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a b s t r a c t 

Patients with early-stage non-small cell lung cancer (NSCLC), even stage IA, are at substantial risk of relapse 

and death. We explored the distinct features of molecular alterations and immune-related gene expression in 

Formalin-fixed paraffin-embedded (FFPE) samples from 25 relapsed patients compared with 25 non-relapsed 

patients through using whole-exome sequencing and an immune oncology panel RNA sequencing platform. Re- 

sults showed that the chemokine, cytolytic activity and tumour-associated antigen gene signatures exhibited 

significantly higher expression in non-relapsed tumours from stage IA lung adenocarcinoma (LUAD) than that in 

relapsed tumours. Besides, Kaplan–Meier survival analysis revealed that the gene signatures of chemokines and 

tumour-associated antigens were significantly associated with the patients’ disease-free survival (DFS), indicat- 

ing their prognostic value in early-stage LUAD. Cytolytic activity displayed a similar trend but failed to reach 

statistical significance. These findings revealed a weakened immune phenotype in relapsed tumours and provide 

valuable information for improving the treatment management of these high-risk patients. Due to the overall 

small patient number in this study, these differences should be further validated in a larger cohort. 

I

 

o  

T  

c  

f  

(  

p  

o  

D

I

A

i  

o  

i  

i

 

c  

a  

c  

b  

c  

h

R

1

(

ntroduction 

Non-small cell lung cancer (NSCLC) accounts for approximately 85%

f lung cancer cases and is the leading cause of death worldwide [1] .

he proportion of patients with early-stage NSCLC has dramatically in-

reased with the prevalence of low-dose computed tomography (CT)

or screening [2] . Unfortunately, the rates of locoregional recurrence

LRR) after surgery for stage I NSCLC ranges from 5% to 19% [3] . Re-

orts show that nearly 27% of stage I NSCLC patients eventually die

f recurrence or metastasis within five years [4] . Thus, understand-
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ng the comprehensive genomic and immunological characterisation

f early-stage patients with high risk and further providing valuable

nformation for the precise treatment of these patients are of great

mportance. 

Previous studies have shown that certain driver mutations are asso-

iated with tumour progression, with evidence that KRAS mutations are

ssociated with disease recurrence in patients with stage I lung adeno-

arcinoma (LUAD) [5] . However, the association of genomic alterations

eyond gene mutations, such as the tumour mutation burden (TMB),

opy number instability (CNI) and mutant-allele tumour heterogeneity
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MATH), with recurrence in stage IA LUAD is poorly understood. At the

ame time, with the enrichment of our knowledge and insights into the

allmarks of cancer, we further realise that the collaborative interac-

ion between malignant cancer cells and their supporting stroma drives

umour development and progression [6] . Hence, quite a lot of prog-

ostic immune markers in the tumour microenvironment and periph-

ral blood, as well as tumour expression of immune genes have been

dentified in NSCLC [7] . Kei Suzuki and colleagues reported that the

umoural immune markers IL-12R 𝛽2 and IL-7R and the stromal FoxP3

o CD3 ratio were independently associated with recurrence in patients

ith stage I LUAD [4] . In addition, several groups have developed gene

xpression-based signatures, including immune-related gene signatures,

or identifying patients at high risk for recurrence after the resection of

arly-stage disease [8-10] . However, these studies examined very few

arkers [4] or used OS as the main study endpoint [8-10] , rendering

heir application difficult to characterise the relapse of stage IA patients

hen recurrence is more clinically relevant to patients with stage I dis-

ase. 

Thus, in our study, we performed whole-exome sequencing (WES)

nd immune oncology (IO)-panel RNA sequencing to comprehen-

ively investigate the difference in genomic profile and immune mi-

roenvironment between relapsed and non-relapsed tumours from pa-

ients with stage IA LUAD. By analysing sequencing data, a detailed

olecular characterisation of relapse tumours may help to gain novel

nsight into the mechanisms by which cancer cells evade immune

urveillance and to improve the individual management of relapsed

atients. 

