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For resectable cancer patients, amethod that could precisely pre-
dict the risk of postoperative recurrence would be crucial for
guiding adjuvant treatment. Since T cell receptor (TCR) reper-
toireshadbeenshown tobeclosely related to thedynamics of can-
cers, here we enrolled a cohort of patients to evaluate the poten-
tial of TCR repertoires in predicting the prognosis of resectable
non-small cell lung cancers. Specifically, TCRb repertoires were
analyzed in surgical tumor tissues andmatched adjacent non-tu-
mor tissues from 39 patients enrolled with resectable non-small
cell lungcancer, through target enrichment andhigh-throughput
sequencing. As a result, there are significant differences between
theTCRrepertories of tumor samples and those ofmatched adja-
cent non-tumor samples as evaluated by criteria like the number
of clonotypes. In addition, TCR repertoires were significantly
associated with a few clinical features, as well as somatic muta-
tions. Finally, certain TCRb variable-joining (V-J) pairings
were featured to build a logistic regression model in predicting
postoperative recurrence of resectable non-small cell lung can-
cerswith a testing areaunder the receiveroperating characteristic
curve (AUC) of around 0.9. Thus, we hypothesize that TCR rep-
ertoires could be potentially used to predict prognosis after cura-
tive surgery for non-small cell lung cancer patients.
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INTRODUCTION
Surgical resection is considered to be a preferable option for patients
with many kinds of solid cancers. However, a major problem after
curative surgery is the postoperative recurrence for most cancer treat-
ments. For example, relevant statistics show that more than half of the
resectable lung cancer patients had recurrence following curative
surgery.1 Thus, an effective method that can predict the risk of post-
operative recurrence would play crucial roles in guiding adjuvant
treatment for cancer patients.

Clinical factors, such as tumor-node-metastasis (TNM) stage, have po-
tential in predicting the prognosis of lung cancer patients after surgical
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resection.2 Recently, the TNM stage classification has been widely used
to estimate the postoperative outcome and guide adjuvant therapy.3 A
general assumption is that disease progression is a tumor cell-autono-
mous process.4 However, this assumption ignores the effects of host im-
mune responses, which have been demonstrated to be useful in predict-
ing tumor progression or clinical outcomes in multiple tumor types.5–7

As an indication, it might be better to predict postoperative outcome by
integrating both clinical factors and immune-related markers.8

It is known that the repertoires of T cell receptor (TCR) play critical
roles in anti-tumor immune responses for oncology.9,10 The diversity
of TCRs is resulted from the genomic rearrangement of variable (V),
diversity (D), and joining (J) regions, as well as palindromic and
random incorporation of nucleotides, which is important for the
adaptive immunity.11 Latest methodological advancements, espe-
cially high-throughput sequencing technology, have allowed fast yet
accurate identification and quantification of the TCR repertoire for
any biological sample.12

Recently, the repertoires of TCR had been found to associate with the
survival of patients of many cancers, such as breast cancer,13–15 hepa-
tocellular carcinoma,16,17 pancreatic ductal adenocarcinoma,18 lung
cancer,19,20 gastric cancer,21 and cervical cancer.22 A recent study
reported that the dynamic change of TCR repertoire profiling of pe-
ripheral blood during anti-cancer treatment was a good indicator of
clinical outcome of advanced lung cancer patients.19 However, the
anti-cancer treatment of patients in that study included chemotherapy,
cal Development Vol. 18 September 2020 ª 2020 The Author(s). 73
-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.omtm.2020.05.020
mailto:naichengang@126.com
mailto:yangjl@geneis.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omtm.2020.05.020&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Table 1. The Clinical Pathological Characteristics of Enrolled Patients

Clinical Features
All Samples
(n = 39)

Training Set
(n = 25)

Testing Set
(n = 14)

Sex

Male 26 15 11

Female 13 10 3

Age (years)

%60 18 13 5

>60 21 12 9

Pathological type

Adenocarcinoma 29 19 10

Squamous cell cancer 10 6 4

TNM Stage

I 18 10 8

II 11 5 6

III 8 8 0

IV 2 2 0

Preoperative
C-REACTIVE PROTEIN

median (range), mg/L
1.16
(0.08�79.54)

