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Abstract

Background Liquid biopsy provides a non-invasive approach that enables detecting circulating tumor DNA (ctDNA)
and circulating tumor cells (CTCs) using blood specimens and theoretically benefits early finding primary tumor

or monitoring treatment response as well as tumor recurrence. Despite many studies on these novel biomarkers,
their clinical relevance remains controversial. This study aims to investigate the correlation between ctDNA, CTCs,
and circulating tumor-derived endothelial cells (CTECs) while also evaluating whether mutation profiling in ctDNA

is consistent with that in tumor tissue from lung cancer patients. These findings will help the evaluation and utiliza-
tion of these approaches in clinical practice.

Methods 104 participants (49 with lung cancer and 31 with benign lesions) underwent CTCs and CTECs detection
using integrating subtraction enrichment and immunostaining-fluorescence in situ hybridization (SE-iFISH) strategy.
The circulating cell-free DNA (cfDNA) concentration was measured and the mutational profiles of ctDNA were exam-
ined by Roche AVENIO ctDNA Expanded Kit (targeted total of 77 genes) by next generation sequencing (NGS) in 28
patients (20 with lung cancer and 8 with benign lesions) with highest numbers of CTCs and CTECs. Mutation valida-
tion in matched tumor tissue DNA was then performed in 9 patients with ctDNA mutations using a customized xGen
pan-solid tumor kit (targeted total of 474 genes) by NGS.

Results The sensitivity and specificity of total number of CTCs and CTECs for the diagnosis of NSCLC were 67.3%
and 77.6% [AUC (95%(Cl): 0.815 (0.722-0.907)], 83.9% and 77.4% [AUC (95%Cl): 0.739 (0.618-0.860)]. The concentration
of cfDNA in plasma was statistically correlated with the size of the primary tumor (r=0.430, P=0.022) and CYFRA 21-1
(r=0411,P=0.041), but not with the numbers of CTCs and CTECs. In this study, mutations were found to be poorly
consistent between ctDNA and tumor DNA (tDNA) in patients, even when numerous CTCs and CTECs were present.

Conclusion Detection of CTCs and CTECs could be the potential adjunct tool for the early finding of lung cancer.
The cfDNA levels are associated with the tumor burden, rather than the CTCs or CTECs counts. Moreover, the poorly
consistent mutations between ctDNA and tDNA require further exploration.
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Background

Lung cancer ranks second as one of the most com-
mon malignant tumors worldwide, with an incidence
rate of 31.5 per 100,000 in males and 14.6 per 100,000
in females [1]. In China, the mortality rate is signifi-
cantly higher than that in the United States (about 1.4
times), even though the incidences are similar [2]. Fur-
thermore, the five-year survival rate is relatively lower,
compared with developed countries, which may be
caused by the lack of national-scale lung cancer screen-
ing and insufficient population coverage [2]. In this
regard, effective screening and early diagnosis have
increasingly become the keys to reducing the mortality
of lung cancer.

Tissue biopsy remains the gold standard but can be
restricted by implementation conditions such as unavail-
able or inadequate tumor tissues and poor compliance
[3]. Currently, low-dose computed tomography (LDCT)
scanner is the primary screening method for early-stage
lung cancer. Numerous large-scale clinical trials have
demonstrated a significant reduction in mortality rates
accompanying routine LDCT screening [4, 5]. How-
ever, LDCT is limited by the high false positive rate and
unnecessary radiation exposure and there is still a need
for further confirmation by pathological diagnosis. Con-
sequently, LDCT is not utilized as a standalone method
for lung caner screening in the majority of European
countries [6]. Therefore, non-invasive and effective tools
for lung cancer diagnosis are urgently needed.

Multiple biomarkers in the peripheral blood such as
shed tumor cells and cancer-derived molecules have been
explored by scientists in order to provide more valuable
information, known as liquid biopsy [6—9]. Among these,
circulating tumor cells (CTCs) have sparked considerable
interest as a potential biomarker for monitoring cancer
presence and progression. Furthermore, a subset of these
cells has undergone epithelial-mesenchymal transition
(EMT) or other phenotype alterations to evade immune
surveillance, potentially contributing to distant metas-
tasis [10, 11]. Detection of CTCs is still challenging due
to their low numbers in the bloodstream, which makes
it difficult to distinguish them from other cells. Despite
these obstacles, researchers have made significant pro-
gress in developing new technologies and methods for
the isolation and identification of CTCs. One promis-
ing development is the creation of microfluidic devices
designed to quickly isolate CTCs from blood samples
[12, 13]. Other progress involve capturing and recogniz-
ing CTCs as well as circulating tumor-derived endothe-
lial cells (CTECs) using tumor cell-specific antibodies
and probes, and identifying tumor-related mutated gene
or various genetic modifications such as methylation
through sequencing or PCR [14-19].
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Circulating tumor DNA (ctDNA), which is defined as
extracellular DNA molecules either passive released into
body fluids by apoptotic, necrotic, pyroptotic tumor cells
or active released by tumor cells [20], can be a promising
tumor biomarker. The molecular diagnostic test of key
tumor gene mutations as well as drug-targeted mutations
in patients who failed tissue test has been widely adopted
[21-23]. One of the earliest applications of ctDNA detec-
tion is to identify epidermal growth factor receptor
(EGFR) mutations for the guidance of EGFR inhibitor
therapy in non-small cell lung cancer (NSCLC), which
has been approved by the Food and Drug Administra-
tion (FDA) [24] and further included in the new College
of American Pathologists (CAP)/International Associa-
tion for the Study of Lung Cancer (IASLC)/Association
for Molecular Pathology (AMP) testing guidelines [25].
Additionally, there is evidence to support that methyla-
tion profiles of ctDNA can enhance both diagnostic and
monitoring capabilities for lung cancer [26-28]. Other
researchers also confirmed that the presence of mutated
ctDNA after radiotherapy or chemotherapy can predict
the existence of minimal residual lesions, which may be
directly related to tumor metastasis and recurrence [29,
30]. Nevertheless, studies on the concordance of vari-
ant profiles between peripheral blood ctDNA and tumor
DNA (tDNA) remain controversial [21, 31]. Further-
more, several hurdles still need to be overcome in ctDNA
testing, including low concentration in asymptomatic
patients, biological contamination from white blood
cells, and variations in sensitivity across different plat-
forms [32].

Although new non-invasion biomarkers for lung can-
cer have become a research hotspot, the relationship
between these novel biomarkers is still not well under-
stood. In this research, we aim to investigate the feasi-
bility of CTCs and CTECs for the diagnosis of NSCLC.
We will also examine the coincidence of mutational pro-
files between ctDNA and tDNA in both lung cancer and
benign lung lesion patients, with a particular focus on
those with a high number of CTCs and CTECs.

Methods

Subjects and specimens

A total of 104 participants were enrolled in this retro-
spective study at the Cancer Center in Shanghai Gen-
eral Hospital from August 2017 to April 2019, including
49 cases of newly diagnosed or relapsed non-small cell
lung cancer, 31 cases of benign pulmonary disease, and
24 healthy controls. The diagnoses of all the patients were
confirmed by clinicians and pathologists. Detailed clini-
cal information is described in Table 1. At first, all the
study subjects underwent CTCs and CTECs detection.
We further selected the top 20 and 8 patients with the
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Table 1 Clinical information of the 104 participating subjects

Characteristics

No.(%)

All Subjects (N=104)
Age years, median (range)
Gender (male/female)
NSCLC (N=49)
Age years, median (range)
Gender (male/female)
Pathological type
AC
SCC
ASC
Other
TNM stage
|
Il
Il
%
Benign (N=31)
Age years, median (range)
Gender (male/female)
Healthy (N=24)
Age years, median (range)
Gender (male/female)

58 (37.25-66.75)
51/53

64 (53-69.5)
26/23

38 (73.4%)
8 (16.30%)
3(6.1%)

2 (4.1%)
27 (55.1%)
2 (4.1%)

9 (18.4%)
11(22.5%)

60 (53-66)
17/14

29 (27.25-31.75)
8/16

NSCLC non-small cell lung cancer; AC Adenocarcinoma; SCC Squamous

carcinoma; ASC adenosquamous carcinoma
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highest number of CTCs and CTECs from NSCLC and
benign cases respectively, and ctDNA mutational pro-
filing detection was carried out in these 28 patients. Of
these, ctDNA mutations were detected in 17 patients.
Among the 17 patients, 9 patients with paired tissue sam-
ples underwent tissue DNA sequencing. Specific exclu-
sion criteria are detailed in Fig. 1. In addition, 4 benign
patients with ctDNA variants underwent white blood cell
targeted sequencing using 32 Gene and 61 Gene panel.
The use of all the specimens from patients was in accord-
ance with the Declaration of Helsinki and approved by
the Ethical Review Board of Shanghai General Hospital,
Shanghai Jiaotong University School of Medicine, China
(2016KY130).

Blood samples were collected using 6 ml ACD anti-
coagulant vacuum vessel collection tubes for CTCs &
CTECs detection and 10 ml EDTA vacuum tubes for
ctDNA detection, respectively. All the blood samples
were collected before either radiotherapy or chemother-
apy. The collected blood samples were mixed gently to
avoid any hemolysis.

Tumor DNA was extracted from the FFPE sections
using the QIAamp DNA FFPE Tissue Kit (QIAGEN,
CA, USA). The thickness of freshly prepared FFPE slices
ranged from 5 to 10 um. Postoperative FFPE sections with
tumor cell content>50% required 2-5 slices. The biopsy
FFPE sections with tumor cell content>20% required

104 participants performed for CTCs &CTECs detection

Top 20 cases from NSCLCs
with the highest number of CTCs & CTECs counts

and top 8 cases from benign

28 patients assessed for cfDNA concentration

and ctDNA mutational profiles detection

No mutation in ctDNA detected 11 excluded

Mutations in ctDNA detected in 17 patients

Pathological tissue slices not available 8 excluded

9 patients validated for mutations in matched tumor tissue

Fig. 1 Flow chart detailing the inclusion and exclusion procedures
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5-10 pieces. After extraction, the quality of DNA was
evaluated by Nanodrop One (Thermo Fisher, CA, USA),
and the extracted DNA was quantified by Qubit 3.0 using
the dsDNA HS Assay Kit (Life Technologies, CA, USA),
according to the manufacturers’ guidelines.

