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Abstract
The increase in the detection rate of synchronous multiple primary lung cancer (MPLC) has posed remarkable clinical 
challenges due to the limited understanding of its pathogenesis and molecular features. Here, comprehensive comparisons 
of genomic and immunologic features between MPLC and solitary lung cancer nodule (SN), as well as different lesions of 
the same patient, were performed. Compared with SN, MPLC displayed a lower rate of EGFR mutation but higher rates of 
BRAF, MAP2K1, and MTOR mutation, which function exactly in the upstream and downstream of the same signaling path-
way. Considerable heterogeneity in T cell receptor (TCR) repertoire exists among not only different patients but also among 
different lesions of the same patient. Invasive lesions of MPLC exhibited significantly higher TCR diversity and lower TCR 
expansion than those of SN. Intriguingly, different lesions of the same patient always shared a certain proportion of TCR 
clonotypes. Significant clonal expansion could be observed in shared TCR clonotypes, particularly in those existing in all 
lesions of the same patient. In conclusion, this study provided evidences of the distinctive mutational landscape, activation 
of oncogenic signaling pathways, and TCR repertoire in MPLC as compared with SN. The significant clonal expansion of 
shared TCR clonotypes demonstrated the existence of immune commonality among different lesions of the same patient and 
shed new light on the individually tailored precision therapy for MPLC.

Keywords Multiple primary lung cancer · Mutational landscape · T cell receptor · Immune commonality · Therapeutic 
perspective

Abbreviations
AAH  Atypical adenomatoid hyperplasia
AIS  Adenocarcinoma in situ
ANOVA  Analysis of variance
BRAF  B-Raf
EGFR  Epidermal growth factor receptor
ERBB2  Erb-b2 Receptor tyrosine kinase 2
IAC  Invasive adenocarcinoma
IQR  Interquartile range
KRAS  Kirsten rat sarcoma viral oncogene
MAPK  The mitogen-activated protein kinase
MAP2K1  Mitogen-activated protein kinase kinase 1

mGGN  Mixed ground-glass nodules
MIA  Minimally invasive adenocarcinoma
MOI  Morisita overlap index
MPLC  Multiple primary lung cancer
MTOR  Mechanistic target of rapamycin kinase
NGS  Next-generation sequencing
PD-L1  Programmed cell death-ligand 1
pGGN  Pure ground-glass nodules
PI3K  Phosphoinositide-3-kinase
RMB10  RNA binding motif protein 10
RTK  Receptor tyrosine kinase
SN  Solitary lung cancer nodule
TCR   T cell receptor
TMB  Tumor mutation burden
TP53  Tumor protein p53Yadong Wang, Zhicheng Huang, and Bowen Li have contributed 

equally to this work.

Extended author information available on the last page of the article

http://crossmark.crossref.org/dialog/?doi=10.1007/s00262-024-03703-8&domain=pdf


 Cancer Immunology, Immunotherapy (2024) 73:111111 Page 2 of 14

Introduction

Lung cancer remains the leading cause of cancer-associ-
ated deaths worldwide [1]. With the widespread applica-
tion of computed tomography in lung cancer screening, 
the detection rate of synchronous multiple primary lung 
cancer (MPLC) is continually increasing in clinical prac-
tice [2]. The underlying mechanisms associated with the 
initiation and development of MPLC remain unknown. 
Compared to solitary lung cancer nodule (SN), MPLC 
has posed critical challenges to clinicians in the fields of 
diagnosis and treatment [3].

The introduction of next-generation sequencing (NGS) 
has greatly broadened our understanding of MPLC, par-
ticularly in the differential diagnosis between MPLC 
and intrapulmonary metastasis [4]. Genomic analyses 
revealed substantial heterogeneity in the mutational land-
scape between different lesions of the same patient with 
MPLC, while metastatic lesions always harbored the same 
driver mutations compared to the primary tumor [5]. Many 
investigators consider that the occurrence of MPLC is a 
consequence of multiple independent and parallel evolu-
tionary events [6]. However, given the shared germline 
mutations and environmental exposure, there might be 
an unexplored link among different lesions of the same 
patient with MPLC.

The latest research reveals that air pollution promotes 
lung cancer by acting on healthy lung cells with pre-exist-
ing oncogenic mutations, indicating genomic alterations 
and environmental exposure act synergistically in promot-
ing tumorigenesis [7]. In addition, the proliferation and 
metastasis of tumor are shaped by the interaction between 
tumor cells and host immune surveillance. T cells can rec-
ognize tumor-associated antigens via the T cell receptor 
(TCR) and in turn play an important role in antitumor 
immunity [8]. Several studies have revealed that TCR 
sequencing could provide valuable information about the 
diagnosis, prognosis, and prediction of treatment response 
in lung cancer [9, 10]. Therefore, systematically assess-
ing genomic alterations and TCR repertoire of MPLC and 
comparing them with those of SN will further deepen our 
understanding of MPLC.

In the current study, targeted NGS using a 1,021-gene 
panel was performed to assess the mutational landscape 
and tumor mutation burden (TMB). In parallel, the activa-
tion status of antitumor immune response was evaluated 
using programmed cell death-ligand 1 (PD-L1) expression 
and TCR repertoire. Comprehensive comparisons across 
genomic and immune features between MPLC and SN 
were performed. Furthermore, the relationship between 
different lesions of the same patient with MPLC was 
explored.

We aim for this work to broaden our knowledge of MPLC, 
particularly focusing on its immunological features, and 
attract more researchers to actively delve into the research 
of this increasingly prevalent type of lung cancer.

