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ABSTRACT
An indicator for systemic evaluation of the adaptive immune status is lacking. Peripheral blood is 
important in antitumour immunity, and the T-cell receptor (TCR) repertoire diversity is key for effective 
immunity. This study aimed to investigate changes in the circulating T cell receptor β chain (TCRB) 
diversity during the first few (1 ~ 4) treatment cycles and its clinical value in patients with advanced 
lung cancer. TCRB-enriched sequencing data combined with transcriptomic RNA sequencing data of 
peripheral blood leukocytes were obtained from 72 patients with advanced lung cancer before and after 
targeted therapy or chemotherapy. Changes in the circulating TCRB diversity during treatment and the 
relationship of the baseline circulating TCRB diversity with prognosis and therapeutic effects were 
evaluated. We found that targeted therapy or chemotherapy did not significantly affect the 
T lymphocyte composition or circulating TCRB diversity (3.83 vs 3.74, T-test, p = .16) in patients with 
advanced lung adenocarcinoma (LUAD) during the first few treatment cycles. The higher circulating TCRB 
diversity was linked to improved therapeutic effects (T-test, p = .00083) in LUAD patients receiving 
targeted therapy. Higher baseline circulating TCRB diversity was associated with better prognosis. In 
addition, a five-factor prognostic risk score model was built for more accurate prognosis prediction for 
LUAD patients. The chemotherapeutic agents for advanced lung cancer do not significantly affect 
adaptive immune function over the first few treatment cycles. The circulating TCRB diversity reflects the 
adaptive immunological repertoire and might be a convenient indicator for evaluating the adaptive 
immune status and prognosis.
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Introduction

The treatment options for patients with advanced lung cancer 
were developed according to the clinical guidelines and are 
based on the molecular characteristics and histology of the 
tumors.1, 2 These treatments not only induce tumor apoptosis 
or inhibit tumor proliferation but also enhance tumor immu-
nogenicity and promote the antitumour immune response, 
particularly adaptive immunity. Accumulating evidence sug-
gests that the innate and adaptive immune systems play 
a crucial role in the antitumour effects of conventional che-
motherapy-based and targeted therapy-based treatments.3–5 

A powerful antitumour response requires durable antitumour 
immunity, and the activation of adaptive immunity is indis-
pensable for killing tumor cells.6 Consequently, the antitumour 
ability of the host immune system might considerably influ-
ence the therapeutic effect and prognosis of patients with 
advanced lung cancer.

The T cell recognition of tumor antigens presented by major 
histocompatibility complex (MHC) molecules via the T cell 

receptor (TCR) is crucial for the activation of antitumour immune 
responses. The TCR diversity is a prerequisite for the recognition 
of tumor antigens.7 The TCR consists of αβ or γδ heterodimers, 
and the vast majority of mature T cells in the peripheral blood are 
αβ T cells (more than 90%).7,8 The diversity of αβ T cells is mainly 
concentrated in both the Vα and Vβ complementarity determin-
ing region 3 (CDR3) loops,9 particularly in CDR3 of the TCRβ 
chain. The recombination of V(D) J regions and random nucleo-
tide insertions and deletions contribute to the superior variability 
of CDR3.10 Focusing on the TCR repertoire might allow a deeper 
understanding of the interactions between treatment and the host 
immune status in patients with advanced lung cancer.

In non-small cell lung cancer (NSCLC), a higher T cell den-
sity in the blood indicates a better outcome following surgery.11 

Tumor-specific T cells recognize tumor-associated antigens and 
undergo intratumoural clonal expansion. The TCR sequences 
expressed by these tumor-specific T cells are detectable in per-
ipheral blood and remain for the long-term.12 Zhang, J. et al. 
demonstrated that the peripheral blood TCR repertoire acts as 
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a vital compartment for rejuvenating antitumour immunity.13 

These results indicate that the peripheral blood TCR repertoire 
might reflect the antitumour ability of the host. Several studies 
have suggested the prognostic value of the circulating T cell 
receptor β chain (TCRB) diversity in immunotherapy.14,15 

However, the relationship between the baseline circulating 
TCRB diversity and prognosis remains unclear in patients with 
advanced lung cancer receiving conventional therapy.16 Other 
studies on the TCR repertoire of lung cancer mainly recruited 
NSCLC patients but did not pay attention to small cell lung 
cancer (SCLC).11,14,16 Previous studies have shown that EGFR- 
TKI therapy can enhance tumor-specific T cell infiltration and 
reactivation and trigger tumor lysis mediated by NK cells and 
tumor-specific T cells.4,17 Although chemotherapeutic drugs that 
exert cytotoxic effects induce systemic immunosuppressive 
effects, some chemotherapeutic compounds can enhance the 
immunogenicity of tumor cells and the activity of cytotoxic 
T cells and NK cells and thus ultimately promote antitumour 
immunity.3,18,19 Furthermore, the effects of cytotoxic che-
motherapy and targeted therapy on the circulating TCRB diver-
sity in patients with advanced lung cancer remain unknown.

