and lower clonality
of patients with EGFR mutations. In our cohort, those with EGFR
non-L858R mutations showed higher clonality, higher OLI
scores, and lower Shannon index scores than other patients.
No difference was found between EGFR-mutated and wild-type
EGFR groups in our study, possibly because of the higher
proportional distribution of patients to the EGFR non-L858R
mutations group. The patients with EGFR L858R mutations also
exhibited lower MOI scores compared with those in the EGFR
19del group. Previous studies have confirmed that patients with
EGFR 19del benefit more from treatment with EGFR tyrosine
kinase inhibitors versus patients with L858R mutations (47-49).
Our results suggest that EGFR 19del tumors could better induce
T-cell expansion or recruit T cells, which may induce the
different response to EGFR tyrosine kinase inhibitors.
However, recent studies have shown that patients with EGFR

19del have lower TMBs and poorer immunotherapeutic efficacy
compared with patients who have EGFR L858R mutations and
wild-type EGFR (50). In previous reports about EGFR status,
most patients were not treated with first-line immunotherapy
(50), and the TCR repertoire may have changed with treatment
(14); thus, these previous reports do not conflict with our results.
According to the higher TCR diversity associated with EGFR
mutations (13) and our results, we propose possible explanations
for higher clonality and MOI of EGFR 19del patients: Patients
with EGFR 19del may have produced more bystander T cells
because of inflammation and viral infection, for example;
immune studies have shown that approximately 90% of
infiltrating CD8+ T cells in patients with cancer are bystander
T cells, unrelated to treatment (51, 52). Bystander T cells occupy
the tumor space, where T cells are reportedly distributed spatially
(28); thus, patients with EGFR 19del would have higher clonality,
resulting in poorer immune treatment efficacy. However, no
correlation was found between EGFR subtype and bystander
TCR in annotation results in our study. Only approximately 7%
of clonotypes were annotated in our study, so we believe that
additional exploration of the composition of T cells by EGFR
subtype will answer outstanding questions.

In addition, patient characteristics and the TMB may affect
the efficacy of treatments (53-55). We found that OLI and ]I
scores were significantly associated with patient characteristics
and TMB. By definition, a higher OLI or JI score means that
greater numbers of tumor-specific infiltrating lymphocytes in
tumor tissue are shared with postoperative peripheral blood.
However, higher OLI and JI scores were detected in older
patients, those with larger tumors, smokers, and those with
higher TMBs—all of which were associated with poorer
prognosis—but these relationships (except smoking) were not
established with the MOI. Given the definition of the three
metrics, these results might suggest that more low-frequency
clonotypes were found in the blood of these patients, whereas
previous studies have suggested that these low-frequency TCRs
were bystander T cells (20, 56). The correlation of OLI score and
the CD8+CD28+ ratio in CD8+ T cells may support our view
that higher OLI may be related with more bystander T cells. In
non-small-cell lung cancer, higher peripheral proliferating
CD8+ T cells and lower CD4+ T cells, compared with healthy
controls, have been observed (33, 57). As an essential co-
stimulatory, CD28 on CD8+ T cells interacts with B7
molecules on antigen-presenting cells to activate the anti-
tumor immune response of CD8+ T cells to tumor antigens
(58). Several previous investigations showed that the high levels
of peripheral CD8+CD28+ T cells were linked to better
prognosis (33, 58-60). In non-small-cell lung cancer, Liu et al.
revealed that high levels of CD8+CD28+ T cells in peripheral
blood before anti-tumor treatment (chemotherapy/radiation/
immunotherapy/surgery) were associated with prolonged
progression-free survival and overall survival (58, 60). This
negative correlation between OLI and CD8+CD28+ suggests
that patients with high OLI scores may have poorer survival.
According to our follow-up results, 60% of patients who
experienced relapse were assigned to the high OLI group,
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indicating that TCR similarity is a potential prognostic factor.
Additional follow-up studies are needed to confirm
these findings.

Our study has several limitations. First, our results are limited
by the retrospective nature of our analysis; the relationship
between TCR similarity metrics and prognosis must be verified
in prospective studies. Second, the hypothesis of bystander T
cells with regard to EGFR 19del was not supported by our
annotated results and MOI assessment; additional exploration
of the composition of T cells in EGFR subtypes will improve
understanding about the mechanism of TCR repertoire
differences among EGFR subtypes. Moreover, dynamic changes
in the TCR repertoire are lacking.

