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Abstract
Background: To explore the genetic and immunophenotyping heterogeneities
between patients with intrapulmonary metastasis (IPM) or multiple primary lung can-
cer (MPLC).
Methods: Whole exome sequencing (WES) and transcriptome sequencing (RNA-seq)
were performed on the tissue and blood samples of IPM and MPLC patients to com-
prehensively analyze the clonal evolution, molecular typing and immunophenotyping.
Results: There was no significant difference in genetic mutation, tumor mutational
burden (TMB) value and mutant allele tumor heterogeneity (MATH) value between
IPM and MPLC patients. Notably, the loss of heterozygosity (LOH) of human leuko-
cyte antigen (HLA) appeared in all IPM patients, while there was also no significant
difference between the two groups. In addition, expression of immune checkpoint-
related genes including CTLA-4, BTLA, TIGIT and HAVCR2 in the MPLC group was
significantly higher than those in IPM group. At the same time, 86 differentially
expressed genes (DEGs) were observed between IPM and MPLC patients with trans-
criptome sequencing, of which 56 DEGs were upregulated and 30 were downregulated
in the IPM group compared with the MPLC group. The cluster analysis revealed that
the 86 DEGs could be distinguished in IPM and MPLC samples. Moreover, only the
infiltration levels of CD56dim natural killer cells in the IPM group was significantly
higher than that in the MPLC group, and the infiltration levels of the remaining
27 immune cell subsets were similar in both groups.
Conclusions: IPM and MPLC are roughly similar in genetic and immune characteris-
tics indicating that genomics alone may not be able to effectively distinguish between
IPM and MPLC, which still needs to be comprehensively evaluated with clinical mani-
festations, imaging, and pathological characteristics.
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INTRODUCTION

Lung cancer is the leading cause of human death worldwide,
and about 1.76 million people die of lung cancer every year.1

Lung adenocarcinoma (LUAD) is one of the main types of
lung cancer, accounting for approximately 50% of all lung
cancer cases,2 and its five-year survival rate is about 50% in
the early stages, but only about 20% in the late stages.3 Dur-
ing the treatment of primary lung cancer, the patient may
develop another lung cancer, which is considered as multi-
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metastasis (IPM). MPLC refers to the simultaneous or con-
secutive occurrence of two or more primary lung cancers in
the lung of same patient. When multiple tumors are histo-
logically similar, it is difficult to distinguish MPLC from
IPM. If secondary lung cancer or IPM occurs in a place
which previously received radiotherapy, it will be more diffi-
cult to distinguish MPLC and IPM due to morphological
changes caused by radiotherapy. All of the above has
brought new challenges to the current clinical management
of MPLC. Notably, the treatment strategies and prognosis of
IPM and MPLC are different.4 MPLC is mainly performed
with surgical resection, while IPM is recommended for sys-
temic chemotherapy instead of surgery.5 Thus, dis-
tinguishing IPM and MPLC has clinical significance in
improving the accuracy of prognosis assessment as well as
therapeutic intervention.

At present, the diagnosis of MPLC is mostly according to
the eighth edition American Joint Committee on Cancer
(AJCC) staging manual, which is based on the clinical, histo-
pathological and molecular diagnoses of lung tumors. How-
ever, there are still many secondary lung cancers misdiagnosed.
In recent years, next-generation sequencing (NGS) has been
widely used in the medical field and tumor research, enabling
deeper and more comprehensive research on diseases from
genome to transcriptome to be conducted. Murphy et al.6 used
NGS to conduct a diagnostic lineage test based on genomic
rearrangements from mate-pair sequencing and found that
MPLC had no common genome rearrangements, but IPM did,
so that they could distinguish MPLC from IPM. Chen et al.7

suggested that the combination of histological characteristics
and genetic alterations might be an effective method for the
diagnosis of MPLC and IPM, and MPLC exhibited unique
molecular characteristics which might help distinguish between
patients with MPLC or IPM. Therefore, NGS might help dis-
tinguish between IPM and MPLC by analyzing a large amount
of biological information.8,9

In this study, we comprehensively analyzed the genetic
and immune characteristics of MPLC and IPM using NGS
to explore the differences in molecular and immunotyping
heterogeneity, aiming to explore whether NGS can be used
to effectively distinguish MPLC from IPM, and thereby
accurately guiding management of the disease and improv-
ing patient prognosis.