1.07
(0.08�79.54)

1.265
(0.27�14.46)

Preoperative neutrophil

median (range), % 59.6 (45�78.1) 59.3 (45�78.1)
59.75
(46.7�74.2)

Preoperative white blood
cell

median (range), '10^9 5.7 (4.2�10.7) 5.7 (4.2�10.7) 5.95 (4.4�9.6)

PD-L1

median (range), % 3.5 (0�90) 1.5 (0�90) 15 (0�75)

CD8+

median (range), % 5 (1�70) 5 (1�70) 5 (1�50)

Disease status at last
follow-up

Non-recurrence 16 11 5

Recurrence 23 14 9

Molecular Therapy: Methods & Clinical Development
radiotherapy, tyrosine kinase inhibitor (TKI) therapy, surgery, anti-
angiogenic therapy, or combinations of several treatment,19 and only
2 out of 48 patients received surgical resection. As a consequence,
the results and conclusions were mainly based on multiple treatments
for advanced lung cancer, instead of resectable lung cancer. Another
study by Reuben et al.20 showed that T cell repertoire intratumor het-
erogeneity was associated with the risk of postsurgical relapse and
disease-free survival in localized lung adenocarcinomas. However,
multi-region (2 to 5 regions per tumor) TCR profiling was necessary
to investigate the heterogeneity of TCR repertoires,20 which would un-
doubtedly bring great difficulties to future clinical application.

In this study, we aimed to evaluate the possibility of predicting the
prognosis of post-surgical non-small cell cancer patients, based on
74 Molecular Therapy: Methods & Clinical Development Vol. 18 Septem
TCR repertoires from single region (instead of multiple regions) of
the cancer tissue. By combining TCRb-targeted high throughput
sequencing and whole-exome sequencing, we investigated the charac-
teristics of TCR repertoires and their potential relationship with clin-
ical features and somatic mutations. Importantly, our study assessed
the potential of TCR repertoires in predicting postoperative recur-
rence for non-small cell cancer patients.

RESULTS
Clinical Characteristics of Patients

A total of 39 patients with non-small cell lung cancer (NSCLC) who
received curative surgery at the Zhejiang Cancer Hospital were
enrolled. The age of all patients ranged from 41 to 71 years old, among
which 66.7% (26/39) were male and 74.4% (29/39) were adenocarci-
noma subtype besides squamous cell subtype (Table 1). According to
the Union for International Cancer Control (UICC, 2017) staging
system, 46.2% (18/39), 28.2% (11/39), and 25.6% (10/39) of patients
were diagnosed with stage I, stage II, and stage III/IV, respectively.

The preoperative biochemical indices including C-reaction protein,
neutrophil ratio, white blood cell, CD8+, and PD-L1 level were also
tested (Table 1). As can be seen, 59.0% (23/39) of patients had post-
operative recurrence at the last follow-up, while 41% (16/39) had no
evidence of recurrence.

Comparisons of TCR Repertoires of Tumor Tissues with

Adjacent Non-Tumors

To explore the characteristics of TCR repertoires, we conducted high-
throughput sequencingofTCRb repertoires using each tumor and adja-
cent non-tumor tissues derived from these 39 enrolled patients. As a
result, a total of 61 V gene segments and 13 J gene segments were iden-
tified in these 39paired samples, and subsequently 703distinctV-J com-
binationswere obtained. Principal-component analysis (PCA)was then
applied to all samples basedon the 703V-J combinations.There is awell
separation between tumor andnormal samples, indicating that the TCR
patterns in the two types of samples are quite different and the samples
have low chance of contamination (Figure S1).