aterial and methods 

atient enrolment and sample collection 

Up to April 9th, 2018, we collected both tumour and normal

ormalin-fixed paraffin-embedded (FFPE) samples from 25 pairs of stage

A LUAD patients with recurrence and non-recurrence. The correspond-

ng flow chart was shown in the (Supplementary Table S1). All patients

nderwent radical surgery with systematic lymph node dissection from

ctober 2013 to April 2018 at the National Cancer Centre/National Clin-

cal Research Centre for Cancer/Cancer Hospital, Chinese Academy of

edical Sciences and Peking Union Medical College (Beijing, China).

nformed consent was obtained from each patient and their family for

xperimentation. In addition, the recurrence and non-recurrence pairs

ere selected by a 1-to-1 match. All eligible patients were pathologically

iagnosed with stage IA LUAD using the American Joint Committee on

ancer (AJCC) 8th TNM system and did not receive neo or adjuvant

hemotherapy or other systemic therapies. 

Disease-free survival (DFS) was defined as the length of time from

ung cancer radical surgery to any kind of recurrence, including regional

nd distant recurrences. Regional recurrence was recorded as recurrence

n resection margins such as bronchial stumps or stapler lines or within

he ipsilateral of subcarinal lymph nodes. Distant recurrence was de-

ned as any recurrence occurring in the contralateral lung, brain, liver,

drenal gland, bone, and other locations. Disease recurrence was as-

essed by CT scan, magnetic resonance imaging (MRI), and bone scan-

ing. Positron emission tomography (PET)-CT was also permitted for the

creening or confirmation of recurrences. Follow-up information was

btained through hospital visits or telephone contact with patients or

elatives. The follow-up schedule consisted of a clinic visit and chest CT

xamination every 3 months during the first 2 years, every 3–6 months

rom the third to fifth year and 1-year intervals thereafter. Moreover,

atients would be recommended to screen brain MRI, bone scanning or

ET-CT every year in the first 5 years. The longest interval from the

ime of radical surgery to the last follow-up was 5 years. The median

ollow-up time was 38.8 months (95%CI 32.6–45.1). 
ES 

WES was performed for tumour and matched normal tissue from 25

airs of patients and then analysed with a mean depth of 146. DNA from

FPE specimens from tumour and matched normal tissue were extracted

nd quantified. And extracted DNA was sheared into fragments and built

nto DNA libraries. Then DNA libraries were captured, and the captured

amples were subjected to paired-end sequencing on an Illumina No-

aSeq 6000 platform. High-quality paired-end reads were aligned to the

g19 reference genome using the Burrows-Wheeler Aligner (BWA). The

arDict and FreeBayes programs were used for single nucleotide varia-

ion (SNV) and indel calling, while the ANNOVAR assay was used for the

unctional annotation of genetic variants. The somatic SNVs and indels

ere filtered as previously reported [11] . 

alculation of TMB 

For the determination of TMB, the number of somatic nonsynony-

ous SNVs in the whole exome (with depth > 40X and allele frequency

 0.05) detected by next generation sequencing (NGS) was quantified.

lterations known to be oncogenic drivers were excluded. TMB was

easured in mutations per Mb. 

NI score calculation 

The read depth was transformed into log2 ratios after correcting the

C content and length of the target region and then converted into

-scores based on Gaussian transformations versus a normal baseline

 n = 494). The CNI score was summed by the Z-score of the target re-

ions (whose Z-score is greater than the 95th percentile) plus two times

he absolute standard deviation of the normal baseline. 

ATH score calculation 

The MATH score was calculated by including all somatic variants

ith a variant allele frequency (VAF) between 0.05 and 1, with the for-

ula 100 ×median absolute deviation (MAD)/median of the VAF. 

alculation of neoantigen burden 

Somatic mutation immunogenicity was predicted according to pre-

ious reports [12] . All mutations with binding scores below 500 nM

re defined as neoantigens. The strong predicted binders were those

eptides that had a predicted binding affinity < 50 nM and a ratio of

ild-type sequences to mutated sequences > 1.5. Neoantigen burden was

ummed by the number of strong predicted binders. 