METHODS

Patient data

The study was approved by the Ethics Committee of the
Affiliated Hospital of Qingdao University, and all patients
signed written informed consents.

A total of 11 multifocal LUAD patients in the Affiliated
Hospital of Qingdao University were enrolled in this study.
The inclusion criteria were as follows:1 pathologically diag-
nosed as LUAD2; each patient had two or more resectable

lesions;3 the patients had not previously received chemo-
therapy, radiotherapy or other treatments prior to surgery.
Exclusion criteria were as follows:1 patients with pathological
diagnosis other than adenocarcinoma;2 cases had previous
history of other cancers or cancer-related treatments.
Blood samples and tumor tissues were collected from each
patient and whole exome sequencing (WES) and RNA
sequencing was performed. Tumor tissue samples col-
lected from surgical specimens were fixed in formalin and
embedded in paraffin.

DNA extraction and whole exome
sequencing (WES)

Genomic DNA from blood samples or formalin-fixed and
paraffin-embedded (FFPE) tissues was extracted using Blood
Genomic DNA Extraction Kit (Tiangen Biochemical Tech-
nology [Beijing] Co., Ltd.) or BLACK PREP FFPE DNA kit
(Analytik Jena AG), respectively, according to the manufac-
turer’s protocol, and stored at �20�C. The fragmentation of
genomic DNA was performed with Covaris M220 focused
ultrasonicator (Covaris Inc.). Then, DNA library was con-
structed by KAPA Hyper Prep Kit (Illumina platforms)
(KAPA Biosystems) and captured using NimbleGen SeqCap
EZ Exome Library (Roche), followed by sequencing using
Illumina NovaSeq 6000 platform (Illumina).

WES data processing and analysis

Sequencing reads were aligned to the human reference
genome (Hg19, NCBI Build 37.5) using the Burrows-
Wheeler Aligner (version 0.7.17) after removing low qual-
ity reads.10 Duplicate reads were marked by Picard toolkit
(version 2.1.0)11 and realigned using the Genome Analysis
ToolKit (version 3.7).12 Single nucleotide variants (SNV)
and short indels in tumor tissue samples were identified by
Mutect2 and variants were annotated using ANNOVAR.13

The identified tumor-related mutated genes were then clas-
sified into 10 signaling pathways and subjected to Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analyses.

Tumor mutational burden (TMB) analysis

Nonsynonymous mutations (SNV and Indel) in the coding
region for a given gene were selected for the assessment of
tumor mutational burden (TMB) in SCLC. While driver
gene mutations and hotspot mutations included in the
ExAC/COSMIC database were filtered out, nonsynonymous,
frameshift, and stopgain mutation sites1 within the exonic
regions2; depth ≥ 40X3; reads ≥ 5; and4 frequency ≥ 5 were
chose as TMB candidate sites, and TMB was calculated
according to the following formula.14
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TMB¼ absolute somatic mutation count�1000000
the number of exonic bases coverage depth≥ 100�

Mutant allele tumor heterogeneity (MATH)
analysis

The tumor/normal ratio was determined for each tumor
sample and the percentage of tumor cells in each tumor tis-
sue sample was found not to differ significantly. Mutation of
tumor samples were corrected using the matched BC sam-
ples and tumor/normal ratio from each patient. SNV muta-
tions were selected according to the following criteria1:
freq ≥ 52; depth ≥ 50X3; mutations within the exonic regions
were preserved and synonymous mutations were filtered
out4; mutation sites with the frequencies of more than 10%
in BC samples were filtered out5; mutation sites with a fre-
quency of 10 times higher than that of less than 10% for the
sites in the BC sample were kept. The MATH value of each
tumor was calculated from the median absolute deviation
(MAD) and the median of its mutant-allele fractions at
tumor-specific mutated loci: MATH = 100*MAD/median.15

Transcriptome sequencing (RNA-seq)

Total RNA was extracted from the FFPE tumor tissues using
RNeasy FFPE Kit (Qiagen Inc) and stored at �80�C. The
cDNA library was created using the SMARTer Stranded
Total RNA-Seq Kit v2 (Takara Bio Inc) according to the
manufacturer’s instructions. After PCR enrichment and
purification of adapter-ligated fragments, RNA sequencing
was performed using Illumina NovaSeq 6000 platform.