Detection and identification of CTCs and CTECs
Subtraction enrichment and immunostaining-fluores-
cence in situ hybridization (SE-iFISH) were applied to
CTCs and CTECs detection. Firstly, target cells were
enriched from 6 ml peripheral blood after the process
of removing the white blood cells by centrifugation and
incubation with immuno-magnetic beads, according to
the manufacturer’s protocols (Cytelligen, CA, USA). Sec-
ondly, the enriched cells were stained with fluorescent-
labeled antibodies, including leukocyte marker (Alexa
Fluor 594-CD45, red), endothelial marker (Alexa Fluor
488/Cy5-CD31, green/gold), tumor epithelial marker
(Alexa Fluor 488/Cy5-CK18, green/gold), tumor immune
marker (Alexa Fluor 488-PD-L1, green), and mesenchy-
mal marker (Cy7-Vimentin, cyan). Next, after in situ
hybridization using chromosome 8 centromere (CEPS)
probe (Orange), target cells were initially screened and
counted by the Metafer-Image Scanning System (Carl
Zeiss, Oberkochen, Germany; MetaSystems, Altlussheim,
Germany; Cytelligen). After manual review, CTCs and
CTECs were finally identified. All the procedures and
the standard morphological criteria were detailed in our
previously published article [33]. Notably, vimentin-posi-
tive cells, which were not stained in all patients, were not
included in the final counts.

ctDNA library preparation and NGS

At first, EDTA-anticoagulated blood samples were centri-
fuged at room temperature 200 g for 12 min, the super-
natant was taken and centrifuged at room temperature
1200 g for 5 min to remove platelets and then centrifuged
again at 4 °C for 16000 g for 10 min. The prepared plasma
was frozen at -80 °C until further NGS library construc-
tion. Isolating cfDNA from 4 ml plasma using the AVE-
NIO cfDNA Isolation Kit according to the manufacturer’s
instructions (Roche, Mannheim, Germany). After that,
the plasma-extracted cfDNA was quantified using the
Qubit dsDNA HS Assay Kit with Qubit 3.0 fluorimeter
(ThermoFisher Scientific, CA, USA) and qualified using
High Sensitivity DNA Chip with Agilent 2100 Bioana-
lyzer (Agilent Technologies, CA, USA). Next, the NGS
libraries were prepared with DNA input of 50 ng using
the AVENIO ctDNA Library Prep kit, AVENIO ctDNA
Enrichment kit, AVENIO ctDNA Expanded Panel (tar-
geted total of 77 genes, see Additional file 3: Table S5),
and AVENIO Post-Hybridization kit. After quality con-
trol (QC) of the enriched libraries, the samples were
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performed for pooling and sequencing with NextSeq
500/550 High Output Kit v2 (300 cycles) on the Illumina
NextSeq 500 (Illumina, CA, USA).

Tumor DNA library preparation and NGS

All samples were sequenced in a Clinical Laboratory
Improvement Amendments (CLIA)- and College of
American Pathologists (CAP)-certified genomic test-
ing facility (Geneseeq Technology Inc., Nanjing, China).
After being isolated from the tumor tissues, DNA frag-
ments underwent end-repairing, A-tailing, and ligation
with indexed adapters, and were selected as the size of
200 bp using Agencourt AMPure XP beads. Sequencing
libraries were prepared by using the KAPA Hyper DNA
Library Prep Kit (KAPA Biosystems, Wilmington, MA)
according to the manufacturer’s protocol. Hybridization-
based target enrichment was performed with customized
xGen lockdown probes (Integrated DNA Technologies)
targeting 474 pan-solid tumor-relevant genes (Geneseeq
radiotron®, Geneseeq Technology Inc.), the list of 474
genes, see Additional file3: Table S6. Captured libraries
were PCR-amplified with KAPA HiFi Hot Start Ready
Mix (KAPA Biosystems Wilmington, MA) followed by
quantification using the KAPA Library Quantification
kit (KAPA Biosystems Wilmington, MA, USA). DNA
sequencing was performed on the HiSeq4000 NGS plat-
form (Illumina) with a paired-end 150-bp read length.

WBCs DNA library preparation and NGS

Initially, WBCs DNA was extracted using AmoyDx
Blood DNA Isolation Kit according to the manufac-
turer’s instructions (Amoy Diagnostics Ltd, Xiamen,
China). Subsequently, the DNA derived from the WBCs
was assessed for quantification using the Qubit dsDNA
HS Assay Kit (ThermoFisher). Sequencing libraries were
prepared by using the Homologous Recombination
Repair (HRR) Related 32 Gene Library Prep Kit (Amoy)
and Genetic 61 Gene Library Prep Kit (Amoy) respec-
tively, according to the manufacturer’s protocol. The gene
list of 32 Gene and 61 Gene panel were detailed in the
Additional file3: Table S9, S10. After QC of the enriched
libraries, the samples were performed for pooling and
sequencing on the MiseqDx platform (Illumina) with a
paired-end 150-bp read length.

Bioinformatic analysis

NGS analysis pipelines were prepared for data from
blood samples and corresponding tumor tissues, respec-
tively. The FASTQ files of ctDNA were analyzed using the
AVENIO ctDNA Analysis Software, specifically version
1.1.0. For the analysis of WBCs DNA, the AmoyDx gHRR
Analysis Software (version 1.5.0) and AmoyDx 61Gene
Analysis Software (version 0.6.2) were employed for the
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whole process. For tumor tissues, Trimmomatic (version
0.36) was initially performed for the FASTQ files qual-
ity control. After that, high-quality reads were aligned to
the reference human genome (hgl9, GRCh37) through
Burrows-Wheeler aligner (BWA) v0.7.12. Deduplication
was removed with Picard, and local realignment around
indels and base quality score recalibration was per-
formed with the Genome Analysis Toolkit (GATKv3.2).
Furthermore, somatic single nucleotide variants (SN'Vs)
and short insertions/deletions (indels) were identified
by VarScan2, and copy number variations (CNVs) were
detected using CNV Kit. CNV gain and loss were iden-
tified if the depth rate was>2.0 or<0.6 for the tissue
sample. SNVs and indels were further filtered using the
following criteria: (1) minimum >4 variant supporting
reads and >2% variant allele frequency (VAF) support-
ing the variant, (2) filtered if present in>1% population
frequency in the 1000 g or ExAC database, (3) filtered
through an internally collected list of recurrent sequenc-
ing errors on the same sequencing platform. The final list
of mutations was annotated using vcf2maf. The mean
effective coverage depth was>3000xfor the plasma
samples and > 1000 X for tumor tissues. All the somatic
variants were further classified based on NCCN/AMP/
ASCO/CAP guidelines.

Meta-analysis

Study design: Case—control or cohort research articles
published between 2019 and 2023 were included in the
PubMed databases. The search terms used are shown
as follows: non-small cell lung cancer, circulating tumor
DNA, next generation sequencing, and tissue. The lan-
guage was limited to English. The search strategy is
designed as follows: (((non-small cell lung cancer|Title/
Abstract]) AND (circulating tumor DNA[Title/
Abstract])) AND ((next generation sequencing[Title/
Abstract])) AND (tissue[Title/Abstract]))). Inclusion cri-
teria: Research subjects: NSCLC patients; Intervention
factor: NGS genotyping on ctDNA samples; Compara-
tor factors: paired-tissue samples for genotyping; Out-
come indicators: whether the ctDNA mutation profile
was consistent with that in tumor tissue DNA. Exclusion
criteria: review or meta-analysis or case report; repeated
publications; absence of data; the research content does
not align with the expectations; journal of publication
not belonged to JCR partition Q1 or Q2; unpaired tissue
samples. The detailed process of publications screening is
presented in Additional file 1: Figure S1. Data extraction:
Two reviewers extracted data from all eligible research,
including the first author’s name, clinical stage, ctDNA
method, comparator method, and targeted gene. The
testing results for multiple genes including true positive
(TP), false positive (FP), false negative (FN), and true
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negative (TN) were collected. Genomic alterations in tis-
sue genotyping were considered the “gold standard” All
included studies underwent quality assessment using the
standardized instrument Quality Assessment of Diag-
nostic Accuracy Tests (QUADAS-2) and summarized in
Additional file 2: Figure S2.

Statistics analysis

SPSS Statistics software (version 25.0) was performed
for the data analysis. The nonparametric Mann-Whitey
U test (two groups) and Kruskal-Wallis test (multiple
groups) were used to compare the measurement data
respectively. The inspection level was a=0.05. ROC anal-
ysis was constructed to determine the cut-off scores for
selected indicators and compare the diagnostic efficacy of
selected indicators for NSCLC. Correlation analysis was
performed using the nonparametric Pearson correlation.
The inspection level P<0.05 was defined as statistically
significant. Statistical data was visualized using Prism 7.0
(GraphPad Software Inc., CA, USA) as well as OriginLab
2021 (Origin Software, MA, USA). For meta-analysis, the
diagnostic data of TP, FP, FN, and TN were tabulated. The
summary Receiver Operating Characteristic analysis was
performed for meta-analysis of diagnostic accuracy. Soft-
ware Review Manager 5.3 was used for relative analysis.

Results

Characterization of CTCs and CTECs in participants

A variety of CTCs and CTECs with different mark-
ers were observed. CK18 negative CTCs were detected
in 97.9% (48/49), 83.9% (26/31), and 95.8% (23/24) in
the NSCLC, benign lung disease, and healthy control,
respectively. Remarkably, CK18-positive CTCs were
detected in two NSCLC patients, with a tumor marker-
positive detection rate of 4.2% (2/48). The circulat-
ing tumor microemboli (CTM) were detected in 4 lung
cancer patients, while not in the other groups. Simi-
larly, CTECs were detected in almost all participants.
Vimentin-positive cells and CTM were detected in three
squamous cell carcinama (SCC) patients. Several typical
cells identified are photographed and listed, see Fig. 2.
Compared with the benign group, the CTCs and CTECs
counts are 5 units/6 ml (median, 1-11) and 5 units/6 ml
(median, 2-7), respectively. The CTCs and CTECs counts
of NSCLC patients were significantly increased, being 16
units/6 ml (median, 7-22.5) and 18 units/6 ml (median,
11.5-28.5), respectively (Additional file 3: Table S1;
P<0.001, P<0.001, Fig. 3A-a, Fig. 3B-a). Additionally,
the number of CTCs or CTECs was also higher in differ-
ent sizes or different karyotypes of the lung cancer group
compared to the benign group. (ALL: P<0.05, Fig. 3A-b,c
and B-b,c; Fig. 4A and B; Additional file 3: Table S2).
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Diagnostic efficacy of CTCs and CTECs in NSCLC

To investigate the diagnostic efficacy of CTCs and
CTECs in NSCLC, ROC analysis was performed based
on multiple indicators of CTCs and CTECs using
benign lung diseases as control. To illustrate the value
of CTCs and CTECs for NSCLC, we selected three
serum tumor markers (SCC, CEA, and CYFRA 21-1)
as control, and any one of them higher than the cut-
off value was considered positive. It was shown that the
sensitivity and specificity of total CTCs and CTECs in
the diagnosis of NSCLC were 67.3% and 77.6% [AUC
(95%CI): 0.815 (0.722-0.907)], 83.9% and 77.4% [AUC
(95%CI): 0.739 (0.618-0.860)], respectively, which were
superior to serum tumor biomarkers or imaging evalua-
tion (Tables 2, 3). Remarkably, small CTCs and triploid
CTCs had high specificity in the diagnosis of NSCLC,
which were 93.5% and 96.8% respectively. CTCs and
CTECs with different sizes and karyotype have varying
diagnostic sensitivity for different pathological types
and stages of non-small cell lung cancer (detailed in
Additional file 3: Table S3, S4). Furthermore, paired-
wise combinations between CTCs and CTECs sub-
groups were conducted based on morphology and
karyotype. After combination, the area under the
ROC curves increased to Total(CTCs+ CTECs) 0.826,
(SCTCs+ CTECs) 0.898, and triploid(CTCs+ CTECsS)
0.872, respectively, indicating that the combined indi-
cators were more effective than the single one (Table 2,
Table 3).