CONCLUSIONS

In conclusion, this study offers novel evidence that TCR repertoires
are related to tumor status and gene mutation and that different
EGFR mutation subtypes are correlated with TCR clonality and the
Shannon index. Furthermore, the TCR similarity metrics correlated
with several clinical characteristics and with tumor mutation status.
These results could improve understanding of the immune
microenvironment of tumors and have the potential to guide
treatment and prognostic assessment of patients.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, and the original data
presented in the study are deposited in the Figshare (https:/
figshare.com/) repository, accession number (https://doi.org/10.
6084/m9.figshare.14112080.v1). Further inquiries can be directed
to the corresponding authors.

REFERENCES

1. Sharma P, Allison JP. Immune checkpoint targeting in cancer therapy: toward
combination strategies with curative potential. Cell (2015) 161:205-14.
doi: 10.1016/j.cell.2015.03.030

2. Brahmer JR, Tykodi SS, Chow LQ, Hwu W], Topalian SL, Hwu P, et al. Safety
and activity of anti-PD-L1 antibody in patients with advanced cancer. New
Engl ] Med (2012) 366:2455-65. doi: 10.1056/NEJMo0al1200694

3. Topalian SL, Hodi FS, Brahmer JR, Gettinger SN, Smith DC, McDermott DF,
et al. Safety, activity, and immune correlates of anti-PD-1 antibody in cancer.
New Engl ] Med (2012) 366:2443-54. doi: 10.1056/NEJM0al1200690

4. Hoos A. Development of immuno-oncology drugs - from CTLA4 to PD1 to
the next generations. Nat Rev Drug Discovery (2016) 15:235-47. doi: 10.1038/
nrd.2015.35

5. Brahmer JR, Rodriguez-Abreu D, Robinson AG, Hui R, Csoszi T, Fulop A,
et al. Health-related quality-of-life results for pembrolizumab versus
chemotherapy in advanced, PD-LI-positive NSCLC (KEYNOTE-024): a
multicentre, international, randomised, open-label phase 3 trial. Lancet
Oncol (2017) 18:1600-9. doi: 10.1016/s1470-2045(17)30690-3

6. Carbone DP, Reck M, Paz-Ares L, Creelan B, Horn L, Steins M, et al. First-
Line Nivolumab in Stage IV or Recurrent Non-Small-Cell Lung Cancer. New
Engl ] Med (2017) 376:2415-26. doi: 10.1056/NEJMoal613493

ETHICS STATEMENT

This study was approved by the Ethic Committee of Peking
Union Medical College Hospital. All patients provided written
informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

NL, ZC, SL, and Z] were involved in the conception and design of
the study. HY and Z] were major contributors in developing the
manuscript. HY, ZJ, XY, PW, YDW, and YYW collected and
analyzed the clinical information. DG, RC, and XX were in
charge of the statistical analysis of data of T-cell receptor
repertoire. All authors contributed to the article and approved
the submitted version.

FUNDING

This study was supported by the Chinese Academy of Medical
Sciences Young Medical Talent Award Fund (No.
2018RC320005), the Beijing Natural Science Foundation (No.
7182132), the Beijing Students’ Platform for Innovation and
Entrepreneurship Training Program (No. 2019z1gc0629), and
the National Key Research and Development Program of China
(No. 2016YFC0901500).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fonc.2021.
537735/full#supplementary-material

~

. Tumeh PC, Harview CL, Yearley JH, Shintaku IP, Taylor EJ, Robert L, et al.
PD-1 blockade induces responses by inhibiting adaptive immune resistance.
Nature (2014) 515:568-71. doi: 10.1038/nature13954

8. Twyman-Saint Victor C, Rech AJ, Maity A, Rengan R, Pauken KE, Stelekati E,

et al. Radiation and dual checkpoint blockade activate non-redundant
immune mechanisms in cancer. Nature (2015) 520:373-7. doi: 10.1038/
nature14292

9. Pfirschke C, Engblom C, Rickelt S, Cortez-Retamozo V, Garris C, Pucci F, et al.

Immunogenic Chemotherapy Sensitizes Tumors to Checkpoint Blockade

Therapy. Immunity (2016) 44:343-54. doi: 10.1016/j.immuni.2015.11.024

Rubtsova K, Scott-Browne JP, Crawford F, Dai S, Marrack P, Kappler JW.