RNA-seq data processing and analysis

Clean data were aligned to the reference genome which is
available from the ENSEMBL website (http://www.ensembl.
org/index.html) using HISAT2 (http://ccb.jhu.edu/software/
hisat2/index.shtml). The expression level of each gene was
then determined by HTSeq (http://www.huber.embl.de/
users/anders/HTSeq/doc/overview.html). The quantification
of gene expression was performed based on fragments per
kilobase of exon model per million mapped reads (FPKM).
The differentially expressed genes (DEGs) were identified
using DESseq package based on jlog2 (Fold Change) j ≥2
and p-value<0.05. Then, DEGs were compared with gene
ontology (GO) and the KEGG databases, and the enrich-
ment analysis of the DEGs was conducted using Metascape
(http://metascape.org/). In addition, the infiltration of
28 tumor-infiltrating lymphocytes (TILs) in each sample
was analyzed by ssGSEA method as previously described.16

Statistical analysis

The data was analyzed using R 3.6.3 software, and the differ-
ences between different groups were analyzed using
Wilcoxon Rank-Sum test or Fisher’s exact test. p < 0.05 was
considered statistically significant.

RESULTS

WES data analysis of tissue samples

According to the phylogenetic tree analysis, there were four
IPM and seven MPLC patients among the 11 LUAD patients
(Figure S1). The clinical characteristics of all patients are shown
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F I G U R E 1 The loss of heterozygosity of human leukocyte antigen (HLA) in intrapulmonary metastasis (IPM) and multiple primary lung cancer
(MPLC) patients shown by phylogenetic tree analysis
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in Table S1. The SNV analysis showed that EGFR mutation
was the most frequent (38%) in LUAD patients, and that
mutated genes were mainly involved in signaling pathways
including p53_, PI3K_ and PTK_RAS_pathways (Figure S2).
However, there was no significant difference in mutated genes
and their involved pathways between IPM and MPLC patients
(p > 0.05) (Figure S3). Moreover, the values of TMB and
MATH were not significantly different between IPM and
MPLC patients (p > 0.05) (Figure S4).

The germline HLA-I molecular alleles of patients were clas-
sified using HLA-HD, while there was no difference between
IPM and MPLC groups (Figure S5). In addition, the loss of

heterozygosity (LOH) of HLA in tumor specimens was further
analyzed, and a higher frequency of HLA-LOH in the IPM
group compared with the MPLC group was observed (100%
vs. 42.9%, p > 0.05) (Figure FIGURE 1).

Identification and enrichment analysis of
differentially expressed genes

A total of 86 DEGs were identified by comparing the gene
expression of IPM and MPLC tumor samples using DEGseq
software (adjust p < 0.05), and the cluster analysis showed

F I G U R E 2 Identification and enrichment analysis of differentially expressed genes. (a) Volcano plot of differentially expressed genes (DEGs) in
intrapulmonary metastasis (IPM) and multiple primary lung cancer (MPLC) patients. (b) Cluster heatmap of the DEGs in IPM and MPLC patients. (c) Gene
ontology (GO) enrichment analysis was performed with DEGs. (d) The Kyoto encyclopedia of genes and genomes (KEGG) enrichment analysis was
performed with DEGs. (e) The expression levels of immune checkpoint-related genes in IPM and MPLC patients
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that these DEGs distinguished IPM and MPLC samples well
(Figure FIGURE 2a,b). The GO and KEGG enrichment
analysis revealed that these DEGs were mainly enriched in
the metabolic process or the signaling pathway of cytokine-
cytokine receptor interaction, respectively (Figure FIGURE
2c,d and Figure S6). In addition, the expression levels of
immune checkpoint-related genes in two groups was ana-
lyzed, which found that the expression of CTLA-4, BTLA,
TIGIT and HAVCR2 in the MPLC group was significantly
higher than those in the IPM group (p < 0.05)
(Figure FIGURE 2e).