Cell-free DNA level in NSCLC patients with high CTCs

and CTECs counts

The concentration of cell-free DNA was 7.64+3.79 ng.
ml™! in NSCLC patients (n=20), compared with
5.64+1.67 ng.ml'in the benign group (n=8) (Table 4).
Interestedly, ctDNA mutations were detected in patients
with a significantly higher concentration of cfDNA
(Fig. 5A). Remarkably, cfDNA was significantly higher
in the III-IV stage group as well as the squamous cell
carcinoma group (Fig. 5B, C). Furthermore, we con-
ducted a thorough analysis of the correlation between
cfDNA concentration and counts of CTCs and CTECs,
as well as the concentration of serum biomarkers. Our

(See figure on next page.)
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findings indicated no linear correlation between differ-
ent groups, such as between cfDNA concentration and
CTCs counts (r=0.150, P=0.447), cfDNA concentra-
tion and CTECs counts (r=0.008, P=0.966), cfDNA and
SCC concentration (r=0.055, P=0.800), and cfDNA and
CEA concentration (r=— 0.211, P=0.323). However, we
did observe a positive correlation between cfDNA level
and tumor size or maximum tumor diameter (MTD)
(r=0.430, P=0.022), as well as CYFRA 21-1 concentra-
tion (r=0.411, P=0.041), (Fig. 5E, F, G, H) .

Comparison of mutational profiles between ctDNA

and tumor DNA

The ctDNA mutations were detected in 17 out of the
28 patients (60.71%), including 4 in the benign group
(50.00%), 5 in the lung adenocarcinoma (AC) group
(41.70%), and 8 in the SCC group (100%) (Fig. 6B).
Among ctDNA mutations, the TP53 mutation was the
most common mostly appearing in the SCC group (see
Additional file 3: Table S7).

A total of 5 mutations were found in 4 benign
patients, 3 of them belonged to Class III variants: RBI
(p-Arg621His), 48.9%; ERBB2 (p.Lys937Arg), 0.34%; MET
(p-Argl005Gly), 0.09% and 2 were Class II mutations:
IDHI (p.Argl32Ser), 0.05%; PTEN (p.Asn323fs), 0.12%.
Since these 5 mutations were found in patients with
benign lesions, we validated these mutations using WBCs
DNA from corresponding patients and found RBI gene
mutation (p.Arg621His, 48.9%) presented in WBCs DNA
(see Additional file 3: Table S11). The remaining 4 muta-
tions, varying from 0.05% to 0.34%, were not detected
in WBCs DNA and suggested they were somatic muta-
tions. It is worth mentioning that the patient with PTEN
(p-Asn323fs) was suspected to be malignant based on
imaging examinations, even though his bronchial biopsy
was diagnosed as benign.

In order to validate the mutations, found in ctDNA,
also presented in tDNA, NGS was performed in
matched tDNA from 9 patients (2 with benign lesion,
4 with adenocarcinoma, 3 with SCC). The panel for
tDNA contained 474 pan-solid tumor-relevant genes,
which covered 75 genes in the ctDNA panel except 2
genes CCND2 and CCND3 (Fig. 6C). The full gene

Fig. 2 Multi-Fluorescence circulating tumor cells (CTCs) and circulating tumor-derived endothelial cells (CTECs) in patients with lung

cancer: single-tumor-biomarker SE-iFISH (five/six-channel): nucleus (blue), CD45 (red), CD31 (green/yellow), CK18 (green/yellow), vimentin

(cyan) and CEP8 (orange). A CTCs and CTECs with multiple markers in different sizes. A-a DAPI+/CD45-/CK18-/CD31-/VIM-/CEP8 small triploid
CTC with adjacent WBCs (red arrows). A-b DAPI+/CD45-/CD31-/CK18+/CEP8 small diploid CTC. A-c DAPI+/CD45-/CK18-/CD31-/VIM-/CEP8

large multiploid CTC with adjacent WBC (red arrow). A-d DAPI+/CD45-/CD31+/CK18-/CEP8 large multiploid CTEC. A-e DAPI+/CD45-/CD31+/
CK18+/CEP8 small multiploid CTEC B Vimentin+Mesenchymal cells from patients with lung squamous cell carcinoma. B-a DAPI+/
CD45-/CK18-/CD31-/VIM+/CEP8 diploid mesenchymal cell. B-b DAPI+/CD45-/CK18-/CD31+/VIM+/CEP8 diploid mesenchymal cell. C. Circulating
tumor microemboli (CTM) from patients with squamous cell carcinoma with adjacent WBCs (red arrows). Bars: 5um
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Fig. 2 (Seelegend on previous page.)
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Fig. 3 Comparison of CTCs and CTECs counts among healthy, benign lung disease (BN) and NSCLC group. A-a Comparison of total CTCs

counts among the groups. A-b Comparison of large CTCs (,CTCs) counts among the groups. A-c Comparison of small CTCs (;CTCs) counts
among the groups. B-a Comparison of total CTECs counts among the groups. B-b Comparison of large CTECs (,CTECs) counts among the groups.
B-c Comparison of small CTECs (;CTECs) counts among the groups. Data are presented as the median, *P<0.05, **P<0.01, ***P <0.001,

%P <0.0001, Mann-Whitney U test

list for both panels is shown in Additional file 3:
Table S5 and Table S6. In these 9 patients, a total of
92 tDNA mutations were detected and 26 of them
occurred in overlapping genes (see Additional file 3:
Table S8). In detail, 1 mutation in 1 case of the benign
lesion (another case of the benign lesion had no muta-
tion detected), 11 mutations in 3 cases of AC, and 14
mutations in 3 cases of SSC (detailed mutation and
frequency shown in Fig. 6D). The most common muta-
tion was EGFR p.L858R and it was observed in 4
patients with AC and in 1 patient with SCC, but it was
not detected in cfDNA. The second common muta-
tion was CNV involved in CDK4. It was surprising that
only 4 mutations RBI (p.R621H), RET (p.D631N), P53
(p-V216L), and TSC2 (p.R718H) were detected in both
the tDNA and ctDNA. It suggested that the a lower
coincidence among ctDNA and tDNA mutations. How-
ever, PTCHI (c.1347+6G>A) and ALK (Ser691Ser),
which had a high frequency of 45.2% and 42.63% in

plasma respectively, were not detected in the matched
tumor tissue (Fig. 6D). Another interesting point is that
tumor mutation burden (TMB) was higher in the SCC
group and microsatellite instability-high (MSI-H) sta-
tus was also observed in 1 SCC patient.

Since the sample size in our study is relatively small,
we performed an additional meta-analysis from 21 arti-
cles containing ctDNA and tDNA sequencing data. The
sensitivity, specificity, staging as well as methodology of
each article are shown in Table 5. The rate of mutation to
be detected or the sensitivity of mutation detection was
different depending on the clinic staging. Among sev-
eral studies involving advanced patients, the sensitivity
ranged from 50 to 100% [34—53], However, the sensitiv-
ity was as low as 37% in studies focusing on early-stage
patients [54] (Fig. 7A, Table 5). Moreover, the size of the
panel used for detection also had an impact on the sen-
sitivity. In two studies [40, 46], where only the EGFR or
KRAS gene was covered, the sensitivity was significantly
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Fig. 4 Comparison of CTCs and CTECs counts in different aneuploids among healthy, benign lung disease (BN) and NSCLC groups. A-a Comparison
of triploid CTCs counts among the groups. A-b Comparison of tetraploid CTCs counts among the groups. A-c Comparison of multiploid

CTCs counts among the groups. B-a Comparison of triploid CTECs counts among the groups. B-b Comparison of tetraploid CTECs counts

among the groups. B-c Comparison of multiploid CTECs counts among the groups. Data are presented as the median, *P<0.05, **P<0.01,

***P<0.001, ****P<0.0001, Mann-Whitney U test

higher compared to the first study in the list [54], which
used a broader panel of genes (Table 5).

Discussion

Our study’s findings indicated that CTCs and CTECs
are valuable in aiding the diagnosis of lung cancer. Fur-
thermore, our recently published study provides more
comprehensive results, including patients with solitary
pulmonary nodules, which further confirms the diagnos-
tic value of this liquid biopsy method for early-stage lung
cancer [33]. Therefore, in this article, we mainly discuss
the role of ctDNA detection for early diagnosis and the
coincidence between ctDNA mutation and tDNA muta-
tion in order to suitably use it in clinical.

It is well known that cfDNA can be rapidly cleared in
circulation, and it is difficult to capture due to low con-
centration and a very short half-life of less than one
hour. Additionally, the proportion of ctDNA in cfDNA

undergoes a profound alteration as cancer advances,
ranging from 0.1 to 90% [55]. Thus, high sensitivity
and stable assays are important for both cfDNA isola-
tion and ctDNA mutation profiling. Currently, multiple
methods have been applied for ctDNA mutation detec-
tion, such as ddPCR, BEAMing, Tagged-Amplicon deep
sequencing (TAm-seq), Cancer Personalized Profiling
by deep sequencing (CAPP-Seq), and Whole-genome-
sequencing (WGS) or Whole-exome sequencing (WES).
Compared to PCR-based assays, which can only detect a
limited number of mutations, NGS-based methods uti-
lizing unique molecular barcodes can identify and quan-
tify multiple target genes simultaneously. This allows for
the detection of mutant allele fractions (MAF) as low
as<0.1% [56]. In our research, we applied the Roche
AVENIO ctDNA Expanded Kit and Illumina NextSeq
500 platform to detect ctDNA mutations in targeted 77
genes. Since low-abundance ctDNA mutations, such as
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Table 2 Statistical parameters for ROC analysis of CTCs and CTECs for NSCLC

Test item AUC Cutoff value Std. Error P 95% Cl
Total CTCs 0.815 1.5 0.047 <0.0001 0.722-0.907
CTCs 0.663 6.5 0.061 0.015 0.544-0.782
CTCs 0.815 6.5 0.046 <0.0001 0.724-0.906
Triploid CTCs 0.809 6.5 0.047 <0.0001 0.717-0.901
Tetraploid CTCs 0.698 45 0.056 <0.001 0.634-0.852
Multiploid CTCs 0.646 6.5 0.062 0.029 0.525-0.766
Total CTECs 0.739 10.5 0.062 <0.001 0.618-0.860
(CTECs 0.691 85 0.064 0.004 0.566-0.815
<CTECs 0.781 2.5 0.053 <0.0001 0.679-0.884
Triploid CTECs 0.716 35 0.058 0.001 0.602-0.830
Tetraploid CTECs 0.677 25 0.063 0.008 0.555-0.799
Multiploid CTECs 0.675 7.5 0.063 0.009 0.550-0.799
Total CTCs+CTECs 0.826 - 0.047 <0.0001 0.734-0917
CTCs+CTECs 0.898 - 0.036 <0.0001 0.828-0.968
Triploid(CTCs+CTECs) 0.872 - 0.040 <0.0001 0.794-0.950
Large CTCs, CTCs, small CTCs, ;CTCs, Large CTECs, [CTECs, small CTECs, CTECs

Table 3 Evaluation of the diagnostic efficiency of single and combined tests for NSCLC [%)]

Test item SEN% SPE% PPV% NPV% AC% LR+
Total CTCs 67.3 839 86.8 619 738 4.2
CTCs 388 67.7 65.5 412 50.0 12
CTCs 653 935 94.1 63.0 76.3 10.1
Triploid CTCs 57.1 96.8 96.6 588 72.5 17.7
Tetraploid CTCs 510 87.1 86.2 529 65.0 40
Multiploid CTCs 286 96.8 933 46.2 550 89
Total CTECs 776 774 84.4 68.6 77.5 34
(CTECs 67.3 67.7 76.7 56.8 67.5 2.1
<CTECs 67.3 774 825 60.0 71.3 30
Triploid CTECs 49.0 90.3 88.9 528 65.0 5.1
Tetraploid CTECs 36.7 71.0 66.7 41.5 50.0 1.3
Multiploid CTECs 592 74.2 784 535 65.0 23
SCC+CEA+CYFRA 21-1 522 75.8 774 50.0 613 217
CT/PET-CT diagnosis 57.1 774 80.0 533 65.0 248

Large CTCs,  CTCs; small CTCs, ;CTCs; Large CTECs, | CTECs; small CTECs, CTECs

SEN Sensitivity; SPE Specificity; PPV Positive predictive value; NPV Negative predictive value; LR+ Positive likelihood ratio; SCC Squamous cell carcinoma antigen; CEA

Carcinoma embryonic antigen; CYFRA21-1 Cytokeratin fragment antigen 21-1

ERBB2 and IDH1 with the percentage of variants 0.34%
and 0.05% respectively, had been caught in one patient
with the benign lesion, which suggested that this kit is
relatively sensitive and NGS-based ctDNA detection may
have advantages in early finding mutant ctDNA.