Materials and methods

Patient cohorts

A total of 151 patients with lung cancer who underwent 
surgery from February 2017 to October 2020 were enrolled 
in this retrospective study. Of these, 27 patients with a total 
of 69 lesions were diagnosed as synchronous MPLC based 
on the American College of Chest Physicians (ACCP) guide-
lines [11] and following thorough deliberation by a multi-
disciplinary team consisting of thoracic surgeons (YW, ZH, 
BL, SL, NL), respiratory oncologists (XS, LZ), a radiologist 
(LS), a pathologist (JL), and molecular biologists (YX, RC). 
When the imaging or pathology diagnosis was inconclusive, 
MPLC was defined if the following criteria were met: (1) 
no more than two mutations were shared between differ-
ent lesions [12]; (2) no recurrence or death was observed 
at the 36-month follow-up examination. The remaining 124 
patients were diagnosed with SN. Tumor staging was evalu-
ated based on the 8th edition of the American Joint Commit-
tee on Cancer TNM staging system for lung cancer. Patients 
with a documented history of autoimmune disorders, prior 
receipt of antitumor therapy before surgery, or postopera-
tive suspicion of intrapulmonary metastasis were excluded. 
This study was conducted in accordance with the Declara-
tion of Helsinki. Ethical approval was obtained from the 
ethical committee of Peking Union Medical College Hos-
pital (S-K1670), and all patients provided written informed 
consent at the time of enrollment.

DNA extraction, targeted capture 
and next‑generation sequencing

Specimen collection, processing, and mutational analysis 
were conducted as previously described [13]. Briefly, the 
DNA from formalin-fixed, paraffin-embedded specimens 
was isolated using Maxwell®16 FFPE Plus LEV DNA 
Purification kit (Qiagen). The libraries were sequenced on 
a NextSeq CN 500 system (Illumina, San Diego, CA) after 
hybridization to custom-designed biotinylated oligonucle-
otide probes (Roche NimbleGen, Madison, WI) targeting 
1,021 tumor-related genes [14].

After the removal of terminal adaptor sequences and 
low-quality reads with FASTP, the remaining reads were 
mapped to the reference human genome (hg19) and aligned 
using the Burrows-Wheel Aligner (0.7.12-r1039) with 
default parameters. Duplicated reads were removed with 
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the MarkDuplicates tool in Picard (4.0.4.0; Broad Institute, 
Cambridge, MA, USA). Realdcaller (1.8.1; Geneplus-Bei-
jing, inhouse) and GATK (v3.6–0-g89b7209; Broad Insti-
tute) were employed to detect tumor somatic single nucleo-
tide variants and small insertions and deletions. Contra 
(2.0.8) was used to identify copy number variations. NCsv 
(0.2.3; Geneplus-Beijing, inhouse) was employed to detect 
structural variants. All candidate variants were manually 
confirmed by using the integrative genomics viewer browser. 
Variants were filtered to exclude germline mutations in 
dbSNP and those that occur at a population frequency 
of > 1% in the Exome Sequencing Project. An inhouse data-
base of clonal hematopoiesis variants of > 10,000 pan-cancer 
patients and healthy individuals was used to filter clonal 
hematopoiesis-related variants.

Evaluation of TMB and PD‑L1 expression

TMB was calculated as the total number of somatic non-syn-
onymous mutations per mega-base of the genome examined. 
Tumor PD-L1 expression was determined by the percentage 
of cells expressing PD-L1 at any intensity above background 
staining using the PD-L1 IHC 22C3 pharmDx assay (Agilent 
Technologies, Santa Clara, CA, USA).

TCR sequencing and assessment of the TCR 
repertoire

All lesions from the two cohorts included in this study 
passed quality control, and TCR sequencing was performed 
as previously described, with details provided below [15]. 
Multiplex PCR amplification of the CDR3 region of the 
TCR β chain was conducted including PCR1 and PCR2, 
inclusively and semi-quantitatively. Multiplex PCR1 assay 
was conducted by using a set of 32 V forward and 13 J 
reverse primers to amplify V(D)J combinations. Universal 
primers were used for the second round of multiplex PCR. 
Sequencing libraries were loaded onto an Illumina HiSeq 
X ten system, and 151-bp-length reads were obtained. The 
CDR3 sequence was defined as the amino acids between 
the second cysteine of the V region and the conserved phe-
nylalanine of the J region, according to the ImMunoGeneT-
ics V, D, and J gene references. The CDR3 sequences were 
identified and assigned using the MiXCR software package. 
TCR repertoire parameters in this study were calculated after 
normalizing TCR read counts to 1,000,000 for all samples to 
ensure comparability between different lesions.

As previously reported, the number of distinct TCR clo-
notypes is calculated as the total number of T cells divided 
by the mean number of cells per clonotype [16]. Shannon 
index (Shannon’s entropy) is defined as:

where pi represents the ratio of sequence i to the total N 
sequences [8]. More diverse distribution of CDR3 sequences 
is reflected by a higher Shannon index. Clonality can be cal-
culated by 1—(Shannon index/ln k), where k is the number 
of productive unique sequences. Values of clonality close 
to 0 represent an extremely even distribution of different 
clones (polyclonal), whereas values approaching 1 corre-
spond to a distinct asymmetrical distribution (monoclonal). 
The frequency of top 100 clones is calculated as the sum of 
the frequencies of the top 100 ranked TCR clones in each 
lesion. The similarity and overlap of TCR repertoire between 
every two lesions were quantified using the Morisita overlap 
index (MOI), which takes into account not only the specific 
rearrangements but also their respective frequencies. The 
MOI ranges from 0 to 1, with 1 indicating identical TCR 
repertoires and 0 indicating completely distinct ones. Shared 
TCR clonotypes refer to TCR clonotypes that are present in 
two or multiple lesions of the same patient with MPLC, and 
the proportion of shared TCR clonotypes in each lesion is 
calculated as the number of shared TCR clonotypes divided 
by the total number of TCR clonotypes present in the cor-
responding lesion.