Previous studies applied multiplex PCR with specific pri-
mers against each V and J gene and genomic DNA or cDNA 
templates to construct TCR repertoire libraries;16,20–22 how-
ever, these results are compromised by the accumulation of 
PCR mismatch errors. Many studies have demonstrated that 
a high TCRB diversity is related to better prognosis in lung 
cancer and melanoma.14,15 However, Liu et al. did not find the 
direct prognostic value of the baseline circulating TCRB diver-
sity in advanced lung cancer,16 and this finding might be 
because their TCR library construction method was based on 
multiplex PCR, which has high error rate and provides inaccu-
rate quantification. A novel TCR repertoire library construc-
tion method based on the switch mechanism at the 5ʹ-end of 
RNA templates (SMART) has been developed,23 and this 
method allows nearly absolute error correction. We modified 
this method to obtain the SMART-based UMI-corrected TCR 
library construction method, which involves the use of two 
universal TCR C gene primers and cDNA templates to ensure 
specificity during reverse transcription and PCR 
amplification.24

In our study, we combined TCRB sequencing with transcrip-
tome sequencing of peripheral blood leukocytes of patients with 
advanced lung adenocarcinoma (LUAD), lung squamous cell 
carcinoma (LUSC) or small cell lung cancer (SCLC) from the 
same sample pre- and posttreatment to explore the clinical value 
of the circulating TCRB diversity and the impact of treatment 
on the T lymphocyte composition and circulating TCRB diver-
sity in these patients. We were committed to developing an 
accessible, noninvasive and unbiased approach for evaluating 
the global immune status of patients with advanced lung cancer 
and predicting their treatment response and prognosis.

Material and methods

Study design and patient population

This study involved 72 patients with advanced lung cancer, 
including 39 patients with lung adenocarcinoma, 10 patients 

with lung squamous cell carcinoma and 23 patients with small 
cell lung cancer. We included patients who received initial 
therapy or who relapsed at least 6 months after their last 
therapy and excluded patients who had a prior history of 
autoimmune disease. These patients were divided into four 
groups depending on their pathologic classifications and treat-
ment regimens. The LUAD target therapy group included 23 
LUAD patients receiving EGFR-TKI targeted therapy. The 
LUAD chemotherapy group included 16 LUAD patients who 
were treated with pemetrexed alone or combined with plati-
num. The LUSC chemotherapy group included 10 LUSC 
patients who were treated with platinum with gemcitabine or 
paclitaxel. The SCLC chemotherapy group included 23 SCLC 
patients who were treated with platinum with etoposide. 
Peripheral blood leukocytes obtained before (baseline) and 
after treatment (1 ~ 2 cycles of treatment: 87.5%; 3 ~ 4 cycles 
of treatment: 12.5%) were collected for RNA extraction and for 
performing paired TCRB sequencing and transcriptomic RNA 
sequencing (RNAseq). Table 1 lists the baseline characteristics 
of the patients, and details of each patient are available in 
Supplementary Table S1. The study was approved by the 
Ethics Review Committee of Beijing Hospital 
(No.2017BJYYEC-007–01&2019BJYYEC-148–02). All patients 
were informed about the study and provided written informed 
consent.

Treatment evaluation

The treatment efficacy was evaluated by two independent 
clinicians according to the Response Evaluation Criteria in 
Solid Tumors (RECIST) version 1.1. Progression-free survi-
val (PFS) was calculated as the time from the start of 
targeted therapy or chemotherapy to either tumor progres-
sion or death. Detailed follow-up information for the 
patients is shown in Supplementary Table S1.

Table 1. Baseline characteristics of patients.

Number of cases (%)

Pathology LUAD LUSC SCLC

Gender
Female 21(54) 1(10) 5(22)
Male 18(46) 9(90) 18(78)
Age
≤60 17(44) 4(40) 9(39)
>60 22(56) 6(60) 14(61)
Smoking history
Current/Former 11(28) 7(70) 18(78)
Never/Light 28(72) 3(30) 5(22)
Stage
III 3(8) 5(50) 7(30)
IV 36(92) 5(50) 16(70)
Treatment
Targeted therapy 23(59)
Chemotherapy 16(41) 10(100) 23(100)
Therapeutic effect
PR 16(41) 1(10) 16(70)
non-PR 23(59) 9(90) 7(30)
Total 39 10 23

72

LUAD: lung adenocarcinoma; LUSC:  lung squamous cell carcinoma; SCLC: small 
cell lung cancer; PR: partial response.
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TCRB sequencing and transcriptome sequencing

We performed TCRB sequencing of 144 samples (all 72 
patients before and after treatment) and transcriptomic 
RNAseq of 138 samples. Transcriptome sequencing data were 
not obtained for three patients due to limited RNA. SMART- 
based UMI-corrected TCRB libraries were constructed using 
two universal TCR C gene primers and cDNA templates,23 as 
detailed in our previous work .24 RNAseq and TCRB sequen-
cing were performed using an Illumina HiSeq X ten platform. 
The raw TCRB sequencing and transcriptome sequencing data 
reported in this study have been deposited in the Genome 
Sequence Archive25 in National Genomics Data Center,26 

Beijing Institute of Genomics, Chinese Academy of Sciences, 
under accession number HRA000211 [http://bigd.big.ac.cn/ 
gsa-human].