Several indices were calculated to describe the repertoires of tumor
sample and paired adjacent non-tumor tissues of each patient. These
indices include the number of clonotypes, which represents unique
CDR3 amino acid (aa) sequences translated by coding sequences
that contain V gene, J gene, and C (constant) gene,23 and diversity
index (the Shannon-Wiener index was calculated in this study).
Because of the skewed distribution of T cell clones, the TCR reper-
toires could be dominated by a small fraction of highly expanded
T cell clones. Therefore, highly expanded clones (HECs) ratio repre-
senting the proportion of highly expanded clones whose frequency
was more than 0.1%, and the cumulative percentage of top 100
frequent TCRb in each sample, were also included as the repertoires’
indices.

These repertoires’ indices mentioned above were compared between
tumor and adjacent non-tumor tissues using the paired t test. The
ber 2020
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Figure 1. Comparison of T Cell Receptor b

Repertoires between Tumor Tissues and Paired

Adjacent Non-Tumor Tissues

(A) Clonotypes. (B) Shannon-Wiener Index. (C) HECs

(highly expanded clones, >0.1%) ratio. (D) CP TOP100,

cumulative percentage of top 100 frequent TCRb in each

sample. The differences were compared using paired t test
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results showed that clonotype numbers in tumor tissues were signif-
icantly higher than those in paired adjacent non-tumor tissues (p =
0.012, Figure 1A). Similarly, the diversity indices for tumor samples
were also greater than those for adjacent non-tumor samples,
though the statistic is not significant (p = 0.167, Figure 1B). Consis-
tent with the increased clonotypes and diversity (Figures 1A and
1B), the frequency distribution of TCR repertoires was also more
dispersive in tumors, which was reflected by the significantly
decreased ratio of highly expanded clones (Figure 1C). These results
indicated that there were more divergent TCR repertoires in tumors
than in adjacent non-tumor tissues for NSCLC, although the cumu-
lative percentage of top 100 frequent TCRb showed no difference
between them (Figure 1D).

TCRb V-J combinations usage frequency between tumors and adja-
cent non-tumor tissues were compared using the paired t test method
and the p values were adjusted for multiple testing by the Benjamini
Hochberg method.24 Finally, the usage frequency of 185 V-J combi-
nations were found significantly different between tumors and
matched adjacent non-tumor tissues (p < 0.05). The usage distribu-
tion of these significantly differentiated V-J genes across these sam-
ples were shown in Figure 2A, and the top upregulated or downregu-
lated V-J genes were reflected by fold change of T versus NT (tumor
tissues versus paired adjacent non-tumor tissues; Figure 2B).

To explore the potential clinical meaning of differential tumor TCR
repertoires, we analyzed the relation between the 185 significantly
differentiated V-J genes and clinical pathogenic features by the asso-
ciation analysis of V-J genes usage frequency and the value of these
clinical characteristics. The results showed that there were some spe-
Molecular Therapy: Methods & Cli
cific V-J combinations positively or negatively
associated with clinical characteristics signifi-
cantly (Figure S2).

Association Analysis of Tumor TCR

Repertoires with Clinical Characteristics

To further characterize the profiling of tumor
TCR repertoires, we investigated associations be-
tween clinical pathogenic features and intratu-
moral TCR repertoires indices. First, all patients
were divided into subgroups according to basic
clinical features, such as age (%60 and >60),
gender (male and female), pathological type
(adenocarcinoma and squamous cell cancer), and TNM stage (I/II
and III/IV), respectively. Then the repertoires indices of TCR
including clonotype numbers, diversity index, HECs ratio, and cumu-
lative percentage of the top 100 frequent TCRb were compared be-
tween each subgroups by the unpaired t test. The results showed
that there was a significant association between clonotype numbers
and TNM stage (Figure S3), i.e., the intratumoral TCR clonotype
numbers in late-stage patients were significantly less than those in
early stage (p = 0.034, Figure S3). Similarly, for biochemical indices,
all patients were divided into low subgroups and high subgroups us-
ing the median value as cut-off, respectively. The repertoires indices
of TCR were compared between the two subgroups using unpaired
t test, however, no significant associations were found (Figure S4).