In this study, even though the cell-free DNA concen-
tration showed a significant positive association with the
tumor size and stage, we still cannot confirm how much
of this ¢fDNA is derived from the tumor tissue, since the
cfDNA level can also increase in many instances such as

inflammation, surgery or drug stimulation which could
cause cfDNA release by normal cells or hematopoietic
cells [32]. In addition, we found no correlation between
cfDNA concentration and CTCs or CTECs counts, which
does bolster the previous research that most cfDNA is
not derived from circulating tumor cells [57].

One unanticipated finding in this research was the dis-
cordance in mutations between ctDNA from blood and
DNA derived from matched tumor tissue. On the one
hand, low-frequency variants such as IDHI (Argl32Gly),
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Table 4 Statistics of the cfDNA concentration in enrolled 28 patients (ng/m!)

Group No(%) Mean S.D 95%Cl Median Range P25-P75
Benign 8 5.64 1.67 4.11-847 5.16 436 4.24-7.28
NSCLC 20 7.64 3.79 4.79-9.38 7.29 13.71 4.42-9.81
Pathological type
AC 12(60%) 6.10 2.83 4.30-7.89 4.95 7.71 3.95-9.11
SCC 8(40%) 9.94 4.03 6.57-13.31 8.62 10.16 6.24-13.93
TNM stage
Il 15(75%) 6.42 2.67 4.94-7.89 5.84 7.71 4.01-9.00
-V 5(25%) 11.29 4.59 5.59-16.99 13.73 9.87 6.36-15.00
NSCLC non-small cell lung cancer; AC Adenocarcinoma; SCC Squamous carcinoma
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Fig. 5 Analysis of the plasma cfDNA concentration in enrolled 28 patients. A Plasma cfDNA concentration between patients with or without ctDNA
mutations. B Plasma cfDNA concentration between different TNM stages. C Plasma cfDNA concentration between different pathological types. D
Tumor size (Maximum tumor diameter, MTD) between different pathological types. E The correlation between cfDNA concentration and tumor size
(MTD). F The correlation between cfDNA concentration and counts of CTCs. G The correlation between cfDNA concentration and counts of CTECs.
H The correlation between the concentration of cfDNA and CYFRA 21-1*P<0.05, **P<0.01, ***P<0.001, ****P <0.0001, Mann-Whitney U test

TP53 (c919+1G>A), GNAS (Arg201Cys) and
MSH (Tryl066Cys), as well as high-frequency vari-
ants PTCHI(c.1347+6G>A) and ALK (Ser691Ser)
detected in the plasma of patients were not found in the
matched tumor. We considered that those low-frequency
variants may arise from minor subclones due to temporal
and spatial heterogeneity of the tumor itself [58], while
the high-frequency mutations may be related to clonal
hematopoiesis (CH) [30, 59-61]. On the other hand,
many mutations in tumor tissue especially for EGFR
(L858R) have not been detected in the plasma. This may
be possibly due to the minimal release of early-stage
tumors. Unlike CTCs that are actively discharged from

the tumor tissues and can be viewed as small metastases,
known as cMO(i+) staging [62], ctDNA is released pas-
sively by apoptotic and necrotic cancer cells. Therefore,
external factors like surgery, radiation, or chemotherapy
have the potential to promote the release of tumor DNA
into the bloodstream. Additionally, tumor heterogeneity
may also be attributed to this concordance. Our meta-
analysis results also show the sensitivity of ctDNA test-
ing using NGS is higher in advanced NSCLC but not
satisfactory in early-stage patients, which is similar to
our findings. Thus, it means that a high-intensity ctDNA
assay is needed to capture these rare mutations.
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Conclusions

In summary, the detection of CTCs and CTECs based
on SE-iFISH has shown promising roles for NSCLC
diagnosis. However, ctDNA detection provides an
option for screening potential patients with cancer and
monitoring treatment response. Despite liquid biopsy
shows currently various dilemmas in clinical prac-
tice, with the progress of technology, the reduction
of sequencing costs as well as big data analysis based
on multiple indicators, it will eventually play a more
important role in the diagnosis, treatment, or prognosis
of various cancers in the future.

AC Adenocarcinoma

CTCs Circulating tumor cells

CTECs Circulating tumor-derived endothelial cells

ctDNA Circulating tumor DNA

NGS Next generation sequencing

NSCLC Non-small cell lung cancer

SCC Squamous cell carcinoma

SE-iIFISH  Subtraction enrichment and immunostaining-fluorescence in situ
hybridization

tDNA Tumor DNA
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Supplemental Table 1. Statistical parameters of CTCs and CTECs of 104 participating subjects

CTCs (Units/6ml)

CTECs (Units/6ml)

Characteristics Total CTCs LCTCs sCTCs Total CTECs LCTECs SCTECs
M P25-P75 P M P25-P75 P M P25-P75 P M P25-P75 P M P25-P75 P M P25-P75 P
Healthy 55 3-8.75 <0.001 3 1-6 0.027 2 0-4.5 <0.0001 6 2-10 <0.001 3 2-6.75 0.0001 0 0-0 <0.0001
BLDP 5 1-11 2 0-5 2 0-5 5 2-7 5 0-8 1 0-2
NSCLC 16 7-22.5 5 1.5-115 10 3.5-17 18 11.5-28.5 13 5-24 4 2-8
Pathological type 0.629 0.153 0.891 0.183 0.557 0.156
AC 16 8.25-21.75 4 2-10.75 10.5 3.25-17 17 9.5-27 14 5-23.75 4 1-1.75
SC 14 5.5-37.75 75 2.25-26 8 4.75-12 20 13.25-36.5 12 4.5-30 5 3-8.75
ASC 34 3-90 16 2-50 18 1-40 32 22-131 18 13-115 16 4-19
Other 9 2-16 0.5 0-1 8.5 2-15 10.5 6-15 8 2-14 25 1-4
TNM stage 0.715 0.747 0.564 0.388 0.525 0.826
I 16 6-23 4 1-12 13 2-17 17 8-30 11 4-26 4 2-8
I 36 5-67 275 1-54 8.5 4-13 18 17-19 14 12-16 4 1-7
I 14 7.5-17 5 1.5-85 7 3-95 17 7-23.5 12 1.5-19 4 0.5-8.5
v 16 14-34 5 4-16 12 8-18 25 16-73 18 9-67 6 2-8

Measurement data were compared between two groups by Mann-Whitney U test, multiple groups by Kruskal-Wallis test. Abbreviations: NSCLC non-small cell lung cancer, BLDP benign lung disease patients, AC

Adenocarcinoma, SC Squamous carcinoma, ASC adenosquamous carcinoma, CTCs circulating tumor cells, CTECs circulating tumor-derived endothelial cells, M median, P25-P75 inter-quartile range
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Supplemental Table 2. Statistical parameters of aneuploid CTCs and CTECs of 104 participating subjects

Aneuploid CTCs (Units/6ml)

Aneuploid CTECs (Units/6ml)

Characteristics Triploid Tetraploid Multiploid Triploid Tetraploid Multiploid
M P25-P75 P M P25-P75 P M P25-P75 P M P25-P75 P M P25-P75 P M P25-P75 P
Healthy 1 0-2 <0.001 0 0-1.75 <0.0001 3 1-6 0.058 0 0-0 <0.0001 0 0-0 <0.0001 3 0.25-6 <0.001
BLDP 2 0-5 1 0-3 1 0-4 1 0-3 0 0-3 4 1-8
NSCLC 8 3.5-12 4 1.5-6 3 1-75 3 1-6 2 1-4 8 4-23
Pathological type 0.887 0.657 0.428 0.069 0.083 0.127
AC 75 4-135 4 2-5.75 8 4-22 25 1-6 2 0-4 85 4.25-22
SC 8 4-8.75 2 0.25-12 10.5 5.75-30 4 3-5.75 25 1.25-4 10.5 5.75-30
ASC 11 1-40 6 1-9 12 8-106 8 8-8 8 6-11 12 8-106
Other 6.0 1-11.0 25 14 1 1-1 15 0-3 15 1-2 35 1-6
TNM stage 0.240 0.897 0.365 0.134 0.653 0.389
I 9 4-14 4 2-6 2 0-7 2 0-6 2 1-4 7 4-24
Il 45 36 12 1-23 195 1-38 2 1-3 2 0-4 7.5 3-12
it 4 2-8 4 0-5.5 3 2-75 5 1-6 1 0-4 8 3-16
v 11 8-14 3 2-6 4 2-17 5 3-8 3 0-7 14 8-58

The number of CTEC triploid in adenosquamous carcinoma was significantly higher than that in adenocarcinoma and squamous carcinoma (p=0.0161*, Mann-Whitney U test; p=0.0424*, Mann-Whitney U test). The

number of CTEC tetraploid in adenosquamous carcinoma was significantly higher than that in adenocarcinoma and squamous carcinoma (p=0.0061**, Mann-Whitney U test; p=0.0061**, Mann-Whitney U test). The

number of CTEC triploid in stage IV was significantly higher than that in stage | (p=0.0276*, Mann-Whitney U test). Measurement data were compared between multiple groups by Kruskal-Wallis test.

Abbreviations: NSCLC non-small cell lung cancer, BLDP benign lung disease patients, AC Adenocarcinoma, SC Squamous carcinoma, ASC adenosguamous carcinoma, CTCs circulating tumor cells, CTECs

circulating tumor-derived endothelial cells, M median, P25-P75 inter-quartile range.