Statistical analysis

The analyses described here were all pre-planned. Descrip-
tive statistics were used to compare demographic and clini-
cal characteristics between cohorts. We subsequently plan 
to conduct comprehensive comparisons across mutational 
and immune features, including gene mutation status, TMB, 
PD-L1 expression, and TCR repertoire, between the MPLC 
and SN cohorts. Prespecified subgroup analyses of TCR rep-
ertoire in lesions of invasive adenocarcinoma between the 
two cohorts were planned due to the higher risk of metas-
tasis in invasive lung adenocarcinoma. We also plan to 
investigate the relationship between TCR repertoire and the 
four pathological subtypes of lung adenocarcinoma, as well 
as TMB. Following these, our focus will be on exploring 
the homogeneity and heterogeneity among two or multiple 
lesions of the same patient in the MPLC cohort, including 
the proportion of shared TCR clonotype and corresponding 
clonal expansion status in each lesion.

Continuous variables were described using median and 
interquartile range (IQR), and categorical variables were 
reported with numbers and percentages. For comparisons 
between two groups, the Mann-Whitney U test or Student’s 
t test was used as appropriate. For comparisons between 
multiple groups, one-way analysis of variance (ANOVA) 
and the Kruskal–Wallis test was employed for normally and 

Shannonindex = −

N
∑

i=1

pilnpi
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non-normally distributed variables, respectively. Categori-
cal variables were analyzed using the Chi-squared test or 
Fisher’s exact test, where appropriate. Correlations between 
continuous variables were assessed using Spearman corre-
lation coefficient. All statistical tests were two-sided, and 
p-values of less than 0.05 were considered significant. Statis-
tical analysis was performed using R software, version 4.0.2.

Results

Clinical and pathological characteristics

In this study, 27 patients with synchronous MPLC and 124 
patients with SN were included (Fig. 1A), and the detailed 
clinicopathological information is presented in Table 1. The 
majority (n = 19, 70%) of patients with MPLC had less than 
three lesions, and the specific reasons for the diagnosis of 
MPLC in each patient were illustrated in Supplementary 
Table 1. In the MPLC cohort, the median age was 57 (IQR, 
51–64.5) years, with 77.8% (n = 21) females and 88.9% 
(n = 24) never smokers. According to the TNM staging, 
70.4% (n = 19) of patients were stage I. Correspondingly, the 
median age was 58.5 (IQR, 49–64) years in the SN cohort, 
with 67.7% (n = 84) females, 78.2% (n = 97) never smokers, 
and 87.1% (n = 108) stage I diseases.

A total of 69 lung cancer or precursor lung cancer 
lesions were identified in the MPLC cohort, including 50 
cases of pure ground-glass nodules (pGGN), 13 cases of 
mixed ground-glass nodules (mGGN), and 6 cases of solid 
nodules. According to their histological subtypes, 13.1% 
(n = 9) were atypical adenomatoid hyperplasia (AAH), 
31.9% (n = 22) were adenocarcinoma in situ (AIS), 24.6% 
(n = 17) were minimally invasive adenocarcinoma (MIA), 
and 30.4% (n = 21) were invasive adenocarcinoma (IAC). 
Correspondingly, 68 cases were classified as pGGN, 38 
cases were classified as mGGN, and 18 cases were classi-
fied as solid nodules in the SN cohort. As for the histological 
subtypes, 1.6% (n = 2) were AAH, 4.8% (n = 6) were AIS, 
14.5% (n = 18) were MIA, and 79.1% (n = 98) were IAC. 
On the whole, besides a higher proportion of precursor lung 
cancer lesions in the MPLC cohort, there were no significant 
differences observed in the distribution of other baseline fea-
tures between the two cohorts.

Differences in the mutational landscape 
and activation status of oncogenic signaling 
pathways between MPLC and SN

The mutational landscapes of MPLC and SN are shown in 
Fig. 1B and C, respectively. The vast majority of lesions 
were identified to harbor at least one somatic mutation, both 
in the MPLC (98.6%, n = 68) and in the SN (97.6%, n = 121) 

cohort. The histopathological characteristics and mutational 
profiles of the different lesions within the same patient in the 
MPLC cohort were included in Supplementary Fig. 1. The 
most frequently altered gene in the MPLC cohort was EGFR 
(46.4%), followed by BRAF (17.4%), TP53 (13.0%), KRAS 
(13.0%), ERBB2 (10.1%), MTOR (8.7%), and MAP2K1 
(8.7%). Correspondingly, EGFR mutation was also fre-
quently identified (62.1%), followed by TP53 (15.3%), 
ERBB2 (11.3%), KRAS (11.3%), and RMB10 (11.3%) in 
the SN cohort.