Overlap ratio was often used to access the similarity of repertoires be-
tween samples.14,21,25 The T cell clone overlap ratio between tumors
and paired adjacent non-tumor tissues was defined as the number
of shared unique TCRb V-J combinations divided by the number
of unique TCRb V-J combinations detected in tumors. Here, overlap
ratio of all TCRb detected and that of the top 100 frequent TCRbwere
both calculated and compared between subgroups divided by basic
clinical features and biochemical indices. The results showed neither
overlap ratio of all TCRb detected nor that of the top 100 frequent
TCRb have a significant association with clinical pathogenic features
(Figures S3 and S4).

Weighted gene co-expression network analysis (WGCNA) is one of the
most popular methods to identify clusters (modules) of highly corre-
lated genes, and relate co-expression modules to external sample
traits.26 We adjusted the WGCNA algorithm to investigate the
nical Development Vol. 18 September 2020 75

http://www.moleculartherapy.org


Tumor tissues (T) Adjacent non-tumor tissues (NT)

(%)0 1 2 3 4 5

TC
R

V-
J

pa
iri

ng
s

-1
6

-1
4

-1
2

-1
0 -8 -6 -4 -2 0 2 4 6 8 10 12 14 16

log2 ( T / NT )

Figure 2. The Analysis of V-J Combination in Tumor Tissues and Paired Adjacent Non-Tumor Tissues

Left panel shows heatmap of the usage frequency of V-J significantly differentiated between tumor tissues and paired adjacent non-tumor tissues, and right panel showes the

fold change of the significantly differentiated V-J pairs. The fold change was calculated by the usage frequency in tumor tissue divided by that in paired adjacent non-tumor
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networks of V-J genes in TCR repertoires for better understanding the
biological meaning of V-J correlation. Specifically, we examined the
pairwise correlations between V-J genes in their usage frequency across
the enrolled subjects. Because the curve of soft threshold (SFT) graph
reached a saturation point when the SFT power was 5 (Figure 3A),
this value was chosen to subsequently construct network and identify
modules. Hierarchical clustering tree was established to detect outliers,
and ultimately 1 highly associated V-J module was identified (Fig-
ure S5A; Figures 3B and 3C). This identified V-J gene module presents
a cluster of highly interconnected V-J combinations, and the V-J genes
of thismodule have highmutual correlation coefficients. To analyze the
association between V-J gene module and the clinical features of
enrolled patients, we performed the module-trait relationship analysis
with several clinical pathogenic characteristics including age, sex, type,
TNM stage, CRP, CD8+, PD-L1, CRP, neutrophil ratio, and white
76 Molecular Therapy: Methods & Clinical Development Vol. 18 Septem
blood cell content. The results showed the identified V-J gene module
was significantly associated with age (Figure 3D).

The co-expression network was exported into Cytoscape software,27

which could help us to further depict the V-J genes network of mod-
ule related to clinical features. Each node represents an individual V-J
gene in the network, and each edge represents the interactions be-
tween genes. The results of V-J genes interaction network visualized
by Cytoscape showed there were 105 nodes and 491 edges in the iden-
tified module (Figure S5B).

Association Analysis of Tumor TCR Repertoires with Somatic

Mutations

Whole-exome sequencing was performed for 25 subjects randomly
selected from all 39 patients. On average, 7.61 Gb of clean bases
ber 2020
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were generated from each sample, and 94.73% of reads were uniquely
aligned to reference genome. The depth on target ranged from 30.77
to �241.26� with the average 110.40� depth, and mean ratio of
target coverage was 99.67% (Table S1). Somatic mutations were iden-
tified by the exome-targeted sequencing of these tumor tissues and
paired adjacent non-tumor tissues. The top frequently mutated genes
such as EGFR, TP53, and TTN, which were well-known highly
mutated in NSCLC in previous studies, were also identified in these
25 subjects (Figure S6).