Many different Vbeta CDR3s can reveal the inherent MHC reactivity of

germline-encoded TCR V regions. Proc Natl Acad Sci USA (2009) 106:7951-6.

doi: 10.1073/pnas.0902728106

Hsu M, Sedighim S, Wang T, Antonios JP, Everson RG, Tucker AM, et al.

TCR Sequencing Can Identify and Track Glioma-Infiltrating T Cells after DC

Vaccination. Cancer Immunol Res (2016) 4:412-8. doi: 10.1158/2326-

6066.cir-15-0240

Han ], Duan ], Bai H, Wang Y, Wan R, Wang X, et al. TCR Repertoire

Diversity of Peripheral PD-1(+)CD8(+) T Cells Predicts Clinical Outcomes

after Immunotherapy in Patients with Non-Small Cell Lung Cancer. Cancer

Immunol Res (2020) 8:146-54. doi: 10.1158/2326-6066.cir-19-0398

10.

11.

12.

Frontiers in Oncology | www.frontiersin.org

March 2021 | Volume 11 | Article 537735


https://figshare.com/
https://figshare.com/
https://doi.org/10.6084/m9.figshare.14112080.v1
https://doi.org/10.6084/m9.figshare.14112080.v1
https://www.frontiersin.org/articles/10.3389/fonc.2021.537735/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2021.537735/full#supplementary-material
https://doi.org/10.1016/j.cell.2015.03.030
https://doi.org/10.1056/NEJMoa1200694
https://doi.org/10.1056/NEJMoa1200690
https://doi.org/10.1038/nrd.2015.35
https://doi.org/10.1038/nrd.2015.35
https://doi.org/10.1016/s1470-2045(17)30690-3
https://doi.org/10.1056/NEJMoa1613493
https://doi.org/10.1038/nature13954
https://doi.org/10.1038/nature14292
https://doi.org/10.1038/nature14292
https://doi.org/10.1016/j.immuni.2015.11.024
https://doi.org/10.1073/pnas.0902728106
https://doi.org/10.1158/2326-6066.cir-15-0240
https://doi.org/10.1158/2326-6066.cir-15-0240
https://doi.org/10.1158/2326-6066.cir-19-0398
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Yang et al.

TCR Repertoire In Lung Cancer

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Reuben A, Zhang J, Chiou SH, Gittelman RM, Li J, Lee WC, et al.
Comprehensive T cell repertoire characterization of non-small cell lung
cancer. Nat Commun (2020) 11:603. doi: 10.1038/s41467-019-14273-0
Cooper ZA, Frederick DT, Juneja VR, Sullivan RJ, Lawrence DP, Piris A, et al.
BRAF inhibition is associated with increased clonality in tumor-infiltrating
lymphocytes. Oncoimmunology (2013) 2:¢26615. doi: 10.4161/0nci.26615
Chen Z, Zhang C, Pan Y, Xu R, Xu C, Chen Z, et al. T cell receptor -chain
repertoire analysis reveals intratumour heterogeneity of tumour-infiltrating
lymphocytes in oesophageal squamous cell carcinoma. J Pathol (2016)
239:450-8. doi: 10.1002/path.4742

Willhauck M, Mohler T, Scheibenbogen C, Pawlita M, Brossart P, Schmier
JW, et al. T-cell receptor beta variable region diversity in melanoma
metastases after interleukin 2-based immunotherapy. Clin Cancer Res an
Off ] Am Assoc Cancer Res (1996) 2:767-72.

Hishii M, Andrews D, Boyle LA, Wong JT, Pandolfi F, van den Elsen PJ, et al.
In vivo accumulation of the same anti-melanoma T cell clone in two different
metastatic sites. Proc Natl Acad Sci USA (1997) 94:1378-83. doi: 10.1073/
pnas.94.4.1378

Gerlinger M, Quezada SA, Peggs KS, Furness AJ, Fisher R, Marafioti T, et al.
Ultra-deep T cell receptor sequencing reveals the complexity and intratumour
heterogeneity of T cell clones in renal cell carcinomas. ] Pathol (2013)
231:424-32. doi: 10.1002/path.4284

Emerson RO, Sherwood AM, Rieder MJ, Guenthoer J, Williamson DW,
Carlson CS, et al. High-throughput sequencing of T-cell receptors reveals a
homogeneous repertoire of tumour-infiltrating lymphocytes in ovarian
cancer. ] Pathol (2013) 231:433-40. doi: 10.1002/path.4260