NA IO platform for gene expression analysis 

Total RNA was isolated from the FFPE tumour tissues of 50 patients

sing the RNeasy FFPE Kit (Qiagen, Hilden, Germany) according to the

anufacturer’s instructions. Finally, 43 samples met the requirements

f quality control (QC). Ten ng of RNA was reverse transcribed into

DNA using the SuperScript VILO cDNA Synthesis Kit (Life Technolo-

ies, Carlsbad, CA), and targets were amplified with the primer pool

argeting 395 IO-related genes, including 10 housekeeping (HK) genes.

equencing was performed with the Ion Chef Instrument and the Ion

eneStudio S5 Prime System using the Ion Torrent TM Ion 540 TM Kit

Life Technologies, Carlsbad, CA). RNA-seq absolute reads were gener-

ted with Torrent Suite’s plugin immuneResponseRNA version 5.8.0.1

Thermo Fisher Scientific). The absolute digital gene expression counts

f all samples in the same run were automatically generated in the in-

ouse bioinformatics pipeline. Only sequencing data meeting the QC cri-

eria for mapped reads, on-target reads and mean reads were included

n the study. 
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ifferentially expressed genes (DEGs) and gene signature analysis 

The R package “limma ” (version 3.29.0) was used for the analysis

f DEGs between patients with relapsed and non-relapsed LUAD. Genes

ith a fold change greater than 2 and an adjusted P < 0.05 were reported.

he functional and pathway enrichment analysis of DEGs was conducted

y Metascape. 

The gene signature scores were calculated based on the average

xpression of all the component genes in each signature. CTAG1B,

AGE2C, MAGEA3, MAGEA12, CTAG2 and MAGEC2 were selected as

he tumour-associated antigen gene signature and NKG7, KLRF1 and

CR3 were selected as the natural killer (NK) cell signalling-associated

ene signature. Three previously reported gene signatures, including

he cytolytic activity gene signature ( GZMA and PRF1 ) [13] , the T-

ffector and interferon- 𝛾 (Teff) gene signature ( CD8A, GZMA, GZMB,

FN 𝛾, EOMES, CXCL9, CXCL10 , and TBX21 ) [14] and the chemokine

ignature ( CXCL9, CXCL10 , CCL5 and CX3CL1 ) [15] were also selected

ere to examine the distinct immune response in relapsed tumours (Sup-

lementary Table S2). 

ctivated CD8 + T cell analysis 

Marker genes for activated CD8 + T cells were selected on the ba-

is of a previous report [16] (Supplementary Table S2). The enrichment

core of activated CD8 + T cells was calculated with the RNA IO sequenc-

ng data using the single sample gene set enrichment analysis (ssGSEA)

ethod as previously described [17] . 

tatistical analysis 

Statistical analyses were conducted using GraphPad Prism (version

.01) and SPSS version 22.0 (SPSS, Inc., Chicago, IL, USA). The frequen-

ies of mutations identified by WES were compared between tumours

rom patients with relapse and those without relapse by Fisher’s exact

est. The TMB, CNI and MATH were analysed by the Mann–Whitney U

est. The survival curves for DFS from the Kaplan–Meier analysis were

ompared using the log-rank test. The cut-off value was obtained by

-tile 3.6.1 software (Yale University, New Haven, CT, USA) [18] . All

eported P values are two-tailed, and for all analyses, P < 0.05 was con-

idered statistically significant unless otherwise specified. 

esults 

enomic differences between LUAD patients with and without relapsed 

umours at baseline 

WES was successfully performed on 33 stage IA LUAD tumour sam-

les and paired normal lung tissues. The number of relapsed and non-

elapsed patients was 17 and 16, respectively. Somatic mutation anal-

sis of these 33 tumour/normal pairs showed that TP53 (48%), EGFR

18%), and KRAS (9%) were among the top mutated genes ( Fig. 1 A),

hich was consistent with the findings of previous studies [ 19 , 20 ].