Analysis of tumor-infiltrating lymphocytes

At the same time, the signature scores of nine immune fea-
tures of tumor samples, gene-expression profiling (GEP)
and TILs scores were calculated, but no significant differ-
ences were found in the IPM and MPLC groups (p > 0.05)
(Figure 3a,b). The infiltration of 28 immune cell subgroups
in the tumor microenvironment were also detected by the

ssGSEA method. As shown in Figure 3c, the infiltration level
of CD56dim natural killer cells in the IPM group was signif-
icantly higher than that in the MPLC group (p < 0.05), while
there was no significant difference in other cell subsets
between both groups. Subsequently, the immune status of
tumor samples was divided into high degree of immune cell
infiltration (TILs-high, n = 14) and low degree of immune
cell infiltration (TILs-low, n = 10) according to the cluster-
ing results of the ssGSEA scores of 28 immune cell sub-
groups of all samples (Figure S7). Further, according to the
immune status of the tumor samples, the patients were
divided into the homogeneous group (patients with one
immune status) and the heterogeneous group (patients with
two immune status). Among 11 LUAD patients, three
patients were homogeneous (IPM, n = 1; MPLC, n = 2),
and eight were heterogeneous (IPM, n = 3; MPLC, n = 5).
Analysis of immune activity found that compared with the
heterogeneous group, the homogeneous group had a higher
CD8 and Th1 cell infiltration levels, higher CYT and GEP
scores as well as higher MHC-II molecular expression level
(Figure S8).

c

a b

F I G U R E 3 Analysis of tumor-infiltrating lymphocytes between intrapulmonary metastasis (IPM) and multiple primary lung cancer (MPLC) patients.
(a) Comparison of the signature scores of nine immune features between IPM and MPLC tumor samples. (b) Comparison of the tumor-infiltrating
lymphocytes (TILs) and gene-expression profiling (GEP) scores between the IPM and MPLC tumor samples. (c) Comparison of the expression of 28 immune
cell subsets between the IPM and MPLC groups. ns p > 0.05, *p < 0.05
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DISCUSSION

With the rapid development of imaging and various preopera-
tive diagnostic methods, the detection rate of multiple lung
tumors is getting higher, but the distinction between MPLC
and IPM is still a difficult problem. Currently, the progress of
lung cancer genomics has profoundly changed our understand-
ing of lung cancer at the molecular level. EGFR mutations are
common in primary lung tumor, but rarely in the metastases.17

In this study, higher EGFR mutation was also found in LUAD
patients, mainly involved in the signaling pathways including
p53_, PI3K_ and PTK_RAS_pathways, while there was no sig-
nificant difference between the IPM and MPLC groups. Nota-
bly, in this study, LOH of HLA appeared in all IPM patients.
HLA plays an important role in immune response, and is
mainly involved in the processing and presentation of antigens.
Studies have shown that when LOH occurs at HLA sites, it
may promote immune evasion and lead to immunotherapy
resistance, which may be the reason for the poor prognosis of
IPM.18,19

In addition, by analyzing the expression levels of
immune checkpoint-related genes in both groups, it was
found that the expression of CTLA-4, BTLA, TIGIT and
HAVCR2 in the MPLC group was significantly higher than
those in the IPM group. Abnormal expression and function
of immune checkpoint molecules is one of the important
causes of cancer. It has been reported that tumor cells can
activate immune checkpoints to prevent antigens from being
presented to T cells, thereby suppressing the immune func-
tion of T cells and leading to immune evasion.20 Therefore,
we speculated that MPLC patients might benefit more from
immunotherapy compared with IPM patients.

Studies have found that TILs infiltration plays an impor-
tant role in the tumor microenvironment,21–23 which helps
tumor cells escape immune surveillance in the late stage.24 The
density, type and proportion of TILs reflect the immune status
of the local tumor microenvironment. Thus, we examined the
infiltration of 28 immune cell subgroups in the tumor micro-
environment using ssGSEA method to explore the difference
of TILs between IPM and MPLC patients. The results showed
that the infiltration level of CD56dim natural killer cells in the
IPM group was significantly higher than that in the MPLC
group. Natural killer cells are an important part of the immune
system, which can inhibit tumor progression and blood-borne
metastasis.25 Bauernhofer et al.26 pointed out that the
CD56dim natural killer cells in cancer patients were targeted
for apoptosis, leading to low activity of natural killer cells. In
addition, MPLC and IPM patients were divided into homoge-
neous and heterogeneous groups based on the immune status
of the tumor samples, respectively, while there was still no sig-
nificant difference in both groups. However, immune activity
analysis revealed that the homogeneous group had higher CD8
and Th1 cell infiltration levels, higher CYT and GEP scores as
well as higher MHC-II molecule expression level compared
with the heterogeneous group.