We subsequently analyzed the differences in the muta-
tion rates of key genes in lung cancer-related oncogenic 
signaling pathways between lesions of MPLC and those of 
SN [17]. Compared with SN, lesions of MPLC displayed a 
significantly lower rate of EGFR mutation (p < 0.05), but 
significantly higher rates of BRAF (p < 0.001), MAP2K1 
(p < 0.01), and MTOR mutation (p < 0.01) (Fig. 1D). Intrigu-
ingly, genes with different alteration rates between the two 
cohorts were located in several important cancer-related 
signaling pathways. Among these, the mitogen-activated 
protein kinase (MAPK) and phosphoinositide-3-kinase 
(PI3K) signaling pathways were significantly activated in 
MPLC, which were the two major signaling pathways that 
lie downstream of receptor tyrosine kinase (RTK)/Ras (Sup-
plementary Fig. 2). Overall, the mutational landscape and 
activation status of oncogenic signaling pathways in MPLC 
were different from those of SN.

Similar and relatively low mutational load 
and PD‑L1 expression in MPLC and SN

The median TMB was 1.9 mut/Mb (IQR, 1.0–2.9 mut/Mb) 
in the MPLC cohort and 1.7 mut/Mb (IQR, 1.0–3.4 mut/Mb) 
in the SN cohort. Overall, TMB was relatively low and no 
significant difference in TMB was observed between MPLC 
and SN (Fig. 2A). In light of the evolutionary trajectory of 
lung adenocarcinoma from preneoplasia AAH, to preinva-
sive AIS, to microinvasive MIA, and eventually IAC, the 
relationship between TMB and histopathologic subtypes was 
further explored. It was shown that no statistically significant 
differences were noted in TMB among these four subtypes 
in both MPLC and SN cohorts (Fig. 2A).

PD-L1 expression was assessed in 20 lesions of 10 
patients in the MPLC cohort and 65 patients in the SN 
cohort. The positive rate was 30.0% and 41.5% when 1% 
was used as a cutoff, respectively. No significant difference 
was seen in the positive rate of PD-L1 expression between 
the two cohorts (Fig. 2B). We classified AAH and AIS as 
noninvasive lesions, while MIA and IAC as invasive lesions 
to carry out further subgroup analysis. Similarly, differences 
in PD-L1 expression between the two cohorts were not found 
in either noninvasive or invasive subgroups (Fig. 2B).
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Fig. 1  Mutational landscape and oncogenic signaling pathways in 
MPLC and SN. The overall design of this study (A). Mutational land-
scapes of top 20 non-synonymous somatic mutations in MPLC (B) 
and SN (C). Each column represents one lesion, and each row repre-
sents one gene. Samples displayed as columns are ordered by the his-
tological subtypes, and gene mutations are shown in different colors 
according to the type of alterations. The number of somatic mutations 
and mutation rate of each gene are shown at the top and right of the 
figure, respectively. Comparison of the mutation rate of key genes in 
lung cancer-associated oncogenic signaling pathways between MPLC 

and SN (D). Oncogenes labeled in red and tumor suppressor genes 
labeled in blue are listed on the horizontal axis ordered by the signal-
ing pathways. The vertical axis represents the mutation rates obtained 
from different cohorts. MPLC, Multiple primary lung cancer; SN, 
Solitary lung cancer nodule; AAH, Atypical adenomatoid hyperpla-
sia; AIS, Adenocarcinoma in  situ; MIA, Minimally invasive adeno-
carcinoma; IAC, Invasive adenocarcinoma; pGGN, Pure ground-glass 
nodule; mGGN, Mixed ground-glass nodule. *P < 0.05, **P < 0.01, 
***P < 0.001 (Chi-squared/Fisher’s exact test)



 Cancer Immunology, Immunotherapy (2024) 73:111111 Page 6 of 14

Distinct TCR repertoire in invasive lesions of MPLC 
and SN

Given the significant role of T cells in enhancing antitumor 
immune response, we next investigated the T cell reper-
toire by performing TCR sequencing and focused on two 
groups of TCR repertoire metrics, including diversity (clo-
notype and Shannon index) and expansion (clonality and 
the frequency of top 100 clones). The median TCR read 
counts of lesions in the MPLC cohort and SN cohort were 
13,297,636 (IQR, 8,507,376–21,848,619) and 10,768,030 
(IQR, 9,229,574–16,245,915), respectively, with no signifi-
cant difference observed between the two cohorts (p = 0.299) 
(Supplementary Tables 2 and 3). The medians of Shannon 
index and clonality in lesions of MPLC were 6.7 (IQR, 
5.7–7.2) and 0.1 (IQR, 0.1–0.2), respectively (Supplemen-
tary Fig. 3A, B). The medians of these two metrics in SN 
were 6.6 (IQR, 5.8–7.2) and 0.1 (IQR, 0.1–0.2), respectively 
(Supplementary Fig. 3C, D). The intrapatient differences 

in TCR repertoire among lesions of the same patient in 
the MPLC cohort were further quantified as the difference 
between the maximum and minimum values of TCR metrics 
divided by the maximum value in the patient. The analysis of 
TCR Shannon index revealed considerable heterogeneity in 
the relative differences across different lesions of the same 
patient in the MPLC cohort, ranging from as large as 48.8% 
in P7 to as small as 0.8% in P19 (Supplementary Fig. 3E). 
Similarly, substantial intrapatient differences in TCR clon-
ality were noted (Supplementary Fig. 3F), with variation 
spanning from 54.3% in P15 to 4.4% in P9.