Supplemental Table3. The diagnostic sensitivity of CTCs and CTECs in different pathological types and stages of NSCLC

CTCs CTECs

Characteristics Total CTCs LCTCs sCTCs Total CTECs LCTECs SCTECs

=115 <15 SEN% = <6.5 SEN% =6. <6.5 SEN% =105 <105 SEN% =8. <85 SEN% =25 <25 SEN%
Pathological type
AC 27 9 75.0 12 24 33.3 23 13 63.9 27 9 75.0 23 13 63.9 22 14 61.1
SC 6 2 75.0 5 3 62.5 6 2 75.0 7 1 87.5 6 2 75.0 7 1 87.5
ASC 2 1 66.7 2 1 66.7 2 1 66.7 3 0 100.0 3 0 100.0 3 0 100.0
Other 1 1 50.0 0 2 0.0 1 1 50.0 1 1 50.0 1 1 50.0 1 1 50.0
TNM stage
I 19 8 70.4 10 17 37.0 16 11 59.3 19 8 70.4 17 10 63.0 18 9 66.7
I 1 1 50.0 1 1 50.0 1 1 50.0 2 0 100.0 2 0 100.0 2 0 100.0
i 7 2 77.8 4 5 44.4 6 3 66.7 7 2 77.8 5 4 55.6 5 4 55.6
v 9 2 81.8 4 7 36.4 9 2 81.8 10 1 90.9 9 2 81.8 8 3 72.7

Abbreviations: NSCLC non-small cell lung cancer, AC Adenocarcinoma, SC Squamous carcinoma, ASC adenosquamous carcinoma, CTCs circulating tumor cells, CTECs circulating tumor-derived endothelial cells.
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Supplemental Table 4. The diagnostic sensitivity of aneuploid CTCs and CTECs in different pathological types and stages of NSCLC

Aneuploid CTCs

Aneuploid CTECs

Characteristics Triploid Tetraploid Multiploid Triploid Tetraploid Multiploid
=6.5 <6.5 SEN% =45 <45 SEN% =6.5 <6.5 SEN% =3. <35 SEN% =2. <25 SEN% =75 <75 SEN%
Pathological type
AC 19 17 52.8 12 14 333 9 27 333 16 20 44.4 15 11 41.7 19 14 52.8
SC 6 2 75.0 2 6 25.0 3 5 375 4 4 50.0 4 4 50.0 6 2 75.0
ASC 2 1 66.7 2 1 66.7 2 1 66.7 3 0 100.0 3 0 100.0 3 0 100.0
Other 1 1 50.0 1 1 50.0 0 2 0.0 0 2 0.0 0 2 0.0 0 1 0.0
TNM stage
I 16 9 59.3 10 17 37.0 8 19 29.6 11 16 40.7 11 16 40.7 13 14 48.1
I 0 2 0.0 1 1 50.0 1 1 50.0 0 2 0.0 1 1 50.0 1 1 50.0
i 3 6 333 2 7 22.2 2 7 22.2 6 3 66.7 3 6 33.3 5 4 55.6
v 9 2 81.8 3 8 27.3 3 8 27.3 7 4 63.6 7 4 63.6 9 2 81.8

Abbreviations: NSCLC non-small cell lung cancer, AC Adenocarcinoma, SC Squamous carcinoma, ASC adenosquamous carcinoma, CTCs circulating tumor cells, CTECs circulating tumor-derived endothelial cells.



Supplemental table5. Target gene information of ctDNA panel

ABL1 AKT1 AKT2 ALK APC AR ARAF
BRAF BRCAL BRCA2 CCND1 CCND2 CCND3 CD274
CDK4 CDK6 CDKN2A  CSF1R CTNNB1 DDR2 DPYD
EGFR ERBB2 ESR1 EZH2 FBXW?7 FGFR1 FGFR2
FGFR3 FLT1 FLT3 FLT4 GATA3 GNAl1l GNAQ
GNAS IDH1 IDH2 JAK?2 JAK3 KDR KEAP1
KIT KRAS MAP2K1 MAP2K2 MET MLH1 MSH2
MSH6 MTOR NF2 NFE2L2 NRAS NTRK1 PDCD1LG2
PDGFRA  PDGFRB  PIK3CA PIK3R1 PMS2 PTCH1 PTEN
RAF1 RB1 RET RNF43 ROS1 SMAD4 SMO
STK11 TERT TP53 TSC1 TSC2 UGT1A1 VHL




Supplemental table 6. Target gene information of tDNA panel

ABCB1(MDR1) ABCC2 ABL1 ADH1B AIP AKT1 AKT2
AKT3 ALDH2 ALK AMER1 APC APEX1 AR
ARAF ARID1A ARID1B ARID2 ARID5B ASCL4 ASXL1
ATF1 ATIC ATM ATR ATRX AURKA AURKB
AXIN2 AXL B2M BAD BAI3 BAK1 BAP1
BARD1 BAX BCL2 BCL2L1 BCL2L11 BCL3 BCR
BIRC3 BLM BMPR1A BRAF BRCA1 BRCA2 BRD4
BRIP1 BTG2 BTK BUBI1B CLLOR30 CASP8 CBL
CBLB CCND1 CCNE1 CD274(PD-1) CD74 CDA CDC73
CDH1 CDK10 CDK12 CDK4 CDKG6 CDK8 CDKN1A
CDKN1B CDKN1C CDKN2A CDKN2B CDKN2C CEBPA CEP57
CHD4 CHDS8 CHEK1 CHEK2 CREBBP CRKL CSF1R
CTCF CTLA4 CTNNB1 CuUL3 CUX1 CXCL8 CXCR4
CYLD CYP19A1 CYP2A13 CYP2A6 CYP2A7 CYP2B6*6  CYP2C19*2
CYP2C9*3 CYP2D6 CYP3A4*4  CYP3A5 CYSLTR2 DAXX DDR2
DENND1A DHFR DICER1 DLL3 DNMT3A DOT1L DPYD
DTL(CDT2) DUSP2 EGFR EIF1AX EP300 EPAS1 EPCAM
EPHA2 EPHA3 EPHAS ERBB2 ERBB2IP ERBB3 ERBB4
ERCC1 ERCC2 ERCC3 ERCC4 ERCC5 ESR1 ETV1
ETV4 ETV5 ETV6 EWSR1 EXT1 EXT2 EZH2
EZR FANCA FANCC FANCD2 FANCE FANCF FANCG
FANCI FANCL FANCM FAT1 FBXW7 FGF19 FGFR1
FGFR2 FGFR3 FGFR4 FH FLCN FLT1 FLT3
FLT4 FOXA1 FOXL2 FOXO3 FOXP1 FRG1 GATA1
GATA2 GATA3 GATA4 GATAG GNA11 GNAQ GNAS
GRIN2A GRM3 GRM8 GSTM1 GSTM4 GSTP1 GSTT1
HDAC1 HDAC?2 HDAC9 HGF HLA-A HMOX1 HNF1A
HNF1B HRAS HSPB1 IDH1 IDH2 IFNAG IFNB1
IFNE IFNG IFNGR1 IFNGR2 IGF1R IGF2 IKBKE
IKZF1 1L13 IL1A IL7R INPP4B IRF1 IRF2
ITGB6 JAK1 JAK2 JAKS JARID2 JUN KDM5A
KDR(VEFGR?2) KEAP1 KIF1B KIT KITLG KLLN KMT2A
KMT2B KMT2C KMT2D KRAS LHCGR LIG3 LIG4
LIN28B LMO1 LRP1B LYN LZTR1 MALT1 MAP2K1
MAP2K2 MAP2K4 MAP3K1 MAP3K4 MAPK1 MAPK3 MAX
MCL1 MDM2 MDM4 MECOM MED12 MEF2B MEN1
MET MGMT MIF MITF MLH1 MLH3 MLLT1
MLLT3 MLL4 MMP1 MPL MRE11A MSH2 MSH6
MTHFR MTOR MTRR MUCSB MUTYH MYC MYCL
MYCN MYD88 MYH9 NAT1 NBN NCOR1 NEIL1
NF1 NF2 NFE2L2 NFKB1 NFKBIA NKX2-1 NOS2




NOS3 NOTCH1 NOTCH2 NOTCH3 NPM1 NQO1 NRAS
NRG1 NSD1 NTHL1 NTRK1 NTRK2 NTRK3 NUTM1
PAK2 PAK3 PALB2 PALLD PARK2 PARP1 PARP2
PAX5 PBRM1 PDCD1 PDCD1LG2 PDE11A PDGFRA PDGFRB
PDK1 PGR PHOX2B PIK3C3 PIK3CA PIK3CD PIK3R1
PIK3R2 PKHD1 PLAG1 PLCB4 PLK1 PMAIP1 PMS1
PMS2 PNKP(PNK)  POLD1 POLD3 POLE POLH POLT1
PPARD PPP2R1A PRDM1 PREX2 PRF1 PRKACA PRKAR1A
PRKCB PRKCI PRKDC PRSS1 PRSS3 PTCH1 PTEN
PTK2 PTPN11 PTPN13 QK RAC1 RAC3 RAD50
RAD5S1 RAD51B RAD51C RAD51D RAD54L RAD9A RAF1
RARA RARG RASGEF1A RB1 RCC1 RECQL4 RELA
RELN RET RHOA RICTOR RNF43 ROS1 RPTOR
RRM1 RUNX1 RUNX1T1 SBDS SDC4 SDHA SDHB
SDHC SDHD SEPT9 SERPINE1 SETBP1 SETD2 SF3B1
SGK1 SKP2 SLC34A2 SLC3A2 SMAD2 SMAD3 SMAD4
SMAD7 SMARCA4 SMARCB1  SMO SOCS1 SOS1 SOX2
SPOP SPRED1 SPRY4 SRC SRSF2 SRY STAG2
STAT1 STAT3 STK11 STMN1 SUFU SUMO1 TACC3
TAP1 TAP2 TBK1 TEK TEKT4 TERC TERT
TET2 TFG TGFB1 TGFBR2 THADA TMEM127  TMEM167A
TMPRSS2 TNF TNFAIP3 TNFRSF11A  TNFRSF14 TNFRSF19  TNFRSF1B
TNFSF11 TOP1 TOP2A TPS53 TPG3 TPMT TSC1
TSC2 TSHR TTF1 TUBB3 TYMS USAF1 UGT1Al
UNG VAMP?2 VEGFA VHL WAS WISP3 WRN
WT1 XPA XPC XRCC1 XRCC2 XRCC3 XRCC4
XRCC5 YAP1 ZNF2 ZNF217 ZNF703 - -




Supplemental Table7. Mutational profile of ctDNA in enrolled 28 patients

Gene All Subjects  Pathological ~ Variant Variant Variant Alle
n (%)(N=28) type CDSchange type Description Fraction(%)
TP53 9(32.1) AC exond: ¢.374C>A: p.Thr125Lys SNV Missense 0.38
AC Intron7: c.919+1G>A: ...... SNV Intronic 0.29
SCC exon6: ¢.646G>T: p.Val216Leu SNV Missense 0.12
SCC exon7: ¢.701A>G: p.Tyr234Cys SNV Missense 7.29
SCC exon6: ¢.592G>T: p.Glu198* SNV Nonsense 13.85
SCC exon6: ¢c.583A>T: p.lle195Phe SNV Missense 29.97
SCC# exon6: c.578 A>G: p.His193Arg SNV Missense 7.23
SCC# exon7: c.711G>A: p.Met237lle SNV Missense 3.88
ScC exon6: c.583A>T: p.lle195Phe SNV Missense 0.52
ScC exon7: ¢.713G>A: p.Cys238Tyr SNV Missense 0.16
RB1 2(7.1) Benign exonl9: c.1862G>A: p.Arg621His SNV Missense 48.9
ScC Intron20: ¢.2107-1G>A: ...... SNV Intronic 13.3
ERBB2 2(7.1) Benign exon23: ¢.2810A>G: p.Lys937Arg SNV Missense 0.34
ScC exon23: ¢.2810A>G: p.Lys937Arg SNV Missense 0.37
IDH1 2(7.1) Benign exon4: ¢.394C>A: p.Arg132Ser SNV Missense 0.05
AC exon4: ¢.394C>G: p.Argl32Gly SNV Missense 2.16
PTEN 2(7.1) Benign exon8: ¢.962_963insA: p.Asn323fs  Delins Frameshift 0.12
ScC Intron8: ¢.1026+1G>C: ...... SNV Intronic 1.77
MET 2(7.1) Benign exonl4: c.3013C>G: p.Argl005Gly SNV Missense 0.09
SCC CNV SCORE:4.75 CNV - -
ALK 2(7.1) AC exonl2: ¢.2073C>T: p.Ser691Ser SNV Synonymous  42.63
SCC exon28: c.4076A>G: p.Tyrl359Cys SNV Missense 6.85
FGFR2 2(7.1) SCC exonl2: c.1650T>A: p.Asn549Lys SNV Missense 0.52
SCC exon9: ¢.1147T>C: p.Cys383Arg SNV Missense 0.08
RET 1(3.6) AC exonll: ¢.1891G>A: p.Asp631Asn SNV Missense 41.54
PTCH1 1(3.6) AC Intron9: c.1347+6G>A: ...... SNV Intronic 45.65
DDR2 1(3.6) AC exonl4: ¢.1530C>T: p.Val510Val SNV Synonymous  45.07
TSC2 1(3.6) SCC exon20: ¢.2153G>A: p.Arg718His SNV Missense 44.64
MSH6 1(3.6) SCC exon5: ¢.3197A>G: p.Tyrl066Cys SNV Missense 0.07
GNAS 1(3.6) SCC exon8: ¢.604C>T: p.Arg201Cys SNV Missense 0.92
NFE2L2 1(3.6) SCC exon2: ¢.92G>C: p.Gly31Ala SNV Missense 15.43
KEAP1 1(3.6) SCC exond: ¢.1408C>T: p.Arg470Cys SNV Missense 15.15
EGFR 1(3.6) SCC CNV SCORE:3.79 CNV - -
MAP2K1 1(3.6) SCC exon6: ¢.644T>C: p.Leu215Pro SNV Missense 0.06
PIK3CA 1(3.6) SCC exon21: c.3140A>G: p.His1047Arg SNV Missense 0.11
FGFR3-TACC3  1(3.6) SCC Fusion - - -