In summary, there were relatively small differences in
genetic heterogeneity and immune heterogeneity in IPM

and MPLC patients, and it was difficult to effectively distin-
guish IPM and MPLC patients by NGS sequencing only.
Schneider et al.27 stated that comprehensive genomic and
morphological assessment was feasible to identify the MPLC.
Saab et al.28 also pointed out that 65% of MPLC patients could
be identified based on clinical manifestations, imaging data,
and morphology, but when there were more than three lung
tumors with similar growth patterns and lack of major growth
patterns, it was difficult to distinguish them based on the above
evidence alone. However, 94% of patients can be identified
when combining the patient’s morphological characteristics
and genomics. Thus, genomics are still an auxiliary tool to dis-
tinguish between MPLC and IPM.

In conclusion, IPM and MPLC are very similar in
genetic and immune characteristics, so although it is difficult
to distinguish between MPLC and IPM effectively based on
genetic and immune characteristics they still need to be
comprehensively evaluated with clinical manifestations,
imaging, and pathological characteristics.

ACKNOWLEDGMENTS
This work was supported by grants from the Special Foun-
dation of Wu Jieping Medical Foundation for Clinical Scien-
tific Research (grant no: 320.6750.2021-01-4).

CONFLICT OF INTEREST
The authors confirm that there are no conflicts of interest.

ORCID
Yongjie Wang https://orcid.org/0000-0001-9830-1693

REFERENCES
1. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A.

Global cancer statistics 2018: GLOBOCAN estimates of incidence and
mortality worldwide for 36 cancers in 185 countries. CA Cancer J
Clin. 2018;68:394–424. https://doi.org/10.3322/caac.21492

2. Kuhn E, Morbini P, Cancellieri A, Damiani S, Cavazza A, Comin CE.
Adenocarcinoma classification: patterns and prognosis. Pathologica.
2018;110:5–11.

3. Chen Y, Chen H, Mao B, Zhou Y, Shi X, Tang L, et al. Transcriptional
characterization of the tumor immune microenvironment and its
prognostic value for locally advanced lung adenocarcinoma in a Chi-
nese population. Cancer Manag Res. 2019;11:9165–73. https://doi.org/
10.2147/CMAR.S209571

4. Jiang L, He J, Shi X, Shen J, Liang W, Yang C. Prognosis of synchro-
nous and metachronous multiple primary lung cancers: systematic
review and meta-analysis. Lung Cancer. 2015;87:303–10. https://doi.
org/10.1016/j.lungcan.2014.12.013

5. Nagai K, Sohara Y, Tsuchiya R, Goya T, Miyaoka E, Japan Lung Can-
cer Registration Committee. Prognosis of resected non-small cell lung
cancer patients with intrapulmonary metastases. J Thorac Oncol.
2007;2:282–6. https://doi.org/10.1097/01.JTO.0000263709.15955.8a

6. Murphy SJ, Aubry MC, Harris FR, Halling GC, Johnson SH, Terra S,
et al. Identification of independent primary tumors and
intrapulmonary metastases using DNA rearrangements in non-small-
cell lung cancer. J Clin Oncol. 2014;32:4050–8. https://doi.org/10.
1200/JCO.2014.56.7644

7. Chen X, Lu J, Wu Y, Jiang X, Gu Y, Li Y, et al. Genetic features and
application value of next generation sequencing in the diagnosis of
synchronous multifocal lung adenocarcinoma. Oncol Lett. 2020;20:
2829–39. https://doi.org/10.3892/ol.2020.11843