Joshi K, de Massy MR, Ismail M, Reading JL, Uddin I, Woolston A, et al.
Spatial heterogeneity of the T cell receptor repertoire reflects the mutational
landscape in lung cancer. Nat Med (2019) 25:1549-59. doi: 10.1038/s41591-
019-0592-2

Reuben A, Gittelman R, Gao J, Zhang J, Yusko EC, Wu C]J, et al. TCR Repertoire
Intratumor Heterogeneity in Localized Lung Adenocarcinomas: An Association
with Predicted Neoantigen Heterogeneity and Postsurgical Recurrence. Cancer
Discovery (2017) 7:1088-97. doi: 10.1158/2159-8290.cd-17-0256

Liu YY, Yang QF, Yang JS, Cao RB, Liang JY, Liu YT, et al. Characteristics and
prognostic significance of profiling the peripheral blood T-cell receptor
repertoire in patients with advanced lung cancer. Int J Cancer (2019)
145:1423-31. doi: 10.1002/ijc.32145

Zhang C, Ding H, Huang H, Palashati H. TCR repertoire intratumor
heterogeneity of CD4(+) and CD8(+) T cells in centers and margins of
localized lung adenocarcinomas. Int ] Cancer (2019) 144:818-27.
doi: 10.1002/ijc.31760

Donnem T, Hald SM, Paulsen EE, Richardsen E, Al-Saad S, Kilvaer TK, et al.
Stromal CD8+ T-cell Density-A Promising Supplement to TNM Staging in
Non-Small Cell Lung Cancer. Clin Cancer Res an Off ] Am Assoc Cancer Res
(2015) 21:2635-43. doi: 10.1158/1078-0432.ccr-14-1905

Donnem T, Kilvaer TK, Andersen S, Richardsen E, Paulsen EE, Hald SM, et al.
Strategies for clinical implementation of TNM-Immunoscore in resected
nonsmall-cell lung cancer. Ann Oncol Off ] Eur Soc Med Oncol (2016)
27:225-32. doi: 10.1093/annonc/mdv560

Rakaee M, Kilvaer TK, Dalen SM, Richardsen E, Paulsen EE, Hald SM, et al.
Evaluation of tumor-infiltrating lymphocytes using routine H&E slides
predicts patient survival in resected non-small cell lung cancer. Hum Pathol
(2018) 79:188-98. doi: 10.1016/j.humpath.2018.05.017

Nong J, Gong Y, Guan Y, Yi X, Yi Y, Chang L, et al. Circulating tumor DNA
analysis depicts subclonal architecture and genomic evolution of small cell
lung cancer. Nat Commun (2018) 9:3114. doi: 10.1038/s41467-018-05327-w
Jia Q, Wu W, Wang Y, Alexander PB, Sun C, Gong Z, et al. Local mutational
diversity drives intratumoral immune heterogeneity in non-small cell lung
cancer. Nat Commun (2018) 9:5361. doi: 10.1038/s41467-018-07767-w
Zhang Y, Chang L, Yang Y, Fang W, Guan Y, Wu A, et al. The correlations of
tumor mutational burden among single-region tissue, multi-region tissues
and blood in non-small cell lung cancer. | Immunother Cancer (2019) 7:98.
doi: 10.1186/s40425-019-0581-5

Robins HS, Campregher PV, Srivastava SK, Wacher A, Turtle CJ, Kahsai O,
et al. Comprehensive assessment of T-cell receptor beta-chain diversity in
alphabeta T cells. Blood (2009) 114:4099-107. doi: 10.1182/blood-2009-04-
217604

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Carlson CS, Emerson RO, Sherwood AM, Desmarais C, Chung MW, Parsons
JM, et al. Using synthetic templates to design an unbiased multiplex PCR
assay. Nat Commun (2013) 4:2680. doi: 10.1038/ncomms3680

Bolotin D, Poslavsky S, Mitrophanov I, Shugay M, Mamedov I, Putintseva E,
et al. MiXCR: software for comprehensive adaptive immunity profiling. Nat
Methods (2015) 12:380-1. doi: 10.1038/nmeth.3364