The genes name in bold means in the list of 75 overlapping genes between ctDNA and tDNA panel,

# Two different mutations in the same patient



Supplemental Table8. Mutational profiles of tumor DNA in filtered 9 patients

Gene All Subjects  Pathological ~ Variant Variant Variant Alle
n (%) (N=9) type CDSchange type Description Fraction(%)
EGFR 5(55.6) AC exon21:¢.2573T>G: p.L858R SNV Missense 55.2
AC exon21:¢.2573T>G: p.L858R SNV Missense 15.3
AC exon21:¢.2573T>G: p.L858R SNV Missense 231
AC exon21:¢.2573T>G: p.L858R SNV Missense 21.2
SCC exonl19:c.2237_2255delinsT:p.E746_S7  Delins nonFrameshift 39.5
52delinsV
MCL1 4(44.4) AC 2.6 copies CNV - -
AC 2.6 copies CNV - -
AC 6.4 copies CNV - -
AC 2.4 copies CNV - -
CDK4 3(33.3) AC 7.6 copies CNV - -
AC 2.1 copies CNV - -
AC 2.3 copies CNV - -
VEGFA 2(22.2) AC 7.4 copies CNV - -
AC 2.2 copies CNV - -
BCL3 2(22.2) AC 9.8 copies CNV - -
AC 2.3 copies CNV - -
FGFR1 2(22.2) AC exonl3:¢c.1727G>A: p.R576Q SNV Missense 63.0
SCC exon5:¢.565C>T:p.R189C SNV Missense 9.9
MYC 2(22.2) AC 2.2 copies CNV - -
SCC 2.1 copies CNV - -
PDGFRB 2(22.2) AC exon7: ¢.1084G>A: p.A362T SNV Missense 1.3
SCC exonl15: ¢.2129C>T:p.P710L SNV Missense 8.8
CYLD 2(22.2) SCC exon4:c.173C>G:p.S58* SNV Nonsense 34.1
SCC exonl10:c.1145A>T:p.E382V SNV Missense 2.6
TP53 2(22.2) SCC exon6:c.646G>T:p.V216L SNV Missense 36.5
SCC exon8:¢.833C>T:p.P278L SNV Missense 39.0
FGFR2 1(11.1) SCC exon3:¢c.290C>T:p.A97V SNV Missense 9.0
DUSP2 1(11.1) Benign exon4: c.914T>A: p.L305Q SNV Missense 46.4
CDA 1(11.1) Benign exon2: c.160A>T: p.N54Y SNV Missense 47.2
RB1 1(11.1) Benign exonl19: ¢.1862G>A:p.R621H SNV Missense 49.8
RET 1(11.1) AC exonll: ¢.1891G>A:p.D631N SNV Missense 41.9
ARID1A 1(11.1) AC exonl8:c.4798_4799delTCinsAA: Delins Missense 131
p.S1600N
CuUL3 1(11.1) AC exon9: ¢.1288C>T: p.R430C SNV Missense 354
MLH1 1(11.2) AC exonl12:¢c.1404C>A: p.N468K SNV Missense 62.2
STMN1 1(11.1) AC 2.7 copies CNV - -
MDM4 1(11.1) AC 2.5 copies CNV - -
CBL 1(11.1) AC exon9: ¢.1384C>T: p.R462* SNV Nonsense 2.1
POLD1 1(11.1) AC Single copy CNV - -
GATA6 1(11.1) AC exon2: ¢.145G>A: p.G49S SNV Missense 35.6



NSD1
RAD50
MDM2
TOP1
MLH1
BMPR1A
PALLD

PRKARIA
PTEN
WISP3
ATR
CBLB
DOTIL
FANCC
GATA2
IFNGR1
MED12
NPM1
ROS1
WRN
HARS
LRP1B
ARID1B
AXIN2
BRIP1
EPHA3
FANCL
FLT3
FLT4
TSc2
LYN
MYCN
PAK3
EP300
GNAS
QKI
SMARCA4
SPRY4

ABL1

AKT2
CSFI1R

1(11.1)
1(11.1)
1(11.1)
1(11.1)
1(11.1)
1(11.1)
1(11.1)

1(11.1)
1(11.1)
1(11.1)
1(11.1)
1(11.1)
1(11.1)
1(11.1)
1(11.1)
1(11.1)
1(11.1)
1(11.1)
1(11.1)
1(11.1)
1(11.1)
1(11.1)
1(11.1)
1(11.1)
1(11.1)
1(11.1)
1(11.1)
1(11.1)
1(11.1)
1(11.1)
1(11.1)
1(11.1)
1(11.1)
1(11.1)
1(11.1)
1(11.1)
1(11.1)
1(11.1)

1(11.1)

1(11.1)
1(11.1)

AC
AC
AC
AC
AC
SCC
SCC

SCC
SCC
SCC
SCC
SCC
SCC
SCC
SCC
SCC
SCC
SCC
SCC
SCC
SCC
SCC
SCC
SCC
SCC
SCC
SCC
SCC
SCC
SCC
SCC
SCC
SCC
SCC
SCC
SCC
SCC
SCC#
SCC#
SCC#
SCC#
SCC
SCC

exon23: ¢.7493G>A: p.G2498E
exon21: ¢.3278G>T: p.R1093L
2.8 copies

exon15:¢.1517C>G: p.S506*
exonl2:c.1404C>A: p.N468K
Single copy

exonl0: ¢.1847_1859delGCCGTG
GAGTAAA: p.S616Mfs*3
exon2:¢c.46C>T.p.R16*
exon9:¢.1030A>T:p.K344*
exon2:¢.220C>T:p.Q74*
exonl4:c.2963A>G:p.N988S
exon5:¢.607G>A:p.K7E203K
exon20:¢.2327C>G:p.P776R
exon5:¢.406C>G:p.Q136E
exon2:¢.206G>T:p.R69L
exon7:¢.1187C>G:p.S396W
exonl15:¢c.2177A>C:p.Y726S
exonl0:c.844G>A:p.E282K
exon4:c.265_266delGGinsTT:p.G89F
exon26:¢.3194C>T:p.A1065V
exon2:¢.35G>A:p.G12D
exon78:¢.11952C>G:p.Y3984*
exonl12:c.3185A>G:p.E1062G
exon2:¢c.325G>A:p.D109N
exonl7:¢c.2387T>C:p.L796P
exonl4:c.2362A>T:p.1788F
exonl4:c.1124A>C:p.H375P
exonl2:c.1435A>G:p. T479A
exonl5:¢.2228C>T:p.A743V
exon20: ¢.2153G>A:p.R718H
exonl3:¢c.1372C>T:p.Q458*
exon3:¢.1172G>T:p.R391L
exonl4:c.1274C>A:p.T425N
exon24:¢.3939_3940delGA:p.N1314Sfs*3
2.1 copies
exon3:c.401delA:p.K134Rfs*14
exonl19:c.2729C>T:p.T910M
exon3:¢c.579_580del TG:p.A194Ifs*42
exon3:c.113C>A:p.S38*
exonl10:c.1651C>T:p.P551S
exonll:c.2770G>A:p.G924R
exonl10:c.839A>C:p.N280T
exon4:c.363G>T:p.Q121H

SNV
SNV
CNV
SNV
SNV
CNV
Delins

SNV
SNV
SNV
SNV
SNV
SNV
SNV
SNV
SNV
SNV
SNV
Delins
SNV
SNV
SNV
SNV
SNV
SNV
SNV
SNV
SNV
SNV
SNV
SNV
SNV
SNV
Delins
CNV
Delins
SNV
Delins
SNV
SNV
SNV
SNV
SNV

Missense
Missense
Nonsense
Missense

Frameshift

Nonsense
Nonsense
Nonsense
Missense
Missense
Missense
Missense
Missense
Missense
Missense
Missense
Missense
Missense
Missense
Nonsense
Missense
Missense
Missense
Missense
Missense
Missense
Missense
Missense
Nonsense
Missense
Missense
Frameshift
Frameshift
Missense
Frameshift
Nonsense
Missense
Missense
Missense

Missense

22.1
21.2

2.4
36.2

32.0

15.9
34.2
3.3
20.8
2.1
314

21.3
4.0

2.0

34.0
40.3
31

17.3
27.2
315
10.2
37.8
37.7
2.7

35.6
2.0

47.8
21.7
224
10.7
111

8.4
9.5
10.3
1.0
4.2
1.0
2.6
9.0



ETV4
GRM3
LZTR1
POLE
SEPT9
THADA
XRCC2
YAP1
CYP2A6
PNKP
LIG3
RELA

1(11.1)
1(11.1)
1(11.1)
1(11.1)
1(11.1)
1(11.1)
1(11.1)
1(11.1)
1(11.1)
1(11.1)
1(11.1)
1(11.1)

SCC
SCC
SCC
SCC
SCC
SCC
SCC
SCC
SCC
SCC
SCC
SCC

exon7:¢c.455A>G:p.Q152R
exon4:c.2166G>T.p.K722N
exonl8:c.2173C>T:.p.R725C
exon8:c.743A>G:p.Y248C
exon2:c.547G>A:p.A183T
exon33:¢.4868C>T.p.T1623M
exon3:¢c.404G>A:p.S135N
exon6:¢.1058A>G:p.Y353C
exonl:c.100C>T:p.P34S
exon2:c.53delG:p.G18Efs*21
exon3:¢c.643G>A:p.A215T
exonl10:¢.989G>A:p.R330H

SNV
SNV
SNV
SNV
SNV
SNV
SNV
SNV
SNV
Delins
SNV
SNV

Missense
Missense
Missense
Missense
Missense
Missense
Missense
Missense
Missense
Frameshift
Missense
Missense

8.0
1.5
2.8
8.3
1.2
14
331
1.6
2.1
6.4
7.5
14

The genes name in bold means in the list of 75 overlapping genes between ctDNA and tDNA panel,

# Two different mutations in the same patient



Supplemental Table 9. Target gene information of HRR panel

AR ATM ATR BARD1 BRCA1 BRCA2 BRIP1
CDH1 CDK12 CHEK1 CHEK2 ESR1 FANCA FANCL
HDAC?2 HOXB13 MRE11A NBN PALB2 PPP2R2A  PTEN
RAD51B RAD51C RADS51D RAD54L STK11 TP53

BRAF ERBB2 KRAS NRAS PIK3CA

The genes from AR to TP53 are related to the homologous recombination repair (HRR) pathway, covering the coding
region and the exon-intron junction region. The coverage range of extra five important tumor-related driver genes
(BRAF ERBB2 KRAS NRAS and PIK3CA) is as follows: BRAF, 11/12/15/18 exon hotspot regions; ERBB2,
1/3/8/9/11/16~21/23/25/27 exon hotspot regions; KRAS&NRAS, 2/3/4 exon hotspot regions; PIK3CA,
2/5/6/8/10/14/21 exon hotspot regions.