It is known that T cells preferably target the neoantigens encoded by
tumor-specific somatic mutations. To explore the potential roles of
these frequent mutation identified genes in affecting the profiling of
TCR repertoires, we analyzed the association between the somatic
mutation status of genes and the status of intratumoral TCR reper-
toires. First, 25 subjects were divided into WT (wild-type) subgroup
Molecular Th
andMT (mutation) subgroup, according to the somatic mutation sta-
tus of each gene, respectively. Then the repertoires indices of TCR
including clonotype numbers, diversity index, HECs ratio, and cumu-
lative percentage of TOP100 frequent TCRb were simultaneously
compared between each subgroups by unpaired t test method. The re-
sults showed there were no significant differences of TCR repertoire
profiling between tumors with EGFR mutations and those without
EGFR mutations, as well as TP53 mutation subgroups (Figures 4A–
4H). Notably, although both the clonotypes number and HECs ratio
of tumors with TTNmutations were non-significantly less than those
without TTN mutations (p = 0.284, Figure 4I; p = 0.220, Figure 4L),
the TCRb diversity index of tumors were significantly reduced
when TTN gene was mutated (p = 0.002, Figure 4J). Moreover, the cu-
mulative percentage of TOP100 frequent TCRb of tumors were
simultaneously increased significantly while TTN gene had mutations
(p = 0.015, Figure 4K). Correspondingly, neither TCRb diversity
erapy: Methods & Clinical Development Vol. 18 September 2020 77
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index nor cumulative percentage of TOP100 frequent TCRb of adja-
cent non-tumor tissues showed significant changes regardless of the
tumor-mutation status of TTN gene (Figures S7A–S7D).

In addition, neither overlap ratio of all detected TCRb nor overlap ra-
tio of TOP100 frequent TCRb, were found significant changes related
to the somatic mutation status of EGFR (Figures S8A and S8D) or
TP53 (Figures S8B and S8E). The overlap ratio of all detected
TCRb between tumors and adjacent non-tumor tissues was also not
obviously affected by TTNmutation or not (Figure S8C), but the over-
lap ratio of TOP100 frequent TCRb was significantly decreased when
TTN mutated in tumors (p = 0.022, Figure S8F).

Since specific antigen recognition by TCRs is a critical process in the
adaptive immune response, exome-wide association analysis between
somatic mutations and TCRb V-J combinations was performed to
explore the unique relationship between them in this study. The results
showed there were a certain number of V-J combinations and genemu-
tations pairs could be observed with significant associations (p < 0.01,
Figure S9). To explore the potential recognition relationship of these
TCRb type-peptide pairs, we analyzed binding affinities with structures
for TCRb-peptide complexes. TCRb-peptide pairs with observed asso-
ciation (e.g., TRBV6.5-CFAP74 [S1572Y] peptide) and those with no
78 Molecular Therapy: Methods & Clinical Development Vol. 18 Septem
association (e.g., TRBV10.3-HSP90B1 [V160L] peptide), were respec-
tively selected to analyze further. Specifically, the 3D crystal structure
of TRBV6.5 family (PDB: 1BD2) in Protein Data Bank,28 and
CFAP74 peptide with WT or S1572Y mutation were used for docking
analysis (Figures 5A and 5B). The result showed that total score of
TRBV6.5-CFAP74 (S1572Y) peptide was observed lower than that of
TRBV6.5-CFAP74 (WT) peptide (Figure 5C), suggesting the more
likely native structure occurred byTRBV6.5-CFAP74 (S1572Y), instead
of TRBV6.5-CFAP74 (WT) peptide. Meanwhile, the docking results of
TRBV10.3 family 3D crystal structure (PDB: 3QEQ)-CFAP74 (WT)
pair, and TRBV10.3 family 3D crystal structure-CFAP74 (V160L)
pair (Figures 5D and 5E) showed that the very similar total scores
were observed between two pairs (Figure 5F).

Prognostic Analysis of TCRb V-J Pairing Usage in Postoperative

Recurrence

As numerous TCRb V-J genes showed differential usages among in-
dividuals, we continue to investigate whether the usage of TCRb V-J
genes have potential prognostic roles in postoperative recurrence of
patients. The Gini Index was used to select the most important fea-
tures to construct classifier model. As Figure 6A showed, top
seven important factors including TRBV7.7-TRBJ2.5, TRBV7.4-
TRBJ2.5, TRBV4.1-TRBJ2.7, TRBV20.1-TRBJ1.3, TRBV5.8-TRBJ1.3,
ber 2020
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TRBV10.2-TRBJ2.5, and TRBV7.6-TRBJ2.2were featured to construct
the classifier model. As a result, the patients with postoperative recur-
rence were classified from those without recurrence (AUC = 0.891)
using these featured TCRb V-J pairings usage (Figure 6B), while
the accuracy of prediction was slightly increased (AUC = 0.929)
when these featured TCRb V-J pairings were combined with the sta-
tus of somatic mutations of genes such as EGFR and ANKRD36C
(Figure 6C).