Further comparisons of TCR repertoire metrics between 
MPLC and SN showed that no significant differences were 
observed when all lesions were included in the analyses 
(Supplementary Fig. 4A, B). However, lesions of invasive 
adenocarcinoma in the MPLC cohort exhibited significantly 
higher TCR diversity and lower frequency of top 100 clones 
than those in the SN cohort (p < 0.05). In addition, a ten-
dency toward decreased clonality was observed in the inva-
sive adenocarcinoma subgroup of MPLC, although the dif-
ference was not significant (p = 0.169) (Fig. 2C, D). Of note, 
significant differences in TCR repertoire metrics between 
MPLC and SN disappeared when lesions of AAH, AIS, and 
MIA were included in the analyses (Supplementary Fig. 4C, 
D).

The invasive growth of tumor is often viewed as a 
dynamic and plastic process between tumor cells and the 
microenvironment, leading to a stable balance between the 
shaping and control of the tumor by the adaptive immune 
system. TCR sequencing in the MPLC cohort showed that 
AAH exhibited the lowest diversity (p < 0.01), and IAC had 
the lowest frequency of top 100 clones (p < 0.05) (Fig. 3A, 
B). However, significant differences in trends of TCR rep-
ertoire metrics were only observed in MPLC but not in SN 
(Fig. 3C, D).

Associations between TMB and TCR repertoire

A high mutation load would lead to higher neoantigen 
expression and immunogenicity, eventually resulting in 
increased opportunities for the tumor to be recognized by T 
cells. It has been shown that high TMB in lung adenocarci-
noma is associated with increased clonality of infiltrated T 
cells and favorable efficacy of immunotherapy [18]. Unex-
pectedly, significant correlations between TMB and TCR 
repertoire metrics were not found in the MPLC (Supplemen-
tary Fig. 5A, B) nor the SN cohort (Supplementary Fig. 5C, 
D). One possible explanation was that most lesions were 
at the early stages with a relatively low TMB and had just 
begun to evade immune surveillance.

Table 1  Clinical and pathological characteristics of 27 patients with 
synchronous MPLC and 124 patients with SN

MPLC Multiple primary lung cancer, SN Solitary lung cancer nodule, 
IQR Interquartile range, AAH Atypical adenomatoid hyperplasia, AIS 
Adenocarcinoma in  situ, MIA Minimally invasive adenocarcinoma, 
IAC Invasive adenocarcinoma, pGGN Pure ground-glass nodule, 
mGGN Mixed ground-glass nodule, aMann–Whitney U test, bChi-
squared/Fisher’s exact test

Characteristics MPLC (n = 27) SN (n = 124) P value

Age, years 0.51a

 Median (IQR) 57 (51–64.5) 58.5 (49–64)
Gender, n (%) 0.36b

 Male 6 (22.2) 40 (32.3)
 Female 21 (77.8) 84 (67.7)

Smoking, n (%) 0.29b

 Never 24 (88.9) 97 (78.2)
 Ever 3 (11.1) 27 (21.8)

Tumor stage, n (%) 0.07b

 AAH 1 (3.7) 2 (1.6)
 AIS 5 (18.5) 6 (4.9)
 I 19 (70.4) 108 (87.1)
 II 1 (3.7) 4 (3.2)
 III 1 (3.7) 4 (3.2)

Histological type, n (%) (n = 69) (n = 124)  < 0.001b

 AAH 9 (13.1) 2 (1.6)
 AIS 22 (31.9) 6 (4.8)
 MIA 17 (24.6) 18 (14.5)
 IAC 21 (30.4) 98 (79.1)

Radiology, n (%) 0.06b

 pGGN 50 (72.5) 68 (54.8)
 mGGN 13 (18.8) 38 (30.7)
 Solid 6 (8.7) 18 (14.5)
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Fig. 2  The distribution and differences in TMB, PD-L1 expression, 
and TCR repertoire between MPLC and SN. Comparison of TMB 
between lesions of MPLC and SN, and the distribution of TMB 
across different histological subtypes in the corresponding cohort 
(A). Comparisons of PD-L1 expression in the total, noninvasive, and 
invasive lesions between MPLC and SN (B). Distinct TCR diversity 
(C) and expansion (D) in invasive lesions of MPLC and SN. MPLC, 

Multiple primary lung cancer; SN, Solitary lung cancer nodule; TCR 
, T cell receptor; TMB, Tumor mutation burden; PD-L1, Programmed 
cell death-ligand 1; AAH, Atypical adenomatoid hyperplasia; AIS, 
Adenocarcinoma in  situ; MIA, Minimally invasive adenocarcinoma; 
IAC, Invasive adenocarcinoma. *P < 0.05, **P < 0.01, ***P < 0.001 
(Mann–Whitney U test or Kruskal–Wallis test)

Fig. 3  The distribution of TCR repertoire across different histological 
subtypes in MPLC and SN. The distribution and difference in TCR 
diversity (A) and expansion (B) across different histological subtypes 
in the MPLC cohort. The distribution and difference in TCR diver-
sity (C) and expansion (D) across different histological subtypes in 

the SN cohort. MPLC, multiple primary lung cancer; SN, solitary 
lung cancer nodule; TCR , T cell receptor; AAH, atypical adenoma-
toid hyperplasia; AIS, adenocarcinoma in situ; MIA, minimally inva-
sive adenocarcinoma; IAC, Invasive adenocarcinoma. *P < 0.05, 
**P < 0.01, ***P < 0.001 (Kruskal–Wallis test)



 Cancer Immunology, Immunotherapy (2024) 73:111111 Page 8 of 14

The heterogeneity and homogeneity of TCR 
repertoire among multiple lesions of the same 
patient with MPLC