P53 and EGFR alterations showed no significant differences between

on-relapse patients and relapse patients ( TP53 , 56% vs. 41%, p = 0.494;

GFR , 25% vs. 12%, p = 0.398), while KRAS mutations only occurred in

he relapsed tumours (0% vs. 18%, p = 0.227) (Supplementary Fig. S1).

he co-mutation of TP53 and KRAS was not seen in this cohort, and

nly one patient in each group was observed to harbour a co-mutation

f TP53 and EGFR ( Fig. 1 A). Mutations in KRAS were mutually exclusive

ith those in EGFR , in line with the findings of previous investigations

20] ( Fig. 1 A). The TMB, as assessed by nonsynonymous somatic mu-

ations per Mb, was similar between patients with relapse and those

ithout relapse ( p = 0.378, Fig. 1 B). The CNI and MATH were further

nalysed to explore whether there was any difference between relapsed

nd non-relapsed tumours. No statistically significant difference was ob-

erved between these two data sets in terms of the CNI and the MATH
alue ( p = 0.760, p = 0.280, Fig. 1 C and D). These results suggest that so-

atically acquired DNA alterations, including gene somatic mutations,

MB, CNI and MATH, were not associated with stage IA LUAD patient

elapse. 

ssociation of relapse with pre-existing tumour immunity 

Since genomic alterations, which represent the intrinsic factors criti-

al for tumour progression, could not fully account for the relapse of

arly-stage LUAD, we further investigated the antitumour immunity

ariation in the TME underpinning relapsed and non-relapsed tumours.

umours from 22 patients with relapse and 21 without relapse were suc-

essfully evaluated using the RNA IO profiling assay. In total, 22 DEGs

ere identified between the two groups, and all these 22 genes exhibited

ignificantly higher expression in the non-relapse group than in the re-

apse group ( Fig. 2 A). Pathway enrichment analysis conducted by Metas-

ape ( http://metascape.org/ ) [21] indicated that 22 upregulated genes

n non-relapsed tumours were related to immune response processes,

ncluding chemokine receptors that bind chemokines, cell killing and

ymphocyte activation ( Fig. 2 B). Based on our enrichment results and

revious reports [15-17] , five immune-related gene signatures were fur-

her analysed between the tumours with relapse or non-relapse, namely,

he tumour-associated antigen, chemokine, NK cell signalling, cytolytic

ctivity and Teff gene signatures. The results showed that patients with

elapsed tumours had significantly lower expression levels among all

ve gene signatures than those with non-relapsed tumours ( Fig. 2 C).

onsistent with the observation that the immune-related gene signa-

ures are associated with relapse, ssGSEA revealed that a lower fraction

f activated CD8 + T cells was seen in relapsed tumours than in non-

elapsed tumours ( Fig. 2 D). The expression differences of genes in each

ene signature are shown in Fig. S2. 

ositive correlation of pre-existing tumour immunity with patients’ DFS 

Since early relapses usually lead to poor survival, we further demon-

trated the prognostic value of these DEGs and gene signatures in LUAD

atients using Kaplan–Meier analysis on the 43 patients (relapse, N = 22;

on-relapse, N = 21). X-tile 3.6.1 software (Yale University, New Haven,

T, USA) was applied to determine the best gene expression cut-off

alue to divide the patients into two groups. The Kaplan–Meier analy-

is showed that CXCL9, CXCL10, CXCL11 and KLRF1 were significantly

ssociated with patients’ DFS, and the group with a higher expression

f these genes had a longer DFS than the group with lower expression

n early LUAD patients ( Fig. 3 A–D). The same trend was seen in the

hree gene signatures (the chemokine, T-effector and tumour-associated

ntigen signatures) as well as in the immune cell subpopulation of acti-

ated CD8 + T cells ( Fig. 3 E–H). The cytolytic activity showed a similar

rend but failed to reach statistical significance ( p = 0.098) (Supplemen-

ary Fig. S3). Altogether, these results indicate that the poor prognosis

f relapsed patients is probably due to the immunosuppressive microen-

ironment. 

ssociation of driver gene mutations with tumour immunity 

Previous studies have indicated that TP53, KRAS and EGFR muta-

ions may influence the immune microenvironment of lung tumours.

herefore, we investigated whether the host immune response differed

n the wild-type group and their mutant group. Tumours from 16 pa-

ients with relapse and 15 patients without relapse who had both WES

equencing data and RNA expression data were enroled in the analyses

 Fig. 4 ). 

The tumour immunity levels, including TMB, neoantigen burden,

D-L1 mRNA expression, activated CD8 + T cells and tumour-associated

ntigen, are shown on a radar map. In line with the above results, acti-

ated CD8 + T cells and tumour-associated antigen showed significantly

ower levels in relapsed tumours than in non-relapsed tumours, while

http://metascape.org/
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Fig. 1. Characterisation of the genomic profile in lung adenocarcinoma. (A) 43 significantly mutated genes in ADC and the genes are ranked by their mutation 

frequencies. Tumour samples were classified into two groups: blue for non-relapse and red for relapse. Smoking status and gender are annotated in the bottom panel. 