DISCUSSION
TCR repertoires of infiltrating T cells are now emerging as potential
important biomarkers in the development of cancers with a
comprehensive impact on clinical outcomes.10 In current study, we
comprehensively characterized TCR repertoires in tumors and adja-
cent non-tumor tissues from patients with resectable NSCLC, and
hypothesized that TCR repertoires, specifically certain V-J pairings
usage, could be potentially used for prognosis analysis for NSCLC pa-
tients who received curative surgery.

By high-throughput sequencing of TCRb in tumors and matched
adjacent non-tumor tissues, it showed that T cell clonotype number23

in tumors was higher and the ratio of highly expanded clones (clones
Molecular Therapy: Methods & Cli
whose frequency >0.1%) in tumors was lower,
than those in adjacent non-tumor tissues,
respectively (Figure 1). These results were
consistent with previous findings that T cells
infiltrating in tumor lesions comprise high
numbers of clonal expansion29 and that the pro-
liferation of oligoclonal T cells in tumor lesions
would be massively induced in response to tu-
mor-associated antigenic peptides.30 Our study
showed the diversity of TCRs, which was calcu-
lated by Shannon diversity index31 had no differ-
ence compared with adjacent non-tumor tissues
in NSCLC (Figure 1). However, a recent study
that presented data from 15 lung cancer patients
showed that significantly higher TCR diversity
was observed in tumor tissues than in normal
lung tissues,32 the increases or decreases of the
diversity of TCRs in tumors relative to paired
normal tissues are inconsistent in different can-
cer types33–35 or even same type in different
studies.16,17 For example, compared with adja-
cent non-tumor tissues, TCR diversity of tumors is decreased in colo-
rectal cancer33 and clear cell renal cell carcinomas,34 increased or not
changed in hepatocellular carcinoma with inconsistent results in two
studies,16,17 and not changed in esophageal squamous cell carci-
noma.35 These inconsistencies probably resulted from the intrinsic
difference of T cell infiltration in paired tissues from distinct individ-
uals and need to be confirmed in the future study. Interestingly, the
intratumoral TCR clonotypes numbers in early-stage tumor were
suggested to be higher those in late-stage (Figure S3), consistent
with previous results that clonotypes were less when the tumor size
was larger or the number of metastatic organs was greater in advanced
lung cancer.19 This potential association between the TNM stage and
TCR clonotypes suggests that the TCR repertoires’ dynamic change
along with malignant progression and the defective anti-tumor im-
munity in NSCLC.

Furthermore, the observed V-J pairings with different usage between
tumors and matched adjacent non-tumor tissues (Figure 2), implying
a proportion of T cells infiltrating tumors were tumor-specific, which
recognize tumor antigens through their native receptors. Some V-J
pairings were observed associated with several clinical characteristics
(Figure S2), suggesting TCRb chain V-J rearrangement could reflect
nical Development Vol. 18 September 2020 79
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the prognosis of patients. Correspondingly, previous studies have
shown that the results of TCR gene rearrangements could be prog-
nosis markers in acute lymphoblastic leukemia (ALL).36 Not only
that, we observed a specific module of V-J genes using WGCNA
method,26 the relationship between highly correlated V-J genes in
the module and clinical features were investigated (Figure 3). As far
as we know, this is the first study to identify the module of V-J genes
usage contributing to the TCR repertoires associated with clinical
pathogenic characteristics. The observed association suggested the
contributing roles of modules in divergent tumor immunity among
individuals.