Analysis of immune cell infiltration has highlighted the 
existence of heterogeneity in immune characteristics of 
different lesions of MPLC [19]. However, detailed studies 
about TCR repertoire in MPLC are currently lacking, par-
ticularly the mutual comparisons among multiple lesions 
of each patient. To this end, we first investigated the per-
cent of shared TCR in each lesion, which was calculated 
as the number of shared TCR across lesions of the same 
patient, divided by the number of self-owned TCR in the 

corresponding lesion. As shown in Fig. 4A, the vast major-
ity of TCR were found exclusively in single lesion, and the 
percent of unique TCR in each lesion displayed substantial 
intrapatient and interpatient heterogeneity. In patients with 
two primary lung cancer lesions, the highest percentage of 
shared TCR was 46.9% in P3-T2, and the lowest was 0.5% in 
P6-T2. In patients with more than two primary lung cancer 
lesions, P7-T2 harbored the highest percentage of shared 
TCR of 68.6%, and P15-T2 had the lowest value of 2.1%. 
Similarly, significant intrapatient and interpatient hetero-
geneity in MOI was found (Fig. 4B). The maximum and 
minimum MOI was 0.934 occurring in P11 and 0.008 in 
P6, respectively.

Fig. 4  Distribution and similarity of TCR repertoire among differ-
ent lesions of the same patient in the MPLC cohort. Distribution of 
shared TCR clones among different lesions of the same patient (A). 
The different colors indicate different degrees of shared TCR clones 

in each patient. Shared TCR clones between different lesions of the 
same patient as quantified by the MOI (B). Darker colors indicate 
higher MOI. MPLC, multiple primary lung cancer; TCR , T cell recep-
tor; MOI, Morisita overlap index



Cancer Immunology, Immunotherapy (2024) 73:111 Page 9 of 14 111

Considering the identical germline background and envi-
ronmental exposure shared by lesions of the same patient, 
it is reasonable to speculate that shared TCR clonotypes 
might reflect the immune commonality and a certain level 
of homogeneity among lesions in patient with MPLC. We 
then investigated the role of shared TCR clonotypes by intro-
ducing two new metrics termed the ratio and the frequency 
of shared TCR clonotypes (Fig. 5A). The former was cal-
culated in a manner similar to the percent of shared TCR 
clonotypes in each lesion as previously described. Taking P1 
with three lesions as an example, TCR clonotypes in P1-T1 
were divided into three categories, including 100% shared 
clonotypes that were found in all three lesions (in red), 67% 
shared clonotypes that were found in only one of the other 
two lesions (in blue), and unique clonotypes that were self-
owned (in green). The frequency of shared TCR clonotypes 
was defined as the proportion of the reads of shared TCR 
clonotypes to the sum reads of all TCR clonotypes in each 
lesion.

Intriguingly, the frequency of shared TCR clonotypes was 
significantly higher than the ratio of corresponding TCR 
clonotypes both in patients with double primary lung can-
cer lesions (p < 0.001) (Fig. 5B) and in patients with more 
than two lesions (p < 0.001) (Fig. 5C). This implied that the 
shared TCR clonotype harbored clonal expansion advantage 
when compared with unique TCR clones in each lesion. It is 
worth noting that the opposite trend between frequency and 
ratio was seen in a minority of the shared TCR clonotypes 
in Fig. 5C. Therefore, we further enumerated the distribu-
tion of all kinds of shared TCR clonotypes in patients with 
more than two lesions to explore the intrinsic regularities 
(Fig. 5D). Of note, the phenomenon that the frequency of 
shared TCR clonotypes was steadily higher than the ratio of 
corresponding TCR clonotypes only existed at 100% shared 
TCR clonotypes.

Fig. 5  The significant clonal expansion of shared TCR clones among 
lesions of the same patient in the MPLC cohort. Schematic diagram 
of the shared TCR (A). The significant differences between the ratio 
and frequency of shared TCR clones in patients with double primary 
lung cancer lesions (B) and in patients with more than two lesions 

(C). The specific distributions of the ratio and frequency of shared 
TCR clones in patients with more than two lesions (D). The differ-
ent colors indicate different degrees of shared TCR clones in each 
patient. MPLC, multiple primary lung cancer; TCR , T cell receptor. 
*P < 0.05, **P < 0.01, ***P < 0.001 (paired t test)
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Discussion

In recent years, the incidence of MPLC is significantly 
increased due to the widespread implementation of lung 
cancer screening [2]. Despite the substantial advances 
in surgery and radiotherapy, removing all of the lesions 
may not be feasible for all patients, especially for those 
with limited pulmonary function or a large number of 
lung cancer lesions [20, 21]. Consequently, the manage-
ment of MPLC is much more complex than that of SN 
and remains an unmet medical need. The pathogenesis of 
MPLC is currently not well understood. Potentially sus-
ceptible germline mutations may serve as early events con-
tributing to the development of a small subset of MPLC, 
yet further in vivo experimental validation is needed to 
verify the hypothesis [12]. More extensive research, par-
ticularly comparative analyses with SN, is indispensable 
for advancing our understanding of MPLC. In this study, 
mutational landscapes and immunologic characterizations 
of MPLC and SN were comprehensively assessed and 
compared using various integrative approaches.