The preprocessing for TCRB sequencing data

We first extracted and merged UMIs and effective TCRB 
sequences from the raw TCRB sequencing data using 
MiGEC.23 The TCRB sequences were aligned to the human 
TCR reference sequences to extract and quantify correspond-
ing CDR3 sequences or clonotypes using MIXCR.27 The log10- 
transformed Shannon-Weiner index(ShannonDI), which takes 
into account both the number of TCR clonotypes and their 
relative abundances, was used to indicate the diversity of the 
TCR repertoire, and this index was calculated using 
VDJtools.28 Unique clonotypes were defined as TCRB clono-
types with unique CDR3 amino acid sequences. The overlap of 
the T cell repertoire was measured using the ‘cosine’ method, 
and the shared clones were calculated using the R package 
‘immunarch’.

Estimation of relative abundance of lymphocyte 
subpopulations

We inferred the constituent ratios of lymphocyte subsets by 
inputting gene signature and bulk RNA-seq data into 
CIBERSORTx.29 The gene signature of the lymphocyte subsets 
was established based on the single-cell RNA sequencing of 
peripheral blood mononuclear cells (PBMCs) from cancer 
patients (unpublished data), which is listed in Supplementary 
Table S2. We also used ABsolute Immune Signal (ABIS) 
deconvolution to evaluate the relative abundance of the lym-
phocyte subpopulations.30

Establishment of the five-factor prognostic risk score 
model

Based on a ratio of 3:1, patients with LUAD were divided into 
a training dataset (N = 27) and a testing dataset (N = 10) by 
stratified sampling based on pharmacotherapeutic regimens. 
To further select the best factors related to patient prognosis, 
we used the Least Absolute Shrinkage and Selection Operator 
(LASSO) Cox regression method and leave-one-out cross- 
validation to filter effective factors with the R package ‘glmnet’. 
Among the factors, the platelet-to-lymphocyte ratio (PLR) was 
the ratio of platelet count to lymphocyte count, and the change 

in circulating TCRB diversity was calculated using the follow-
ing formula: log10(posttreatment ShannonDI pretreatment 
ShannonDI). Regression coefficients (β) were used to calculate 
a weighted sum of the effective factors, which was used as the 
prognostic risk score. Using the training, testing and entire 
datasets, Kaplan-Meier survival analysis and Harrell’s concor-
dance index (C-index) were used to evaluate the prognostic 
value and predictive ability of the model, respectively.

Statistical analysis

The unpaired Student’s t test and Wilcoxon rank-sum test were 
used to compare the differences between two unpaired groups. 
The paired Student’s t test and Wilcoxon signed-rank test were 
used to compare the differences between paired groups. 
Pearson correlation and Spearman rank correlation were used 
to measure the associations among variables. A multivariate 
Cox proportional hazards regression model was used to iden-
tify independent prognostic factors. The survival analysis was 
performed through Kaplan–Meier curve analysis and the log- 
rank test. The GSEA analysis was conducted using the 
R packages ‘DESeq2ʹ and ‘clusterProfiler’.31 R (version 3.6.2) 
was used for the statistical analyses and for the preparation of 
the figures.

Results

Baseline clinical information and characteristics of the 
TCRB repertoire of the recruited patients

A total of 144 blood samples from 72 patients with advanced 
lung cancer (64 treatment-naïve patients and eight patients 
who relapsed) were recruited into the study. Table 1 and 
Supplementary Table S1 show the baseline characteristics of 
the recruited patients. All patients received treatment accord-
ing to standard guidelines, and the follow-up time ranged from 
14 to 1307 days (median follow-up, 197 days). The TCRB 
repertoires of each patient before and after treatment con-
tained 104,913 ± 44,727 (mean ± SD) and 108,327 ± 44,681 
(mean ± SD) TCRB clonotypes, respectively.

Patients with advanced lung adenocarcinoma retain 
a relatively stable T lymphocyte composition and 
circulating TCRB diversity after the first few treatment 
cycles

To explore the effect of targeted therapy and chemotherapy on 
systemic immunity in patients with advanced lung adenocar-
cinoma, we separately compared the composition of peripheral 
blood immune cells in the LUAD targeted therapy group and 
the LUAD chemotherapy group before and after treatment. In 
terms of absolute numbers, both targeted therapy and che-
motherapy did not significantly alter the neutrophil count or 
the lymphocyte count (Supplementary Figure S1b-c). 
Furthermore, we inferred the constituent ratios of peripheral 
blood mononuclear cell subpopulations using the 
CIBERSORTx algorithm. The mean constituent ratios before 
and after treatment are presented in Supplementary Figure S1a. 
No significant changes were detected after the first few targeted 
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therapy or chemotherapy cycles in the main T cell subtypes 
including CD4 naïve T cells (CD4 naïve T), CD8 naïve T cells 
(CD8 naïve T), CD4+ central memory T cells (CD4 Tcm), CD4 
+ effector T cells and effector memory T cells (CD4 Teff and 
Tem), CD8+ effector T cells (CD8 Teff) or CD4+ regulatory 
T cells (CD4 Treg) (Figure 1).