Specific TCR gene rearrangements recognize tumor antigens gener-
ated by somatic mutations, as the mutation in cancer could create a
neoepitope.37 Through whole-exome sequencing of these paired sam-
ples, top frequently somatic-mutated genes such as EGFR, TP53, and
TTN, etc., whose mutations were well-known in lung cancer, were
further studied with TCR repertoires. Although it has been previously
reported that EGFR mutant tumors had a higher TCRb diversity in-
dex than WT tumors,38 difference of TCR repertoires in tumors with
and without EGFR mutation was not observed in our study (Figures
4A–4D). Instead, TTN gene somatic mutation was shown to affect the
profiling of intratumoral TCR repertoires (Figures 4I–4L), this results
could be one of reasons of the correlation of TTN mutations with
favorable prognosis in lung squamous cell carcinoma.39 Finally,
seven TCRb V-J pairings including TRBV7.7-TRBJ2.5, TRBV7.4-
TRBJ2.5, TRBV4.1-TRBJ2.7, TRBV20.1-TRBJ1.3, TRBV5.8-TRBJ1.3,
TRBV10.2-TRBJ2.5, and TRBV7.6-TRBJ2.2were featured to construct
a classifier model to predict postoperative recurrence. These featured
V-J pairings involved TRBV4.1, TRBV5.8, TRBV7.4, TRBV7.6,
80 Molecular Therapy: Methods & Clinical Development Vol. 18 September 2020
TRBV7.7, TRBV10.2, and TRBV20.1 for V gene
segments, and TRBJ1.3, TRBJ2.2, TRBJ2.5, and
TRBJ2.7 for J gene segments. Specific types or
combinations of TCR seem to perform different
biological functions. T cells from DQ5+MuSK-
MG patients showed that significant difference
was observed in frequencies of TRBJ2.5 and
other V genes.40 Certain V-J combinations,
including TRBJ2.5 and other TRBVs, were highly
shared in the nonobese diabetic mice.41 The
common usage of TRBV7 was identified in eight
of nine LHA B57 subjects to clarify the roles of
TCR diversity controlling HIV-1 viremia; the
data demonstrated that these clonotypes, such
as TRBV7, were selectively recruited over the
course of chronic HIV-1 infection.42 A study of
the correlation between immune repertoire and CRC revealed that
the usage of TRBV7.8, TRBV7.9, TRBJ2.2, and TRBJ2.5 had significant
difference between the patients and healthy control groups.43 The
result that these featured TCR parings could be used as a prognostic
classifier (Figure 6), suggests that they may have important roles in
activating certain immunity responses and further affecting the recur-
rence of lung cancer. Certainly, more evidences are needed to support
the assumption. Moreover, the classifier using TCRb V-J genes com-
bined with somatic mutations only showed a slightly better predictive
performance than that using V-J genes alone (Figure 6), implying the
pivotal roles of TCR repertoires in prognosis prediction.

It is worth noting that there are still limitations for our study. The
sample size was not big and all patients were enrolled from a single
center, and these may result in challenges to have more concrete con-
clusions. Therefore, a multicenter study with a larger cohort would be
required to further validate these results. Nevertheless, our study first
comprehensively characterized the tumor-related TCR repertoires in
patients receiving curative surgery for NSCLC and hypothesized the
potential roles of the repertoires in predicting prognosis after surgical
operation. The preliminary results of this study provide clues and ba-
sis for future more in-depth research.

MATERIALS AND METHODS
Patients and Samples Collection

This study enrolled 39 patients, who were diagnosed as NSCLC and
received surgical resection at Zhejiang Cancer Hospital. None of
them had other immune-related diseases, such as infectious diseases
and autoimmunity diseases, or other tumors. Resected tumor samples
and paired adjacent normal tissues were confirmed independently by
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3 independent pathologists with extensive clinical experience. Sam-
ples were then formalin fixed and paraffin embedded at the time of
biopsy. This study was conducted in accordance with the declaration
of Helsinki and approved by the Ethics Committee of Zhejiang Can-
cer Hospital.