Supplemental Table 10. Target gene information of 61 GENE panel

APC ATM BARD1 BMPR1A BRAF BRCA1 BRCA2 BRIP1 CDH1
CDK4 CDKN2A  CHEK2  ELAC2 EPCAM FANCC FH FLCN GNAS
GREM1 HOXB13 HRAS KIT MAX MEN1  MET MLH1 MRE11
MSH2 MSH6 MUTYH NBN NF1 NTRK1 PALB2 PALLD PDGFRA

PMS2 PRKAR1IA PTCH1  PTEN RAD50 RAD51 RAD51C RADS51D RB1

RET SDHA SDHAF2 SDHB SDHC SDHD SMAD4 SMARCA4 SMARCB1

STK11  TMEM127 TP53 TSC1 TSC2 VHL WRN

The entire exons of 61 cancer-related genes in peripheral blood, as well as single nucleotide variants (SNVs) and
short fragment insertion/deletion variants (INDELS) within the classic splice sites, were covered.



Supplemental Table 11. Mutational profiles of WBCs DNA in benign 4 patients

Gene All Subjects  Pathological ~ Variant Variant ~ Variant Alle ACMG

n (%)(N=4) type CDSchange type Description  Fraction(%)  Classification
RB1 1(25%) Benign exonl9: ¢.1862G>A: p.Arg621His SNV Missense 47.53 Uncertain
CHEK2 1(25%) Benign intron10:¢.1095+12G>A:p.? Intronic - 44.26 Uncertain
CDK12 1(25%) Benign exonl4:c.4232C>T:p.(Alal41lVal) SNV Missense 51.22 Uncertain

The genes name in bold means in the list of 75 overlapping genes between ctDNA and tDNA panel



Journal of Cancer Research and Clinical Oncology (2022) 148:2681-2692
https://doi.org/10.1007/500432-021-03852-8

ORIGINAL ARTICLE - CLINICAL ONCOLOGY q

Check for
updates

Detection of circulating rare cells benefitted the diagnosis
of malignant solitary pulmonary nodules

Jianzhu Xie' - Zheng Ruan? - Jian Zheng? - Yanping Gong' - Yulan Wang' - Binjie Hu' - Jin Cheng'® - Qian Huang'

Received: 21 August 2021 / Accepted: 5 November 2021 / Published online: 17 November 2021
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract

Introduction Solitary pulmonary nodules (SPNs) are challenging in differentiating between benignancy and malignancy.
Therefore, more effective non-invasive biomarkers are urgently needed. The purpose of this investigation was to examine
whether circulating rare cells (CRCs) could facilitate the differentiation between benign and malignant SPNs as well as its
sensitivity and specificity.

Methods 164 patients diagnosed with SPNs, 24 healthy volunteers, and 25 patients diagnosed with advanced-stage lung
cancer were included. CT/PET-CT images, serum tumor markers, and biopsy results were collected. The CRCs were exam-
ined using subtraction enrichment and immunostaining-fluorescence in situ hybridization (SE-iFISH) and their relationship
with malignant or benign SPNs was analyzed.

Results The total CRC numbers from patients with malignant SPNs diagnosed by biopsy were significantly greater compared
to those with benign SPNs (P <0.0001), but not significantly different from patients with advanced lung cancer (P> 0.05).
The total CRCs, with a cut-off value of 21.5 units, showed 67.6% sensitivity and 73.3% specificity [area under curve (AUC)
95% ClI, 0.778 (0.666-0.889)] in discriminating benign and malignant SPNs and the triploid CRCs exhibited a high posi-
tive likelihood ratio of 8.4, which suggested that CRCs appeared to have a distinct advantage in discriminating benign and
malignant SPNs compared to CT/PET-CT images and serum tumor markers and could be a potential screening indicator for
lung cancer in the high-risk population.

Conclusions SE-iFISH could effectively detect CRCs including circulating tumor cells (CTCs) and circulating tumor-derived
endothelial cells (CTECs) and the detection of CRCs could benefit the differentiation of patients with benign and malignant
SPNs.

Keywords Solitary pulmonary nodule - Circulating rare cells - Circulating tumor cells - Circulating tumor-derived
endothelial cells - SE-iFISH

Abbreviations CTECs Circulating tumor-derived endothelial cells
SPN Solitary pulmonary nodule SE-iFISH Subtraction enrichment and immunostaining-
CRCs Circulating rare cells fluorescence in situ hybridization
CTCs Circulating tumor cells

Introduction
< Jin Cheng

The inability to diagnose lung cancer early has continued
to be a major challenge in the clinic, based on the early
diagnosis rate of only 0.1-0.17% (Kasmann et al. 2017).
Solitary pulmonary nodules (SPNs) are the most common
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Lung Screening Trial Research et al. 2011). The diameter of
pulmonary nodules is closely related to the degree of malig-
nancy, McWilliams et al. (2013) showed that the malignancy
rate of nodules with a diameter <6 mm was 0-1%, a diam-
eter of 6-10 mm was 1-4%, and a diameter of 10-20 mm
was 4—15%. In addition, the nature of the nodules is also
important for the determination of benign versus malignant
nodules. Studies have shown that the malignancy rate of
pure ground-glass nodules was 59-73%, which was higher
than that of purely solid nodules (7-9%) (Henschke et al.
2002). To date, low-dose CT (LDCT) imaging is still the first
choice for SPN screening, and surgical biopsy is the only
means of confirming benign or malignant nodules but is not
recommended for solitary pulmonary nodules smaller than
8 mm in diameter (Detterbeck et al. 2013; Wood et al. 2018).
Other ancillary diagnostic methods, including serological
detection of tumor biomarkers related to lung cancer, such as
squamous cell carcinoma antigen (SCC), cancer embryonic
antigen (CEA), and cytokeratin-19 fragment (CYFRA 21-1),
are often less specific because their expression levels may be
elevated due to other diseases or inflammatory responses. As
to invasive biopsies, poor compliance is the major drawback.

Recently, the use of liquid biopsy technology for the
early diagnosis of cancer, which focuses on patients' body
and blood fluid samples, has received increased attention.
The fluid samples are analyzed for circulating rare cells
(CRCs), cell-free circulating tumor DNA(ctDNA) that are
shed from tumor cells, platelets, and exosomes (Ramalingam
and Jeffrey 2018; Revelo et al. 2019). Thus, liquid biopsy
sampling and analysis are non-invasive, less complicated to
attain samples than tissue biopsies, and is more conducive
to monitoring disease progression in real-time in the clinic.
Several investigations have described a significant increase
in concentrations of tumor-associated liquid biopsy mark-
ers in peripheral blood samples obtained from patients with
prostate (Zhang and Armstrong 2016) and colon carcinomas
(De Luca et al. 2000), as well as metastatic breast cancer
(Bidard et al. 2016).

The circulating tumor cells (CTCs), defined as tumor cells
that are shed from either solid primary or metastatic tumor
tissues into the blood circulatory system (Lin 2018), are the
most common subset of CRCs and have been proposed to
serve as new markers for breast cancer by the American
Society of Clinical Oncology (ASCO) since 2007 (Harris
et al. 2007). Numerous clinical studies have confirmed that
CTCs can serve as a robust and accurate diagnostic tool to
monitor cancer progression and metastasis efficiently, and
determine the prognosis for lung cancer (Guo Qiaomei 2016;
Li et al. 2020; Wang et al. 2020; Zhou et al. 2017). Further-
more, a new subset of circulating rare cells that are CD31
positive and named circulating tumor-derived endothelial
cells (CTECs) has been found in the circulating blood of
lung cancer patients, as well as the significance with respect

@ Springer

to the prognosis of non-small cell lung cancer (NSCLC)
immunotherapy (Lin et al. 2017; Zhang et al. 2020).

A wide variety of CTC detection techniques (Grover et al.
2014; Mikolajczyk et al. 2011; Tartarone et al. 2017; Yu
et al. 2011) have been reported. The most commonly used
techniques are based on selectively capturing cells with anti-
gens derived from epithelial cells or staining for various epi-
thelium-derived proteins, such as cytokeratin (CK) as well
as epithelial cell adhesion molecule (EpCAM). However, the
expression of EpCAM on tumor cells is dynamic and highly
heterogeneous (Went et al. 2004). In addition, the expression
of CK is down-regulated during the transition from the epi-
thelial state to mesenchyme (EMT) (Kalluri 2009). There-
fore, techniques that are based on the expression of CK or
EpCAM are likely to fail capture in some above-mentioned
instances. In addition, these techniques also miss the detec-
tion of CTECs without anti-CD31 antibodies. More compre-
hensive, stable, and easier operated detection techniques are
urgently needed in clinical practice. Here we reported that a
novel approach, which integrated antigen-independent sub-
traction enrichment with the staining of multiple fluorescent-
labelled antibodies and in situ hybridization (SE-iFISH),
was used to detect peripheral blood CTCs and CTECs in
patients and explore its potential role in identifying malig-
nant or benign SPNs.

Materials and methods
Subjects and specimens

This was a retrospective investigation that included 164
patients who had SPNs. The investigation was carried out
at the Department of Thoracic Surgery in Shanghai Gen-
eral Hospital, from July 2016 to April 2019. The patients
in this study were diagnosed with SPNs by two radiolo-
gists using LDCT imaging. Patients with nodule calcifica-
tion and multiple pulmonary nodules were excluded. 109
patients received surgical resection as suggested by pub-
lished guidelines (Detterbeck et al. 2013; Wood et al. 2018),
Based on the postoperative pathologic diagnosis. 60 patients
had malignant SPNs and 49 patients had benign SPNs. 55
patients who were recommended for follow-up without sur-
gical intervention were included in the non-operated group.
The controls included 24 healthy volunteers and 25 patients
with advanced lung cancer. All blood samples were collected
before operation or chemotherapy.

Peripheral venous blood samples were collected using
ACD vacuum tubes that contained anticoagulants. The epi-
thelial cell contamination by skin that could be occurred
during insertion of the needle was avoided by discarding
the initial 2 ml of the sampled blood, then 6 ml of blood
was collected in a new ACD vacuum tube. The blood was
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immediately mixed by inverting the tube up and down eight
times. The samples were stored away from light at room tem-
perature (RT), and detection was performed within 24 h after
sample collection. This study was performed in accordance
with the Declaration of Helsinki and approved by the Ethical
Review Board of Shanghai General Hospital, Shanghai Jiao
Tong University School of Medicine, China (2016KY130).
Informed consent was provided to all individuals in this
study before blood collection.