The histopathologic and mutational heterogeneity 
among multiple lesions of the same patient with MPLC 
observed in our research confirmed their nonmetastatic 
nature. When it comes to the mutational landscape, one 
recent study with a large sample size suggested that EGFR 
mutation was more commonly mutated in SN cases, 
while BRAF mutation was more frequently observed in 
MPLC cases [14]. Similar differences in the mutation rate 
between MPLC and SN were found in our study, indicat-
ing that distinct mutational patterns did exist in MPLC. 
Notably, differentially mutated genes were exactly located 
in the upstream and downstream of RTK/RAS signaling 
pathway [17]. Therefore, MPLC might not be a simple 
combination of multiple solitary lung cancer lesions due 
to the influence of identical germline and environmental 
background. The specific causes and clinical significance 
of this finding have not been clearly elucidated. Recent 
studies have indicated that the genetic heterogeneity of 
MPLC was compatible with the convergent evolution, 
and only a limiting number of signaling pathways were 
mutated [22, 23]. However, evolutionary tree reconstruc-
tion in another study reached the opposite conclusion 
indicating that divergent rather than convergent evolution 
at the levels of both individual genes and functional path-
ways [24]. Overall, most of the previous research only 
included gene mutation information and relatively small 
sample sizes, making it premature to draw any definitive 
conclusion.

In clinical practice, the approval of adjuvant targeted 
therapy after surgery in localized lung cancer affords 
us an opportunity to evaluate the efficacy of targeted 

therapy in residual lesions in patients with MPLC [25]. 
However, postoperative EGFR tyrosine kinase inhibi-
tors only showed limited efficacy on residual GGNs after 
the surgery of major lesion(s) harboring EGFR mutation 
[26]. Although combination with a radiomics model that 
can predict EGFR mutation status could further improve 
treatment efficiency, the overall response rate was 53.8%, 
which happens to be consistent with the rate of EGFR 
mutation in East Asian populations [27]. The significant 
mutational heterogeneity across different lesions of MPLC 
in our study could account for the limited response rate 
to EGFR inhibitors. It is reasonable to infer that a sig-
nificant reduction in diameter may only be observed in 
residual GGNs harboring sensitive EGFR mutations. A 
previous case report showed that the combination of osi-
mertinib and alectinib resulted in disease stability in a 
patient diagnosed with MPLC harboring distinct EGFR 
and RET alterations [28]. However, it should be noted that 
the available evidence is insufficient to support the use of 
routine targeted therapy in MPLC.

In recent years, immunotherapy has reshaped the thera-
peutic landscape for patients with lung cancer. Neverthe-
less, whether this strategy can also be applied to MPLC 
remains unexplored. In our study, the TMB and PD-L1 
expression were relatively low both in MPLC and SN, in 
accordance with the high prevalence of early-stage lung 
cancer in our cohort. Previous studies have shown that 
MPLC often exhibited low TMB, low PD-L1 expression, 
and heterogeneous immune cell infiltration [23, 29]. It is 
noteworthy that disparities in immunological features have 
also been documented between MPLC and SN. The PD-L1 
expression and the density  CD8+ tumor-infiltrating lym-
phocytes of MPLC were significantly lower than those of 
traditional lung cancer [12]. Additionally, more immune-
related biological processes and pathways, such as B cell 
activation and the IL-17 signaling pathway, were identified 
in the MPLC cohort[14]. Furthermore, high mutation rate 
of EGFR in East Asian populations together with the inert 
tumor immune microenvironment in lesions presenting as 
pGGN collectively implied a heterogeneous and limited 
response to immunotherapy in patients with MPLC [30]. 
Several small-scale clinical studies have revealed that no 
obvious reduction in diameter was observed after receiv-
ing immunotherapy in most high-risk synchronous GGNs 
[31, 32]. Moreover, the heterogeneous drug response to 
neoadjuvant immunotherapy in different lesions of MPLC 
has been reported in a patient presenting with one solid 
nodule and two subsolid nodule [33]. Multi-omics analy-
ses indicated the proportions of tissue-resident memory T 
cells and  CD8+ T cells varied greatly between responding 
and non-responding lesions and impaired T lymphocyte 
immunity may lead to the inferior response to immuno-
therapy [33]. Altogether, perioperative immunotherapy 



Cancer Immunology, Immunotherapy (2024) 73:111 Page 11 of 14 111

may be not suitable for patients with MPLC due to the 
inert tumor immune microenvironment.

Given the crucial role of T cells in mediating the anti-
tumor response, TCR sequencing could provide us with an 
opportunity to comprehensively assess the activation sta-
tus of immune system. The higher TMB exhibits a trend 
associated with increased TCR clonality in both cohorts, 
supporting the critical role of somatic mutations in boost-
ing tumor immunogenicity and eliciting T cell responses. 
The similar positive correlation was observed in American 
smokers, implying that the association between TMB and 
TCR clonality may not be influenced by ethnicity or tobacco 
exposure [18]. Besides the previously mentioned heteroge-
neity in the mutational landscape, considerable intrapatient 
and interpatient heterogeneity were also observed in TCR 
diversity and expansion [34]. Early carcinogenesis of lung 
cancer has been confirmed to be a gradual process shaped 
by host immune surveillance [35]. TCR repertoire displayed 
a gradual increase in diversity and a progressive decrease 
in expansion along with the progression of invasiveness 
from preneoplasia to invasive lung adenocarcinoma [36]. In 
this study, similar results were present in the MPLC cohort 
but not in the SN cohort. Furthermore, invasive lesions of 
MPLC harbored more diverse T cell infiltration than that of 
SN. The interaction between tumor and the host’s immune 
system is crucial for the control of tumor growth and spread. 
Therefore, as the tumor progresses from preneoplasia to 
IAC, the immune system is believed to gradually lose its 
ability to kill tumor cells and acquire suppressive or ineffec-
tive subsets of T cells [37]. Several studies have shown that 
TCR clonality was positively correlated with  CD8+ T cells 
but negatively correlated with  CD4+ T cells [36, 38]. Mean-
while, Dejima et al. found TCR clonality was not associated 
with T cell density in their study, suggesting that lower T 
cell clonality in the invasive lesions of MPLC may reflect 
reduced T cell expansion rather than T cell exclusion [36]. 
The most likely reason is that although the immune system 
recruited a greater number of T cells, the majority of them 
were bystander T cells and did not exert a suppressive effect 
on the tumor [39, 40]. Taken together, MPLC may represent 
a distinct subtype of lung cancer characterized by unique 
pathogenesis and immune response patterns, rather than 
simply being a combination of multiple solitary lung can-
cer nodules. Notably, differences in TCR repertoire between 
the two cohorts could be masked by the inclusion of MIA 
and lung adenocarcinoma precursor lesions. One possible 
reason is that lesions at those stages have a limited capacity 
to invade through the basement membrane and release the 
tumor antigens into the immune microenvironment [41].