Liu C, Wu S, Meng X, Liu G, Chen D, Cong Y, et al. Predictive value of
peripheral regulatory T cells in non-small cell lung cancer patients undergoing
radiotherapy. Oncotarget (2017) 8:43427-38. doi: 10.18632/oncotarget.15238
Lee CK, Man ], Lord S, Links M, Gebski V, Mok T, et al. Checkpoint Inhibitors
in Metastatic EGFR-Mutated Non-Small Cell Lung Cancer-A Meta-Analysis. J
Thoracic Oncol Off Publ Int Assoc Study Lung Cancer (2017) 12:403-7.
doi: 10.1016/j.jtho.2016.10.007

Miyauchi E, Matsuda T, Kiyotani K, Low SK, Hsu YW, Tsukita Y, et al.
Significant differences in T cell receptor repertoires in lung adenocarcinomas
with and without epidermal growth factor receptor mutations. Cancer Sci
(2019) 110:867-74. doi: 10.1111/cas.13919

Shugay M, Bagaev DV, Zvyagin IV, Vroomans RM, Crawford JC, Dolton G, et al.
VDJdb: a curated database of T-cell receptor sequences with known antigen
specificity. Nucleic Acids Res (2018) 46:D419-d427. doi: 10.1093/nar/gkx760
Tickotsky N, Sagiv T, Prilusky J, Shifrut E, Friedman N. McPAS-TCR: a
manually curated catalogue of pathology-associated T cell receptor sequences.
Bioinf (Oxford Eng) (2017) 33:2924-9. doi: 10.1093/bioinformatics/btx286
Zhang W, Wang L, Liu K, Wei X, Yang K, Du W, et al. PIRD: Pan Immune
Repertoire Database. Bioinf (Oxford Eng) (2020) 36:897-903. doi: 10.1093/
bioinformatics/btz614

Stratton MR, Campbell PJ, Futreal PA. The cancer genome. Nature (2009)
458:719-24. doi: 10.1038/nature07943

Kirsch I, Vignali M, Robins H. T-cell receptor profiling in cancer. Mol Oncol
(2015) 9:2063-70. doi: 10.1016/j.molonc.2015.09.003

Kargl ], Busch SE, Yang GH, Kim KH, Hanke ML, Metz HE, et al. Neutrophils
dominate the immune cell composition in non-small cell lung cancer. Nat
Commun (2017) 8:14381. doi: 10.1038/ncomms14381

Chen R, Yang X, Ding Z, Zhu L, Lu S, Yu Y. Lung squamous cell carcinoma: A
postoperative recurrence analysis of keratinizing and nonkeratinizing
subtypes. Eur J Surg Oncol ] Eur Soc Surg Oncol Br Assoc Surg Oncol (2019)
45:838-44. doi: 10.1016/j.ejs0.2018.10.535

Sun S, Schiller JH, Gazdar AF. Lung cancer in never smokers-a different
disease. Nat Rev Cancer (2007) 7:778-90. doi: 10.1038/nrc2190

Forde PM, Chaft JE, Smith KN, Anagnostou V, Cottrell TR, Hellmann MD,
et al. Neoadjuvant PD-1 Blockade in Resectable Lung Cancer. New Engl ] Med
(2018) 378:1976-86. doi: 10.1056/NEJMoal716078

Shu CA, Gainor JF, Awad MM, Chiuzan C, Grigg CM, Pabani A, et al.
Neoadjuvant atezolizumab and chemotherapy in patients with resectable non-
small-cell lung cancer: an open-label, multicentre, single-arm, phase 2 trial.
Lancet Oncol (2020) 21:786-95. doi: 10.1016/s1470-2045(20)30140-6

Zhang C, Zhang ], Xu FP, Wang YG, Xie Z, Su J, et al. Genomic Landscape and
Immune Microenvironment Features of Preinvasive and Early-Invasive Lung
Adenocarcinoma. ] Thoracic Oncol Off Publ Int Assoc Study Lung Cancer
(2019) 14:1912-23. doi: 10.1016/j.jtho.2019.07.031

Li R, Li Q Lin S, Li W, Yu L, Wang L, et al. Prognostic implication of EGFR
mutation status and subtype in resected lung adenocarcinoma patients irrespective
of therapy. Clin Trans Oncol Off Publ Fed Spanish Oncol Soc Natl Cancer Institute
Mexico (2019) 21:298-303. doi: 10.1007/512094-018-1922-4