We also analyzed the changes in leukocyte components in 
the LUSC chemotherapy group and the SCLC chemotherapy 
group. The chemotherapy significantly reduced the neutrophil 
count in these patients (Supplementary Figure S1b), while the 
lymphocyte count and constituent ratios of most T lymphocyte 
subsets remained stable during chemotherapy (Figure 1, 
Supplementary Figure S1c). After chemotherapy, patients 
with LUSC had a much higher proportion of CD4 Tcm 
(Figure 1b) and a much lower proportion of CD4 Treg 
(Figure 1d). Similar observations have been made in recent 
studies: Juliá EP et al. revealed that an increased frequency of 
CD4+ central memory T cells was associated with the immu-
notherapy response and Tseng et al. indicated that cisplatin 
significantly decreased T regulatory cells in the peripheral 
blood of TC-1 tumor-bearing mice.32,33 For patients with 
SCLC, the constituent ratio of CD8 naïve T cells was signifi-
cantly elevated after chemotherapy (Figure 1e), which suggests 
that more CD8 naïve T cells were mobilized to initiate immune 
responses. This phenomenon was previously less reported in 
SCLC.

To investigate whether targeted therapy or chemotherapy 
affects the T cell repertoire, we subsequently compared the 
circulating TCRB diversity in the four groups before and 
after treatment. No significant changes in the circulating 
TCRB diversity were found after the first few treatment cycles 
(Figure 2a). We found that the pretreatment circulating TCRB 
diversity was significantly correlated with the posttreatment 
circulating TCRB diversity in each of the four groups 
(Supplementary Figure S2). Neither chemotherapy nor tar-
geted therapy can significantly alter the immune status of 
patients with advanced lung cancer. Therefore, over the first 
few treatment cycles, both targeted therapy and chemotherapy 
for patients with advanced lung adenocarcinoma did not have 
a marked effect on the peripheral blood T lymphocyte 
composition.

The circulating TCRB diversity is linked to therapeutic 
effects in the LUAD targeted therapy group

Next, we horizontally compared the T cell composition of 
patients with different therapeutic effects in the LUAD targeted 
therapy group. The LUAD targeted therapy group was divided 
into two groups based on the RECIST (version 1.1): PR (partial 
response) group and non-PR group. The PR group had a larger 
proportion of CD4 naïve T cells before and after treatment 
(Figure 2c) compared with the non-PR group, which indicated 
that the group that exhibited good efficacy reserved more CD4 
naïve T cells to respond against multiple antigens. The patients 
in the PR group had more CD4 naïve T cells that might be 
activated by the antigen-MHC complex and differentiate into 
specific subtypes.34 These CD4 + T cells, especially Th1 cells, 
can equip CD8+ cytotoxic T lymphocytes to eliminate tumor 
cells.35 CD4 + T-cell mediated antitumour responses in the 

peripheral blood are gradually being valued.36 We further 
explored the relationship between the circulating TCRB diver-
sity and therapeutic effect: the PR group had a higher circulat-
ing TCRB diversity than the non-PR group both before and 
after treatment (Figure 2b). This result is consistent with the 
changes in constituent ratios of CD4 naïve T cells and 
reminded us that the circulating TCRB diversity might quanti-
tatively reflect the changes in the T lymphocyte composition. 
Besides, the circulating TCRB diversity and CD4 naïve T cells 
were not significantly altered during the first few targeted 
therapy cycles both in PR group and non-PR group (Figure 
2b-c).

Circulating TCRB diversity partly reflects adaptive 
immunological repertoire

Each clone of the naïve T cells and central memory T cells 
(CD62L+ CCR7+) contains only a few cells.37 They recognize 
foreign antigens, activate, differentiate into effector or memory 
T cells and present the primary source to mount effective 
immune responses.38,39 They represent the ability of the 
immune system to recognize and clear nonself-antigens and 
they present high TCRB diversity. Effector T cells or effector 
memory T cells (CD62L± CCR7-) experienced antigen-specific 
clonal expansion, and each clone contains many cells.37,40 They 
present low TCRB diversity. Based on the relative abundance of 
lymphocyte subpopulations evaluated by the CIBERSORTx, 
the percentages of naïve T cells and CD8 Teff in total T cells 
were 29.18 ± 11.98(mean ± SD, %) and 14.5 ± 12.96(mean ± 
SD, %), respectively. Previous studies have shown that naïve 
T cells and CD4 Tcm display negligible clonal expansion while 
CD8 Teff is one of the most clonally expanded subgroups of 
T cells.37,41 Thus, circulating TCRB diversity depends strongly 
on the number of naïve T cells and central memory T cells and 
their relative proportions to effector T cells.