(B)-(D) Comparison of TMB (B), CNI (C), and MATH (D) between the relapse and non-relapse subgroups (Mann–Whitney U test). (For interpretation of the references 

to colour in this figure legend, the reader is referred to the web version of this article.) 
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MB, neoantigen burden and PD-L1 expression were similar between

he two groups ( Fig. 5 A). In the TP53 -mutated tumours, there was a

rend of higher TMB, neoantigen burden and tumour-associated antigen

nd lower PD-L1 expression, though these differences were not statis-

ically significant ( Fig. 5 B). In contrast, EGFR -mutated tumours were

haracterised by a significantly lower TMB than wild-type counterparts,

nd neoantigen burden and tumour-associated antigen showed similar
rends but failed to reach statistical significance ( Fig. 5 C). Elevated TMB

as also observed in KRAS -mutated tumours, but the difference was not

ignificant ( Fig. 5 D). Because the KRAS mutation was identified in only

he relapsed tumours, we further explored the different impacts of TP53

nd EGFR mutations on the tumour immunity of the relapse and non-

elapse tumours. We found that in both relapsed and non-relapsed tu-

ours, TP53 -mutated tumours showed a similar trend of higher tumour
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Fig. 2. Immune oncology RNA profiling of lung adenocarcinoma. (A) Heatmap of differentially expressed genes (DEGs) between relapse and non-relapse subgroups. 

(B) Histogram of the enrichment pathways of the DEGs. Comparison of immune gene signatures (C) and activated CD8 + T cells (D) between the relapse and 

non-relapse subgroups (Mann–Whitney U test). ES score, ssGSEA enrichment score; “∗ ”, P < 0.05, “∗ ∗ ”, P < 0.01. 
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mmunity and lower PD-L1 expression, while EGFR -mutated tumours

howed the opposite trend ( Fig. 5 E). Accordingly, TP53 -mutated tu-

ours were associated with an intense immune phenotype, while EGFR -

utated tumours conferred a weakened immune response in both re-

apsed and non-relapsed patients. 

iscussion 

Our study was designed to identify the distinct molecular bases with

espect to the relapses of early-stage lung cancer patients. The results

howed that pre-existing tumour immunity features was the significant

eterminant of relapse. This finding was consistent with the growing

esearch showing that the host immune response plays a more important

ole in tumour initiation and progression in lung carcinoma and that

utationally corrupted cancer cells cannot drive tumour development

ithout the contribution of their supporting stroma in the TME [7] . 

One of the most important tumour immunity features of the relapsed

umours in this cohort was the significantly decreased expression level of
hemokines and impaired cytolytic activity. Chemokines play a crucial

ole in the trafficking of T cells to tumours and determine the density

f intratumoural immune cells [ 15 , 22 ]. According to another study,

hemotaxis was enriched among genes in the immune signature of 25

ene pairs consisting of 40 unique genes that can significantly strat-

fy patients into high- vs. low-risk groups with stage I, IA, IB, or II NSCLC

8] . In addition, numerous studies have reported that higher expression

evels of these chemokine genes or gene signatures were associated with

rolonged DFS in patients with various cancers, including lung cancer,

olonrectal cancer, breast cancer, melanoma and so on [23-26] . In ac-

ordance with these data, a higher expression of the chemokine genes

nd gene signature was associated with a longer DFS time in this study.