Wu YL, Saijo N, Thongprasert S, Yang JC, Han B, Margono B, et al. Efficacy
according to blind independent central review: Post-hoc analyses from the
phase III, randomized, multicenter, IPASS study of first-line gefitinib versus
carboplatin/paclitaxel in Asian patients with EGFR mutation-positive
advanced NSCLC. Lung Cancer (Amsterdam Netherlands) (2017) 104:119—
25. doi: 10.1016/j.lungcan.2016.11.022

Soria JC, Ohe Y, Vansteenkiste ], Reungwetwattana T, Chewaskulyong B, Lee
KH, et al. Osimertinib in Untreated EGFR-Mutated Advanced Non-Small-
Cell Lung Cancer. New Engl ] Med (2018) 378:113-25. doi: 10.1056/
NEJMoal713137

Hastings K, Yu H, Wei W, Sanchez-Vega F, DeVeaux M, Choi J, et al. EGFR
mutation subtypes and response to immune checkpoint blockade treatment in
non-small cell lung cancer. Ann Oncol Off ] Eur Soc Med Oncol (2019)
30:1311-20. doi: 10.1093/annonc/mdz141

Frontiers in Oncology | www.frontiersin.org

March 2021 | Volume 11 | Article 537735


https://doi.org/10.1038/s41467-019-14273-0
https://doi.org/10.4161/onci.26615
https://doi.org/10.1002/path.4742
https://doi.org/10.1073/pnas.94.4.1378
https://doi.org/10.1073/pnas.94.4.1378
https://doi.org/10.1002/path.4284
https://doi.org/10.1002/path.4260
https://doi.org/10.1038/s41591-019-0592-2
https://doi.org/10.1038/s41591-019-0592-2
https://doi.org/10.1158/2159-8290.cd-17-0256
https://doi.org/10.1002/ijc.32145
https://doi.org/10.1002/ijc.31760
https://doi.org/10.1158/1078-0432.ccr-14-1905
https://doi.org/10.1093/annonc/mdv560
https://doi.org/10.1016/j.humpath.2018.05.017
https://doi.org/10.1038/s41467-018-05327-w
https://doi.org/10.1038/s41467-018-07767-w
https://doi.org/10.1186/s40425-019-0581-5
https://doi.org/10.1182/blood-2009-04-217604
https://doi.org/10.1182/blood-2009-04-217604
https://doi.org/10.1038/ncomms3680
https://doi.org/10.1038/nmeth.3364
https://doi.org/10.18632/oncotarget.15238
https://doi.org/10.1016/j.jtho.2016.10.007
https://doi.org/10.1111/cas.13919
https://doi.org/10.1093/nar/gkx760
https://doi.org/10.1093/bioinformatics/btx286
https://doi.org/10.1093/bioinformatics/btz614
https://doi.org/10.1093/bioinformatics/btz614
https://doi.org/10.1038/nature07943
https://doi.org/10.1016/j.molonc.2015.09.003
https://doi.org/10.1038/ncomms14381
https://doi.org/10.1016/j.ejso.2018.10.535
https://doi.org/10.1038/nrc2190
https://doi.org/10.1056/NEJMoa1716078
https://doi.org/10.1016/s1470-2045(20)30140-6
https://doi.org/10.1016/j.jtho.2019.07.031
https://doi.org/10.1007/s12094-018-1922-4
https://doi.org/10.1016/j.lungcan.2016.11.022
https://doi.org/10.1056/NEJMoa1713137
https://doi.org/10.1056/NEJMoa1713137
https://doi.org/10.1093/annonc/mdz141
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Yang et al.

TCR Repertoire In Lung Cancer

51

52.

53.

54.

55.

56.

57.

. Simoni Y, Becht E, Fehlings M, Loh CY, Koo SL, Teng KWW, et al. Bystander

CD8(+) T cells are abundant and phenotypically distinct in human tumour
infiltrates. Nature (2018) 557:575-9. doi: 10.1038/s41586-018-0130-2
Scheper W, Kelderman S, Fanchi LF, Linnemann C, Bendle G, de Rooij MAJ,
et al. Low and variable tumor reactivity of the intratumoral TCR repertoire in
human cancers. Nat Med (2019) 25:89-94. doi: 10.1038/s41591-018-0266-5
Miller A, Asmann Y, Cattaneo L, Braggio E, Keats J, Auclair D, et al. High
somatic mutation and neoantigen burden are correlated with decreased
progression-free survival in multiple myeloma. Blood Cancer ] (2017) 7:
e612. doi: 10.1038/bcj.2017.94