In our study, to explore whether the circulating TCRB 
diversity can reflect the host immune status and adaptive 
immunological repertoire, we performed Spearman corre-
lation analyses between the circulating TCRB diversity and 
the constituent ratios of lymphocyte subsets (evaluated 
with CIBERSORTx) in each of the four groups and all 
patients before and after treatment. According to the 
results of the correlation analysis of the four groups, the 
circulating TCRB diversity tended to be positively corre-
lated with the proportion of CD62L+ CCR7 + T cells and 
negatively correlated with the proportion of CD62L± 
CCR7- T cells proportion (Supplementary Figure S3a). 
The result of combining all patients is more significant 
due to increased sample size. The circulating TCRB diver-
sity was positively correlated with the CD4 naïve T cell 
proportion before (rho = 0.39, p = .00096, Figure 3a) and 
after treatment (rho = 0.52, p < .0001, Figure 3b) and the 
CD8 naïve T cell proportion before (rho = 0.26, p = .029, 
Figure 3c) and after treatment (rho = 0.35, p = .0029, 
Figure 3d). In contrast, the circulating TCRB diversity 
was negatively correlated with the CD8 Teff proportion 
before (rho = −0.50, p < .0001, Figure 3e) and after treat-
ment (rho = −0.58, p < .0001, Figure 3f). In addition, we 
found that the circulating TCRB diversity showed 
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a positive correlation with the CD4 Tcm proportion 
(rho = 0.36, p = .0022, Figure 3g) and a negative correla-
tion with the CD4 Teff and Tem proportion (rho = −0.31, 

p = .0084, Figure 3i) before treatment, but no similar 
correlation was found after treatment (Figure 3h, 3j). We 
obtained similar correlations with ABsolute Immune 

Figure 1. Changes in the constituent ratios of peripheral blood major T lymphocyte subpopulations in the four groups before and after treatment. Changes in the 
constituent ratios of CD4 naïve T (a), CD4 Tcm (b), CD4 Teff and Tem (c), CD4 Treg (d), CD8 naïve T (e), CD8 Teff (f), and CD8 Tem (g) in the LUAD targeted therapy group 
(N = 21), the LUAD chemotherapy group(N = 16), the LUSC chemotherapy group(N = 10), and the SCLC chemotherapy group(N = 22) before and after treatment (paired 
Wilcoxon signed-rank test, *p < .05; **p < .01; ***p < .001; NS, P > .05 not significant). LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; SCLC, small 
cell lung cancer. CD4 naïve T, CD4 naïve T cells; CD4 Tcm, CD4-positive central memory T cells; CD4 Teff and Tem, CD4-positive effector T cells and effector memory 
T cells; CD4 Treg, CD4-positive regulatory T cells; CD8 naïve T, CD8 naïve T cells; CD8 Teff, CD8-positive effector T cells; CD8 Tem, CD8-positive effector memory T cells.
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Signal (ABIS) deconvolution (Supplementary Figure 
S3b-d).

We then defined a new parameter, the immune reserve 
index, to quantify the adaptive immunological repertoire 
using bulk RNA sequencing data. The immune reserve 
index was calculated using the following formula: 2(CD4 
naïve T cell proportion + CD8 naïve T cell proportion + 
CD4 Tcm proportion)/2(CD8 Teff proportion + CD4 Teff 
and Tem proportion). Strong positive correlations were 
found between the circulating TCRB diversity and the 
immune reserve index in each of the four groups before 
(Supplementary Figure S4a-4d) and after treatment 
(Supplementary Figure S4e, S4f, S4h) except for the LUSC 
chemotherapy group after treatment (Supplementary Figure 
S4g). Although not statistically significant, there was a trend 
of a positive correlation between the immune reserve index 
and the circulating TCRB diversity in the LUSC chemother-
apy group after treatment. Accordingly, the circulating 
TCRB diversity quantitatively reflects the relative propor-
tions of CD62L+ CCR7 + T cells and CD62L± CCR7- 

T cells. Thus, the circulating TCRB diversity partly reflects 
the adaptive immunological repertoire and might be related 
to prognosis.