High-Throughput TCR Sequencing

Genomic DNA from each tumor sample or paired adjacent normal tis-
sue was extracted by CWE2100 FFPE DNA Kit (Cwbiotech, Beijing,
China) according to the manufacturer’s protocol. The quantity and pu-
rity of extracted DNAwere determined usingNanoDrop 2000 Spectro-
photometer. The CDR3 regions of TCRb chain (TRB) were amplified
from genomic DNA using the multiplex PCR method. Specifically, to
enrich all possible V(D)J combinations, a panel of 51 V-forward and
14 J-reverse primers was used in amplificationwith PlatinumMultiplex
PCRMasterMix (Invitrogen). The first PCR reaction is as follows: 95�C
for 3 min; 30 cycles of 95�C for 30 s, 64.3�C for 1 min, 72�C for 30 s;
72�C for 5 min; 4�C hold. The PCR products were purified by Ampure
beads and ligatedwithAbclone adapters (RK20284, RK20295,ABclonal
Technology).The secondPCRstep is as follows: 98�Cfor45 s; 8 cyclesof
98�C for 10 s, 60�C for 30 s, 72�C for 30 s; 72�C for 1 min; 12�C hold.

Libraries were loaded onto the Illumina XTen System, and reads of
151-bp fragments were sequenced. The CDR3 sequence was defined
as the amino acids between the second cysteine of the V region and
the conserved phenylalanine of the J region, according to the ImMuno-
GeneTics (IMGT) V, D, and J gene references. The CDR3 sequences
were identified and assigned using the MiXCR software package.44

Immunohistochemical Detection of CD8-Positive Tumor-

Infiltrating Lymphocytes, and PD-L1 Protein Expression

Tumor tissue sections of 4�5 mm thick were deparaffinized and hy-
drated. Monoclonal antibody (4B11, RTU, Leica Biosystems, Buffalo
Grove, IL, USA) was used to detect CD8-positive tumor-infiltrating
lymphocytes (TILs) by an automated stainer (BOND RX, Leica Micro-
systems). In addition, primary antibodies against PD-L1 (SP263;
1:2000; Roche VENTANA, Tucson, AZ, USA) was used to perform
immunohistochemical analysis. The PD-L1 immunohistochemistry re-
sults were evaluated based on the degree and intensity of cellmembrane
staining, in which a tumor proportion score (TPS) >25%was defined as
high expression. Based on the extent of positive 25 lymphocytes infil-
trating within tumor cells, CD8-positive TILs were evaluated semi-
quantitatively on a scale of 0–3. Each score was calculated as the frac-
tion of tumor cells on top of which CD8-positive T cells were present.
Specifically, 0, none or rare; 1, <5%; 2, >5% to <25%; 3, >25%. A cell is
CD8-positive if its score is 2 or 3 and negative otherwise.

Statistical Analysis

The associations among clinical pathological characteristics, somatic
mutations and TCR repertoire indices were analyzed by the paired or
unpaired t test where applicable and the p value was adjusted by Ben-
jamini-Hochberg method for multiple testing.24 An association was
considered as statistically significant if its testing p value was less
than 0.05. Recurrence-free survival rates were estimated using the Ka-
Molecular Th
plan-Meier method, and the associations between the time to recur-
rence and various features studied (such as basic clinical features,
biochemical indices, somatic mutations, and TCR repertoire indices)
were evaluated using the Cox proportional hazards regression model.
All the statistical analyses were performed using the Graphpad Prism
(version 8.0) software. For conjoint analysis between the clinical char-
acteristics, TCRb combination frequencies and somatic mutations, an
algorithm adjusting Matrix eQTL45 was developed to calculate and
adjust the p value by the Benjamini-Hochberg method.

Computational Model to Predict the Risk of Postoperative

Recurrence

TCR frequency alone and TCR frequency in conjunction with so-
matic mutation were used to establish prediction models for the
risk of postoperative recurrence of patients. Since the numbers of
TCRs and somatic mutations are much larger than the number of
samples, a random forest method was first used to select features.
Based on the reduced features, a logistic regression model was estab-
lished for predicting the risk of postoperative recurrence. The receiver
operating characteristic (ROC) curve was used to evaluate the sensi-
tivity and specificity of the models.
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