Owada-Ozaki Y, Muto S, Takagi H, Inoue T, Watanabe Y, Fukuhara M, et al.
Prognostic Impact of Tumor Mutation Burden in Patients With Completely
Resected Non-Small Cell Lung Cancer: Brief Report. ] Thoracic Oncol Off Publ
Int Assoc Study Lung Cancer (2018) 13:1217-21. doi: 10.1016/j.jtho.
2018.04.003

Offin M, Rizvi H, Tenet M, Ni A, Sanchez-Vega F, Li BT, et al. Tumor
Mutation Burden and Efficacy of EGFR-Tyrosine Kinase Inhibitors in Patients
with EGFR-Mutant Lung Cancers. Clin Cancer Res an Off ] Am Assoc Cancer
Res (2019) 25:1063-9. doi: 10.1158/1078-0432.ccr-18-1102

Wang X, Zhang B, Yang Y, Zhu ], Cheng S, Mao Y, et al. Characterization of
Distinct T Cell Receptor Repertoires in Tumor and Distant Non-tumor
Tissues from Lung Cancer Patients. Genomics Proteomics Bioinf (2019)
17:287-96. doi: 10.1016/j.gpb.2018.10.005

Chen C, Chen D, Zhang Y, Chen Z, Zhu W, Zhang B, et al. Changes of CD4
+CD25+FOXP3+ and CD8+CD28- regulatory T cells in non-small cell lung
cancer patients undergoing surgery. Int Immunopharmacol (2014) 18:255-61.
doi: 10.1016/j.intimp.2013.12.004

58. Liu C, Hu Q, Hu K, Su H, Shi F, Kong L, et al. Increased CD8+CD28+ T cells
independently predict better early response to stereotactic ablative
radiotherapy in patients with lung metastases from non-small cell lung
cancer. | Trans Med (2019) 17:120. doi: 10.1186/s12967-019-1872-9

Song G, Wang X, Jia J, Yuan Y, Wan F, Zhou X, et al. Elevated level of
peripheral CD8(+)CD28(-) T lymphocytes are an independent predictor of
progression-free survival in patients with metastatic breast cancer during the
course of chemotherapy. Cancer Immunol Immunother CII (2013) 62:1123—
30. doi: 10.1007/s00262-013-1424-8

Liu C, Jing W, An N, Li A, Yan W, Zhu H, et al. Prognostic significance of
peripheral CD8+CD28+ and CD8+CD28- T cells in advanced non-small cell
lung cancer patients treated with chemo(radio)therapy. J Trans Med (2019)
17:344. doi: 10.1186/s12967-019-2097-7

59.

60.

Conflict of Interest: DG, RC, and XX are employees of Geneplus-Beijing Ltd.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2021 Yang, Wang, Jia, Wang, Yang, Wu, Song, Xu, Gu, Chen, Xia, Bing,
Gao, Cao, Li, Cao and Liang. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Oncology | www.frontiersin.org

March 2021 | Volume 11 | Article 537735


https://doi.org/10.1038/s41586-018-0130-2
https://doi.org/10.1038/s41591-018-0266-5
https://doi.org/10.1038/bcj.2017.94
https://doi.org/10.1016/j.jtho.2018.04.003
https://doi.org/10.1016/j.jtho.2018.04.003
https://doi.org/10.1158/1078-0432.ccr-18-1102
https://doi.org/10.1016/j.gpb.2018.10.005
https://doi.org/10.1016/j.intimp.2013.12.004
https://doi.org/10.1186/s12967-019-1872-9
https://doi.org/10.1007/s00262-013-1424-8
https://doi.org/10.1186/s12967-019-2097-7
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	Characteristics of T-Cell Receptor Repertoire and Correlation With EGFR Mutations in All Stages of Lung Cancer
	Introduction
	Materials and Methods
	Patient Cohorts
	Next-Generation Sequencing–Based Somatic Mutation Detection and Calculation of TMB
	High-Throughput DNA Sequencing of TCR β-Chain Genes
	Flow Cytometry
	Statistical Analysis

	Results
	Patient Cohorts
	Correlation Between TCR Repertoire and Clinical Characteristics
	Correlation Between TCR Repertoire and EGFR
	Similarity of TCR Repertoire Between Postoperative Blood and Tissue in Patients With Non-Distant Metastasis

	Discussion
	Conclusions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