Baseline circulating TCRB diversity is an independent 
prognostic factor for progression-free survival

The presence of a preexisting immune response is often linked 
to a more favorable prognosis.42 To further assess the prog-
nostic value of the baseline circulating TCRB diversity, we 
constructed two multivariate Cox proportional hazards regres-
sion models that included the following clinical parameters: the 
baseline circulating TCRB diversity, gender, age, smoking sta-
tus, and pathological type or pharmacotherapeutic regimens. 
The baseline circulating TCRB diversity, when treated as 
a continuous variable, was found to be an independent prog-
nostic factor for progression-free survival in advanced lung 
cancer in the two models (Figure 4a, S5). A log10- 
transformed Shannon-Weiner index of 3.91 was determined 
as the optimal cutoff value of the baseline circulating TCRB 

Figure 2. Differences in the constituent ratios of CD4 naïve T cells and the circulating TCRB diversity between the PR (partial response) group and the non-PR group in 
the LUAD (lung adenocarcinoma) targeted therapy group. (a) Changes in the circulating TCRB diversity in the four groups before and after treatment. (b, c) Comparison 
of CD4 naïve T cells subpopulations and circulating TCRB diversity between PR group and non-PR group and their changes in PR group and non-PR group during 
therapy in the LUAD targeted therapy group (N = 21). Paired Student’s t-test was used to compare the circulating TCRB diversity before and after treatment. Paired 
Wilcoxon signed-rank test was used to compare CD4 naïve T cells before and after treatment (*p < .05; **p < .01; ***p < .001; NS, P > .05 not significant).
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diversity using the R package ‘survminer’. Because of the sig-
nificant difference in PFS between the LUSC chemotherapy 
group and other groups, we specifically calculated a cutoff 
value of the baseline circulating TCRB diversity (3.535) for 

this group. We then split all the patients into a high-diversity 
group and a low-diversity group based on the corresponding 
optimal cutoff value. The Kaplan–Meier curves suggest that 
a high baseline circulating TCRB diversity predicts a better 

Figure 3. Correlation between the circulating TCRB diversity and the constituent ratios of lymphocyte subsets. Spearman correlation analysis between the circulating 
TCRB (T cell receptor β chain) diversity and the constituent ratios of CD4 naïve T cells before (a) and after treatment (b), between the circulating TCRB diversity and the 
constituent ratios of CD8 naïve T cells before (c) and after treatment (d), between the circulating TCRB diversity and the constituent ratios of CD8 Teff before (e) and after 
treatment (f), between the circulating TCRB diversity and the constituent ratios of CD4 Tcm before (g) and after treatment (h), and between the circulating TCRB 
diversity and the constituent ratios of CD4 Teff and Tem before (i) and after treatment (j). For the Spearman correlation analysis, samples with matched RNAseq data and 
TCR sequencing data were included (N = 69). CD4 naïve T, CD4 naïve T cells; CD4 Tcm, CD4-positive central memory T cells; CD4 Teff and Tem, CD4-positive effector 
T cells and effector memory T cells; CD4 Treg, CD4-positive regulatory T cells; CD8 naïve T, CD8 naïve T cells; CD8 Teff, CD8-positive effector T cells; CD8 Tem, CD8- 
positive effector memory T cells.
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prognosis in patients with LUAD (log-rank analysis, p = .02, 
Figure 4b), LUSC (log-rank analysis, p = .03, Figure 4c) or 
SCLC (log-rank analysis, p = .005, Figure 4d). Hence, patients 
with a good baseline adaptive immunological repertoire exhib-
ited a relatively good prognosis.

Construction and validation of the five-factor prognostic 
risk score model

We constructed a five-factor prognostic risk score model to 
achieve a more accurate evaluation of prognosis for patients 
with advanced lung adenocarcinoma. Using the LASSO Cox 
regression model and leave-one-out cross-validation, five fac-
tors were identified as being associated with PFS in the training 
dataset: smoke status, overlap index, pretreatment clonality, 
pretreatment platelet-lymphocyte ratio (PLR) index, and 
change of the circulating TCRB diversity. The risk score was 
obtained according to the following formula:

Risk score = (2.114 × value of smoke status) +
(−10.26× value of overlap index) +
(−0.4046× value of pretreatment clonality) +
(8.304 × value of pretreatment PLR index) +
(1.655 × value of change of circulating TCRB diversity)
We divided the patients into a high-risk group and a low- 

risk group according to the median value of the risk score. 

Kaplan–Meier survival curves obtained using the training data-
set illustrate that patients in the low-risk group have longer PFS 
than those in the high-risk group (log-rank analysis, p = .003, 
Figure 5a). The same results were obtained with the testing 
dataset (log-rank analysis, p = .03, Figure 5b) and the entire 
dataset (log-rank analysis, p = .003, Figure 5c). The predictive 
accuracy of the five-factor prognostic risk score model was 
assessed by the C-indexes obtained for the training, testing 
and entire datasets: 0.736, 0.778, and 0.681, respectively 
(Figure 5d). In addition, we constructed a nomogram (Figure 
5e) based on the LASSO Cox regression model that would help 
clinicians predict the 6-month, 1-year and 3-year PFS prob-
abilities for patients with advanced lung adenocarcinoma.