Tumor-specific neoantigens derived from somatic muta-
tions could induce T cell activation and provide a critical 
link between tumor and adaptive immune system [42]. 
Therefore, the marked heterogeneity of TCR repertoire in 

different lesions of MPLC could be the result of the interac-
tion between diverse neoantigens in each lesion and shared 
immune contexture. The impact of shared environmental 
exposure and immune contexture on the occurrence and 
development of multiple lesions of the same patient may 
make them share a degree of similarity in biological fea-
tures. Indeed, unlike the remarkable heterogeneity in the 
mutational landscape, it was recently shown that the DNA 
methylation patterns of multiple lesions of the same patient 
were very similar to each other [14]. In this study, lesions of 
the same patient always share a certain proportion of TCR 
clones. More importantly, significant clonal expansion could 
be observed in all 100% shared TCR clones, indicating that 
shared TCR clones might reflect the immune commonality 
among lesions of the same patient and play a critical role in 
the antitumor immune response [34].

The interaction between tumor cells and host immune 
surveillance is a dynamic process, and TCR on the surface 
of T cells specifically recognizes the neoantigens presented 
by major histocompatibility complex molecules is the first 
step [41]. Previous studies have shown that the immune sys-
tem could exert evolutionary pressure through the process 
of immunoediting to eliminate highly immunogenic tumor 
clones, and ultimately leads to the outgrowth of the fittest 
clones [35, 43]. Notably, the vast majority of lesions in the 
MPLC cohort are at the early stages of lung cancer manifest-
ing as pGGNs, which have been widely considered as indo-
lent, asymptomatic, slow-growing tumors and can remain 
clinically silent for years [44]. Therefore, the tumor micro-
environment at this time is still in the equilibrium phase, 
where the adaptive immune system cannot eliminate tumor 
cells, but keeps them in a state of immune-mediated tumor 
dormancy [30, 45]. Similar to the selective expansion of 
dominant tumor clones, T cell populations may also experi-
ence evolutionary selection pressure and eventually lead to 
the selective survival and clonal expansion of neoantigen-
specific T cells to maintain immune equilibrium, follow-
ing the Darwinian rule of natural selection [46]. One recent 
study has indicated that universally present neoantigens 
across multi-regions of the same tumor should be targeted 
to maximize the potential for uniform T cell responses due 
to the presence of neoantigen intratumor heterogeneity [47, 
48]. In light of these findings, the identification of shared 
TCR clones that were significantly expanded across multiple 
lesions of the same patient may have important implications 
for the development of therapeutic approaches targeting 
all lesions simultaneously to solve the treatment dilemma 
of MPLC. Preclinical work has suggested that adoptive 
therapy with neoantigen-specific TCR-transduced T cells 
could significantly inhibit tumor growth in the mice xeno-
graft model [49]. Tebentafusp, a T cell receptor-bispecific 
molecule has been confirmed to confer a long-term survival 
benefit and been approved for previously untreated patients 
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with metastatic uveal melanoma [49]. Taken together, our 
findings are important for deepening the understanding of 
MPLC. We hope that this study could inspire an increasing 
number of researchers to focus on and actively engage in 
scientific research on MPLC to move the field forward.

To the best of our knowledge, this is the first systemic 
study to reveal the existence of immune commonality among 
different lesions of the same patient with MPLC via TCR 
sequencing. However, there are still some deficiencies in 
our research. First, the retrospective and single-center nature 
may inevitably introduce some selection bias in this study, 
and further validation of these results in prospective multi-
center cohorts is warranted. Second, the scarcity and small 
sizes of lesions hindered more comprehensive multi-omics 
analyses. Moreover, tumor-specific neoantigens responsible 
for TCR clonal expansion and the correspondence between 
neoantigens and tumor-specific T cells should be further 
investigated. More in-depth studies, especially functional 
studies using humanized animal models are warranted to 
elucidate the detailed mechanisms.

Conclusion

In conclusion, significant differences in the mutational land-
scape, activation status of oncogenic signaling pathways, and 
TCR repertoire between MPLC and SN collectively implied 
that MPLC might not be a simple combination of multiple 
solitary lung cancer. More importantly, the significant clonal 
expansion of shared TCR clonotypes demonstrated the exist-
ence of immune commonality among different lesions of 
the same patient and provided a new idea for resolving the 
treatment dilemma of MPLC.
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