YANG ET AL. 2549

https://orcid.org/0000-0001-9830-1693
https://orcid.org/0000-0001-9830-1693
https://doi.org/10.3322/caac.21492
https://doi.org/10.2147/CMAR.S209571
https://doi.org/10.2147/CMAR.S209571
https://doi.org/10.1016/j.lungcan.2014.12.013
https://doi.org/10.1016/j.lungcan.2014.12.013
https://doi.org/10.1097/01.JTO.0000263709.15955.8a
https://doi.org/10.1200/JCO.2014.56.7644
https://doi.org/10.1200/JCO.2014.56.7644
https://doi.org/10.3892/ol.2020.11843


8. Patel SB, Kadi W, Walts AE, Marchevsky AM, Pao A, Aguiluz A, et al.
Next-generation sequencing: a novel approach to distinguish
multifocal primary lung adenocarcinomas from intrapulmonary
metastases. J Mol Diagn. 2017;19:870–80. https://doi.org/10.1016/j.
jmoldx.2017.07.006

9. Li W, Qiu T, Ling Y, Gao S, Ying J. Subjecting appropriate lung ade-
nocarcinoma samples to next-generation sequencing-based molecular
testing: challenges and possible solutions. Mol Oncol. 2018;12:677–89.
https://doi.org/10.1002/1878-0261.12190

10. Li H. Aligning sequence reads, clone sequences and assembly contigs
with BWA-MEM. arXiv preprint arXiv:1303.3997 2013.

11. Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N,
et al. The sequence alignment/map format and SAMtools. Bio-
informatics. 2009;25:2078–9. https://doi.org/10.1093/bioinformatics/
btp352

12. DePristo MA, Banks E, Poplin R, Garimella KV, Maguire JR, Hartl C,
et al. A framework for variation discovery and genotyping using next-
generation DNA sequencing data. Nat Genet. 2011;43:491–8. https://
doi.org/10.1038/ng.806

13. Wang K, Li M, Hakonarson H. ANNOVAR: functional annotation of
genetic variants from high-throughput sequencing data. Nucleic Acids
Res. 2010;38:e164. https://doi.org/10.1093/nar/gkq603

14. Chalmers ZR, Connelly CF, Fabrizio D, Gay L, Ali SM, Ennis R, et al.
Analysis of 100,000 human cancer genomes reveals the landscape of
tumor mutational burden. Genome Med. 2017;9:34.

15. Mroz EA, Rocco JW. MATH, a novel measure of intratumor genetic
heterogeneity, is high in poor-outcome classes of head and neck squa-
mous cell carcinoma. Oral Oncol. 2013;49:211–5. https://doi.org/10.
1016/j.oraloncology.2012.09.007

16. Charoentong P, Finotello F, Angelova M, Mayer C, Efremova M,
Rieder D, et al. Pan-cancer immunogenomic analyses reveal genotype-
immunophenotype relationships and predictors of response to check-
point blockade. Cell Rep. 2017;18:248–62.

17. El-Telbany A, Ma PC. Cancer genes in lung cancer: racial disparities:
are there any? Genes Cancer. 2012;3:467–80. https://doi.org/10.1177/
1947601912465177

18. Cancer Genome Atlas Research Network. Comprehensive genomic
characterization of squamous cell lung cancers. Nature. 2012;489:519–
25. https://doi.org/10.1038/nature11404

19. McGranahan N, Rosenthal R, Hiley CT, Rowan AJ, Watkins TBK,
Wilson GA, et al. Allele-specific HLA loss and immune escape in lung
cancer evolution. Cell. 2017;171:1259–71 e11. https://doi.org/10.1016/
j.cell.2017.10.001

20. Pico de Coana Y, Choudhury A, Kiessling R. Checkpoint blockade
for cancer therapy: revitalizing a suppressed immune system.

Trends Mol Med. 2015;21:482–91. https://doi.org/10.1016/j.
molmed.2015.05.005

21. Wolchok JD, Chiarion-Sileni V, Gonzalez R, Rutkowski P, Grob J-J,
Cowey CL, et al. Overall survival with combined nivolumab and
ipilimumab in advanced melanoma. N Engl J Med. 2017;377:1345–56.