Discussion

We found that the EGFR-TKI targeted therapy or chemother-
apy did not significantly affect the T lymphocyte composition 
or circulating TCRB diversity in patients with advanced lung 
adenocarcinoma over the first few treatment cycles. A higher 
circulating TCRB diversity was found to be associated with 
improved therapeutic effects in the LUAD targeted therapy 
group. In addition, the circulating TCRB diversity partly 
reflects the adaptive immunological repertoire. The baseline 
circulating TCRB diversity is an independent prognostic factor 

Figure 4. A higher baseline circulating TCRB diversity indicates a better progression-free survival prognosis. (a) Forest plots of multivariate Cox regression for the 
baseline circulating TCRB (T cell receptor β chain) diversity and progression-free survival (PFS) in patients with advanced lung cancer. Patients with advanced lung 
cancer were divided into two groups based on the corresponding optimal cutoff value of the baseline circulating TCRB diversity (LUAD: 3.91, LUSC: 3.535, SCLC: 3.91): 
the high-diversity group and the low-diversity group. Kaplan–Meier plots for PFS of the patients with LUAD (b), the patients with LUSC (c) and the patients with SCLC (d). 
LUAD: lung adenocarcinoma; LUSC:  lung squamous cell carcinoma; SCLC: small cell lung cancer.
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for progression-free survival. Moreover, the five-factor prog-
nostic risk score model provided a good prediction of PFS in 
patients with advanced lung adenocarcinoma. These results 
suggested that the baseline circulating TCRB diversity might 
serve as a predictive biomarker for patients with advanced lung 
cancer receiving targeted therapy or chemotherapy.

Recent studies have revealed that host systemic immunity is 
compromised across tumor types and that changes in the 
immune macroenvironment largely depend on the tumor 

burden.43 Tumor resection, which markedly decreases the 
tumor burden, can revert systemic immune disruptions and 
improve the global immune status in mouse breast cancer and 
colorectal cancer models and patients with renal cell 
carcinoma.24,43 In our study, targeted therapy or chemotherapy 
did not strongly affect adaptive immune function over the first 
few treatment cycles. Other studies have drawn similar 
conclusions.22,44 In fact, we also explored whether the changes 
in the circulating TCRB diversity during therapy in the SCLC 

Figure 5. Prognostic value of the five-factor prognostic risk score model. Kaplan–Meier curves for progression-free survival (PFS) according to the risk score obtained for 
the training dataset (a), testing dataset (b) and entire dataset (c). The predictive accuracy of the five-factor prognostic risk score model was assessed by Harrell’s 
concordance index (C-index). The corresponding C-index is displayed (d). (e) Nomogram for predicting the 6-month, 1-year and 3-year PFS probability of patients with 
LUAD (lung adenocarcinoma).
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patients treated with etoposide with cisplatin are different from 
those treated with etoposide with carboplatin. We found that 
the difference in platinum salt did not affect the change of the 
circulating TCRB diversity (Supplementary Figure S6), and this 
finding was limited to the sample size. For patients with 
advanced lung cancer under heavy tumor burden, targeted 
therapy or chemotherapy is unable to reduce the tumor burden 
as fast as surgery. At present, immunotherapy, which strength-
ens the host immune system to fight cancer cells, has attracted 
growing attention. Han et al. examined the peripheral blood 
immunity of NSCLC patients receiving immunotherapy and 
revealed that the pre-therapy TCR diversity of peripheral PD-1 
+ CD8 + T cells predicts the clinical response to 
immunotherapy.14 Although PD-1+ CD8 + T cells account 
for a relatively small percentage of T cells and might be insuffi-
ciently representative of systemic immunity, we speculate that 
the circulating TCRB diversity can monitor the efficacy of 
immunotherapy and accurately reflect changes in the immune 
macroenvironment. These findings suggest that the baseline 
global immune status is particularly important for patients 
with advanced lung cancer.

Tumor-infiltrating lymphocytes have attracted the attention 
of many researchers.45 However, effective systemic immune 
responses are necessary for tumor eradication. In effective 
immunotherapy, changes in the T cell population in peripheral 
blood parallel those in secondary lymphoid organs, which are 
critical sites of T lymphocyte activation and proliferation.46 In 
addition, researchers have observed the exchange of T-cell 
clones between tumors and peripheral blood during neoadju-
vant immunotherapy.13 Peripheral T cell cytotoxicity is closely 
correlated with the cytotoxicity of tumor-infiltrated T cells.47 

Peripheral blood, tissues and organs throughout the body and 
secondary lymphoid organs form a complete closed loop in 
which the three individual components interact with each 
other. Hence, the number, phenotype, function, and repertoire 
of peripheral blood T cells indirectly indicate the strength of 
the antitumour immune response. In the present study, the 
circulating TCRB diversity exhibited positive correlations with 
naïve T cell subsets and negative correlations with CD8 Teff 
before and after treatment. The correlations between the cir-
culating TCRB diversity and the immune reserve index 
demonstrated that the circulating TCRB diversity reflects the 
relative proportions of CD62L+ CCR7 + T cells and CD62L± 
CCR7- T cells. We can conclude that the circulating TCRB 
diversity reflects the flexibility of the adaptive immune 
response, the adaptive immunological repertoire of the host 
and the potential of antitumour immunity.