According to a recent study, CTL function seems to be more impor-

ant than CTL density in the immune response [27] , so we further exam-

ned the immune cell cytolytic activity represented by two critical genes,

ZMA and PRF1, as previously described [13] . The results showed that

on-relapsed tumours showed significantly higher cytolytic activity than

elapsed tumours ( Fig. 2 C). Overall, CTL density and CTL function were

oth elevated in non-relapsed tumours compared to relapsed tumours.
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Fig. 3. Kaplan–Meier curves of disease-free survival (DFS) in patients with stage IA LUAD. Patients were stratified by the expression levels (High vs. Low) of the 

DEGs, including CXCL10 (A), CXCL9 (B), CXCL11 (C), and KLRF1 (D); gene signatures, including the chemokine signalling (E), tumour-associated antigen (F) and 

T-effector (G) signatures; and the immune cell subpopulation of activated CD8 + T cells (H). Hazard ratios (HRs) are for high vs. low expression levels. P values 

were calculated with the log-rank test. In (F), patients with at least one tumour associated antigen gene positive in the tumour-associated antigen signature were 

classified as the “High ” group, otherwise as the “Low ” group. 
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Fig. 4. Landscape of gene alterations and im- 

mune profiles in patients with or without re- 

lapse ( N = 31). 
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n addition, a higher expression of the NK cell-mediated cytotoxicity sig-

ature observed in this study was also expected to protect the patients

rom suffering relapse. In summary, an activated immune response of

oth innate and adaptive immunity in the TME may together contribute

o non-relapses. 

Another tumour immunity feature of relapsed tumours was the sig-

ificantly lower expression level of the cancer-testis antigen (CTA)

enes. According to previous reports, many CTA genes showed sig-

ificant immunogenicity in various human cancers, including NSCLC

 28 , 29 ]. CTAG1B was one of the differentially expressed CTA genes

hat we identified in this study ( Figs. 2 A and S2). Cancer/testis anti-

en 1 (CTAG1B), better known as NY-ESO-1, is a protein en-

oded by the CTAG1B gene, and NY-ESO-1 was reported to be the most

mmunogenic CT antigen in terms of eliciting humoural and cellular

mmune responses in cancer patients [30] . Though most investigations

uggested a poor outcome in lung cancer patients with CTA expression,

ncluding patients with stage I LUAD [31] , the prognostic impact of CTA

xpression in NSCLC remains controversial [32] . Our results suggesting

 better prognosis in patients with CTA expression need to be verified in

 larger cohort. Nonetheless, for the first time, the CT antigen gene signa-

ure consisting of six CTA genes was identified to be associated with the

ecurrence of patients with stage IA LUAD in this study, and the patients

ith higher expression level of the CT antigen gene signature achieved

rolonged DFS time. Since the CT antigens are immunogenic and highly

estricted to tumours [28] , these CTA genes are attractive targets for

accine immunotherapy, and several clinical trials with MAGE-A and

Y-ESO-1 are ongoing in NSCLC (NCT03132922, NCT03709706, and

CT03029273). 

Though this study showed no association of gene alterations such as

RAS, EGFR and TP53, as well as TMB, CNI and MATH, with DFS in

atients with stage IA LUAD, we found that oncogenic driver mutations

n KRAS, TP53 and EGFR do have a major impact on the immune mi-

roenvironment in LUAD, which was in line with previous reports [ 33 ,

4 ]. Considering the limited sample size in our study, the influence of

ene mutation must be interpreted cautiously. We comprehensively ex-

mined TMB, neoantigen burden and tumour-associated antigen, which

epresent the immunogenicity of tumours, and activated CD8 + T cells

hat can recognise a specific antigen and kill cancer cells, and PD-L1

xpression, which is a negative regulator and can prevent the immune

ystem from killing cancer cells [35] to characterise antitumour immu-

ity. To the best of our knowledge, no investigations have examined

hese antitumour immunity factors at the same time in stage IA LUAD. 

In conclusion, the distinct tumour immune profile of relapsed tu-

ours from patients with stage IA LUAD was characterised, which helps

lucidate the mechanisms of the relapses, thus offering potential ther-

peutic strategies suitable for these patients. Certainly, these findings

ust be validated prospectively. 
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Fig. 5. Differential impact of TP53, EGFR, 

and KRAS mutations on the tumour immune 

profiles. Radar plots show the immune pro- 

file of TMB, neoantigen burden, PD-L1 ex- 

pression, activated CD8 + T cells and tumour- 

associated antigen between patients with re- 

lapse or without relapse (A), in TP53-mutated 

tumours (B), EGFR-mutated tumours (C), and 

KRAS-mutated tumours (D) compared to their 

wild-type counterparts, and in relapsed tu- 

mours and non-relapsed tumours respectively 

(E). 
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