22. Reck M, Rodríguez-Abreu D, Robinson AG, Hui R, Cs}oszi T,
Fülöp A, et al. Pembrolizumab versus chemotherapy for PD-L1–
positive non–small-cell lung cancer. N Engl J Med. 2016;375:1823–33.
https://doi.org/10.1056/NEJMoa1606774

23. Brahmer J, Reckamp KL, Baas P, Crinò L, Eberhardt WE,
Poddubskaya E, et al. Nivolumab versus docetaxel in advanced
squamous-cell non–small-cell lung cancer. N Engl J Med. 2015;373:
123–35. https://doi.org/10.1056/NEJMoa1504627

24. Dunn GP, Old LJ, Schreiber RD. The three Es of cancer
immunoediting. Annu Rev Immunol. 2004;22:329–60.

25. Whiteside TL, Herberman RB. The role of natural killer cells in
immune surveillance of cancer. Curr Opin Immunol. 1995;7:704–10.
https://doi.org/10.1016/0952-7915(95)80080-8

26. Bauernhofer T, Kuss I, Henderson B, Baum AS, Whiteside TL. Prefer-
ential apoptosis of CD56dim natural killer cell subset in patients with
cancer. Eur J Immunol. 2003;33:119–24. https://doi.org/10.1002/
immu.200390014

27. Schneider F, Derrick V, Davison JM, Strollo D, Incharoen P, Dacic S.
Morphological and molecular approach to synchronous non-small cell
lung carcinomas: impact on staging. Mod Pathol. 2016;29:735–42.
https://doi.org/10.1038/modpathol.2016.66

28. Saab J, Zia H, Mathew S, Kluk M, Narula N, Fernandes H. Utility of
genomic analysis in differentiating synchronous and metachronous
lung adenocarcinomas from primary adenocarcinomas with
intrapulmonary metastasis. Transl Oncol. 2017;10:442–9. https://doi.
org/10.1016/j.tranon.2017.02.009

SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher’s website.

How to cite this article: Yang R, Li P, Wang D,
Wang L, Yin J, Yu B, et al. Genetic and immune
characteristics of multiple primary lung cancers and
lung metastases. Thorac Cancer. 2021;12:2544–50.
https://doi.org/10.1111/1759-7714.14134

2550 YANG ET AL.

https://doi.org/10.1016/j.jmoldx.2017.07.006
https://doi.org/10.1016/j.jmoldx.2017.07.006
https://doi.org/10.1002/1878-0261.12190
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1038/ng.806
https://doi.org/10.1038/ng.806
https://doi.org/10.1093/nar/gkq603
https://doi.org/10.1016/j.oraloncology.2012.09.007
https://doi.org/10.1016/j.oraloncology.2012.09.007
https://doi.org/10.1177/1947601912465177
https://doi.org/10.1177/1947601912465177
https://doi.org/10.1038/nature11404
https://doi.org/10.1016/j.cell.2017.10.001
https://doi.org/10.1016/j.cell.2017.10.001
https://doi.org/10.1016/j.molmed.2015.05.005
https://doi.org/10.1016/j.molmed.2015.05.005
https://doi.org/10.1056/NEJMoa1606774
https://doi.org/10.1056/NEJMoa1504627
https://doi.org/10.1016/0952-7915(95)80080-8
https://doi.org/10.1002/immu.200390014
https://doi.org/10.1002/immu.200390014
https://doi.org/10.1038/modpathol.2016.66
https://doi.org/10.1016/j.tranon.2017.02.009
https://doi.org/10.1016/j.tranon.2017.02.009
https://doi.org/10.1111/1759-7714.14134

	Genetic and immune characteristics of multiple primary lung cancers and lung metastases
	INTRODUCTION
	METHODS
	Patient data
	DNA extraction and whole exome sequencing (WES)
	WES data processing and analysis
	Tumor mutational burden (TMB) analysis
	Mutant allele tumor heterogeneity (MATH) analysis
	Transcriptome sequencing (RNA-seq)
	RNA-seq data processing and analysis
	Statistical analysis

	RESULTS
	WES data analysis of tissue samples
	Identification and enrichment analysis of differentially expressed genes
	Analysis of tumor-infiltrating lymphocytes

	DISCUSSION
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	REFERENCES