Prior research has shown that patients with advanced lung 
cancer exhibit a significantly lower TCR diversity than healthy 
people.16 Elimination, which is the first process of tumor 
immunoediting,48 is markedly suppressed by damaging the 
ability of T cells to recognize tumor antigens. Effective tumor 
treatment requires restarting the elimination process. Our 
study proved that patients with a higher circulating TCRB 
diversity tend to exhibit improved therapeutic effects in the 
LUAD targeted therapy group. Furthermore, the baseline cir-
culating TCRB diversity is an independent prognostic factor 
for the PFS of patients with advanced lung cancer. Patients 
with a higher baseline circulating TCRB diversity enjoyed 

longer PFS. This finding applies to patients with LUAD, 
patients with LUSC, and patients with SCLC. These results 
further proved that the circulating TCRB diversity represents 
the capacity of the antitumour immunity of the host. Patients 
with a high baseline circulating TCRB diversity not only have 
more naïve T cells to recognize tumor antigens and thus restart 
the elimination process and prevent immune escape but also 
provide a material basis for treatment-induced immune 
responses. In addition, a good prediction of PFS was obtained 
with the five-factor prognostic risk score model in patients with 
advanced lung adenocarcinoma.

The therapeutic efficacy of chemotherapeutic agents largely 
relies on the host immune response.19 The treatment indirectly 
activates antitumour immune responses in advanced lung can-
cer. Several studies have reported that EGFR-TKI targeted 
therapy can trigger innate and adaptive immunity by enhan-
cing NK cell-mediated tumor cell killing, dendritic cell- 
mediated antigen-presenting capabilities and cytotoxic 
CD8 + T cell-mediated tumor lysis.4,5,17,49,50 In the current 
study, we also detected the activation of NK cells, CD8 + T 
cells and CD4 + T cells (Supplementary Figure S7a) in periph-
eral blood. Chemotherapy induces immunogenic tumor cell 
death that increases T cell recognition and subverts the immu-
nosuppressive state through transient lymphodepletion or sti-
mulatory effects on immune effectors.3 In our GSEA, CD8 
+ and CD4 + T cells were activated in patients with NSCLC 
or SCLC after chemotherapy (Supplementary Figure S7b,7 c). 
This result provides a theoretical basis for combination immu-
notherapy with chemotherapy or targeted therapy. These effec-
tive immune responses are based on certain immunological 
repertoires. Overall, the global immune status is critical for 
patients with advanced lung cancer: patients with a good base-
line global immune status are more likely to respond to treat-
ment and achieve improved therapeutic effects. The baseline 
circulating TCRB diversity is an accessible, noninvasive and 
unbiased approach for evaluating the immune status and pre-
dicting prognosis.

Simnica, D. et al observed rarely shared T cell clones 
between paired pre- and posttreatment blood samples and 
theorized that rebound thymic activity reconstitutes the T cell 
repertoire after chemotherapy.21 However, our analysis of the 
overlap in the T cell repertoire showed a clear clonal overlap 
before and after treatment in most patients (Supplementary 
Figure S8). The cumulative frequency of shared clones 
accounted for over 60% of the total frequency in our data. In 
addition, chemotherapy-induced thymic involution might 
further reduce the output of naïve T cells.51 During treatment, 
homeostatic proliferation might be an important mechanism 
for the maintenance of the naïve T cell pool.38 The relative 
contribution of homeostatic proliferation and rebound thymic 
activity to maintaining T cell repertoire homeostasis requires 
further exploration.

As a preliminary study, some deficiencies were observed 
in our study. This study included patients with advanced 
lung cancer with different pathological types who treated 
with different treatment regimens. This is indeed our short-
coming. Moreover, a further significant limitation was the 
small sample size of the specific pathological type. To further 
verify our conclusions, we will enlarge the sample size in the 
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following independent studies and explore changes and 
prognostic value of the circulating TCRB diversity in one 
specific pathological type lung cancer treated with one spe-
cific drug or combination during therapy. Besides, another 
limitation of our study was that we did not isolate PBMC 
subpopulations from blood. However, our method is simple 
to operate and specific for clinical application. We analyzed 
TCRB sequencing data in combination with transcriptome 
data. Without sampling at multiple time points, we were 
unable to capture the developmental trajectories of the cir-
culating TCRB diversity throughout the treatment process. 
We did not further explore the relationship between T cell 
clones in peripheral blood and in tumors after treatment due 
the unavailability of tumor tissue from advanced patients.

In conclusion, therapy with chemotherapeutic agents can-
not significantly impact the systemic immune over the first few 
treatment cycles, and a good global immune status is needed to 
restart the elimination process. The baseline circulating TCRB 
diversity is associated with the prognosis of patients with 
advanced lung cancer. The circulating TCRB diversity should 
be an important reference indicator for clinical antitumour 
treatment. The five-factor prognostic risk score model might 
be a worthy prognostic indicator in clinical applications. The 
clinician is supposed to combine the antitumour immune 
ability of the host and antitumour therapy organically on the 
basis of a comprehensive consideration, and this approach 
might make it possible to live with tumors.
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