Subtraction enrichment (SE) of CRCs

CRCs in 6 ml peripheral blood samples from all participants
were enriched based on the updated manufacturer’s proto-
cols (Cytelligen, San Diego, CA, USA). At first, the plasma
was removed by centrifuged (200 g) for 15 min at RT. The
1 X resuspension buffer was added to packed blood cells to
achieve a total volume of 6 ml. Then this mixture was loaded
onto the surface of a cell separation matrix that was non-
hematopoietic in a 50 ml tube. Next, the samples were cen-
trifuged (350 g) for 6 min to layer the different components
in the mixture. The layer that contained the tumor cells as
well as white blood cells (WBCs), which was located on
top of the red blood cells (RBCs), was removed and placed
into a new 50 ml tube with 300 pl of immuno-magnetic
beads coated with antibodies against the leukocyte surface
antigen (anti-CD45). The cells and immuno-magnetic beads
were incubated for 30 min at RT. The WBCs that had been
captured by immuno-magnetic beads were removed using a
magnetic separator (Cytelligen, San Diego, CA, USA). The
solution, which no longer contained the immuno-magnetic
beads, was transferred into another 50 ml tube, and 1 X resus-
pension buffer was added to obtain a total volume of 50 ml.
Next, the samples were spun (500 g) for 5 min at RT. Then
the supernatant was aspirated from the tube to achieve a
final volume of 100 pl with the cells remaining in the bottom
of the tube. The sedimented cells were resuspended gently.
Finally, the cells underwent multiple immunofluorescence
staining in suspension and in situ hybridization with a probe
for chromosome 8 centromere (CEPS8) on the slide.

iFISH and CRCs imaging

Five-channel double-marker-iFISH was performed based
on the updated manufacturer’s instructions (Cytelligen,
San Diego, CA, USA). Three types of tumor biomark-
ers were selected to label a range of CTCs, including two
phenotypic epithelial biomarkers (EpCAM or CK18) as
well as programmed death-ligand 1 (PD-L1), anti-CD45
antibody was used to mark residual WBCs, and anti-
CD31 antibody was used to identify circulating tumor
endothelium-derived cells or phenotypic endothelial cells
(CTECs). All the antibodies were labeled with specific

post-fluorescence tags, including Alexa Fluor 488-CD31,
-CK18, -EpCAM, or -PD-L1 (green), Alexa Fluor 594-
CD45 (red), as well as Cy5-CD31, -CK18, -EpCAM
(gold) and worked at a dilution of 1:200 for 20 min in
the dark. After rinsing, the cell monolayer that was dried
was mixed with a specialized fixative that was then coated
onto the formatted CRC slides (Cytelligen, San Diego,
CA, USA). Subsequently, in situ hybridization was car-
ried out on slides for four hours using the Vysis probe for
chromosome 8 centromere (CEP8) Spectrum (Orange) on
an S500 ThermoBrite Slide Hybridization System (Abbott,
Abbott Park, IL, USA). Then a mounting medium that
contained DAPI (Blue) (Vector Laboratories, Burlington,
CA, USA) was applied to the slide. The stained samples
were manual observed, identified, and photographed using
fluorescence microscopy or were automatically scanned
and imaged by CRC Metafer-Image Scanning System (Carl
Zeiss, Oberkochen, Germany; MetaSystems, Altlussheim,
Germany; and Cytelligen, San Diego, CA, USA), which
could recognize five to six-color and have high throughput
scanning and images.

Identification of CTCs and CTECs

Several criteria were used to define interested cells as posi-
tive. The essential morphological criteria included cells
with intact nucleus. The general size of WBCs was used
as a measure to define small cells (< the size of WBCs)
or large cells (> the size of WBCs). The cells with inter-
est were determined to be CTCs based on the observed
expression of at least one of the tumor markers, either
EpCAM, CK18, or PD-L1. The aneuploid karyotype and
the increased size of the nucleus or its specific morphol-
ogy were also taken into account during judgment. CTECs
were determined by the observed expression of CD31
combined with aneuploid karyotype. It’s very important
to mention that cells that showed CD45 positive were
excluded and would not be counted as CTCs or CTEC:s:.
The specific identification criteria are as follows: (1) CTC:
DAPI+/CD45—/tumor biomarker+/CD31— with chro-
mosome 8 diploid or aneuploid; DAPI+/CD45—/tumor
biomarker—/CD31— with chromosome 8 aneuploid. (2)
CTEC: DAPI+/CD45—/tumor biomarker+/CD31+ with
chromosome 8 aneuploid. (3) CTM (circulating tumor
microemboli): clusters of cells that contained two or more
CTCs. In this study, the CRCs were identified initially
through the use of manual identification with a fluores-
cence microscope for 87 subjects and the Metafer-image
scanning assay for 126 subjects. It is worth to mention
that all the CRCs images obtained from the Metafer-Image
Scanning System were further reviewed and confirmed
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by another two experienced and certified laboratory
technicians.

Detection of tumor markers in serum

Three serum biological markers which were usually detected
and recognized to be helpful for the diagnosis of lung cancer
were included in this study, including squamous cell car-
cinoma antigen (SCC), cancer embryonic antigen (CEA),
and cytokeratin-19 fragment (CYFRA 21-1). A chemilumi-
nescent microparticle immunoassay and an Architect 12000
analyzer (Abbott) were used to analyze SCC. CYFRA21-1
and CEA were detected using electrochemical luminescence
immunoassay (Roche Cobas® C-601). The procedures were
precisely carried out following the kit instructions. The
recommended reference indices that were used for the kits
were as follows: SCC < 2.5 ng/ml, CEA <5 ng/ml, and
CYFRA21-1<3.3 ng/ml. A positive result was indicated
when any one of these three indicators was observed to be
above the normal value.

Statistical analysis

SPSS software (version 25.0) was utilized to process all data
for analysis. Measurement data were compared between two
groups using the Mann—Whitney U test or the two-tailed
Student’s #-test. The Kruskal—-Wallis test was used to assess
multiple groups. The inspection level was set at @ =0.05.
Correlation between the CRC numbers and the maximum
diameter of the tumors was analyzed using the Pearson cor-
relation coefficient. Analysis with ROC was used to identify
the appropriate cut-off values, as well as evaluate the dif-
ferential diagnostic efficiency of CRCs and other diagnos-
tic indicators. P-values that were two-sided were used. A
P-value less than 0.05 was determined to indicate statisti-
cal significance. Presentation of the statistical results was
carried out using Prism 7.0 (GraphPad Software Inc., San
Diego, CA, USA) as well as R, version 3.5.0.

Results
General information of research participants

A total of 213 research participants were enrolled from
July 2016 to April 2019. The demographic characteristics
of the enrolled participants and their groups are listed in
Table 1. About 10 patients underwent twice or more detec-
tions but this study only accounted for the results from the
first detection when patients had not received either surgery
or other anti-tumor treatments. It is worth mentioning that
most patients in the malignant SPN group exhibited adeno-
carcinoma pathologic characteristics, which accounted for

@ Springer

Table 1 Clinical characteristics of enrolled 213 research participants

Characteristics No. (%)
Malignant SPNs (N=60)
Age years, median (range) 63.5 (22-80)
Sex (male/female) 22/38
Smoking (Y/N) 5/55
MTD mm, mean (range) 12.5 (3-30)
Pathological type
AC 53 (88.3%)
ACIS 3(5.7%)
MIA 33 (62.3%)
ADI 17 (32.1%)
SC 3(5%)
ASC 2 (3%)
Other 2 (3%)
Benign SPNs (N=49)
Age years, median (range) 59 (21-73)
Sex (male/female) 23/26
Smoking (Y/N) 2/47
MTD mm, mean (range) 11.4 (3-30)
Non-operated SPNs (N=155)
Age years, median (range) 57 (33-79)
Sex (male/female) 30/25
Smoking (Y/N) 4/51
MTD mm, mean (range) 7.8 (2-30)
Advanced lung cancer (N=25)
Age years, median (range) 67 (46-80)
Sex (male/female) 21/4
Smoking (Y/N) 2/23
Pathological type
AC 16 (64%)
SC 5 (4%)
Other 4 (16%)
TNM stage
I 14 (56%)
v 11 (44%)
Healthy volunteers (N =24)
Age years, median (range) 29 (23-60)
Sex (male/female) 8/16
Smoking (Y/N) 1/23

SPNs, solitary pulmonary nodules; MTD, maximum tumor diameter;
AC, adenocarcinoma; SC, squamous carcinoma; ASC, adenosqua-
mous carcinoma; ACIS, adenocarcinoma in situ; MIA, microinvasive
Adenocarcinoma); ADI, adenocarcinoma infiltrating

88.3% of the cases. In the lung adenocarcinoma subgroup,
micro-invasive adenocarcinoma was the most common and
accounted for 62.3% of the cases.
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Characterization of CRCs using SE-iFISH

Double-marker-iFISH was used to identify karyotypic
and phenotypic characterization of CRCs at the same time
since the Zeiss fluorescence microscope has 5-7 channels
and can collect 5-7 signals from different antibodies stain-
ing and in situ hybridization. The criteria used to identify
CTCs and CTECs have been described in the Materi-
als and Methods section. A number of typical CTC cells
(CD31—-/CD45— aneuploidy cells or tumor marker+ cells)
and CTEC cells (CD31+/CD45— aneuploidy cells) identi-
fied in this study were shown in Fig. 1.

A
a
b
5CTC
(o]

LCTEC

Fig. 1 Multi-fluorescence of
CRC:s: In situ single-tumor-
biomarker SE-iFISH (five chan-
nel): nucleus (blue), CD45(red),
CD31 (green/yellow), CK18
(yellow), PD-L1 (green) and
CEP8 (orange). A CTCs

and CTECs in patients with
malignant solitary pulmonary
nodules. A-a. DAPI+/CD45—/
CD31-/CK18+/CEP8 small
triploid CTC. A-b DAPI+/
CD45-/CD31-/CK18—/CEPS
small triploid CTC with adja-
cent CD45+ WBCs (red arrow).
A-c DAPI+/CD45—-/CD31—/
CK18—/CEPS large multiploid
CTC. A-d DAPI+/CD45—/
CD31+/CK18—/CEP8 large
multiploid CTEC (green arrow)
with adjacent CD45+ WBC (red
arrow). A-e DAPI+/CD45—/
CD31+/CK18—/CEP8 mul-
tiploid CTEC:s cluster (green
arrow). B DAPI+/CD45—/
CD31-/CK18— CTM in
patients with malignant solitary
pulmonary nodules. C DAPI+/
CD45—-/CD31+/PD-L1+/
CEPS8 small multiploid CTEC
in patients with advanced lung
cancer. Bars: 5 pm

CTEC cluster
B

The comparison of CRCs between manual
observation and the Metafer-image scanning assay

In this study, 87 subjects from a total of 213 subjects, includ-
ing 38 subjects from the non-operated SPN group, 19 sub-
jects from the pathologic benign SPN group, 26 subjects
from the pathologic malignant SPN group, and four sub-
jects from the advanced lung cancer group were evaluated
by manual observation. The remaining 126 subjects were
evaluated by the Metafer-Image Scanning System followed
by manual review and confirmation.

The CRC numbers in the group with malignant pul-
monary nodules were significantly higher than that in the
group with benign pulmonary nodules (P <0.05, Fig. 2A-a;
P <0.0001, Fig. 2B-a). Furthermore, regardless of CRC size,
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Fig.2 The comparison of CRCs prescreening by manual observa-
tion and Metafer-image scanning assay. A(a—c) Comparison of the
numbers of CRCs in different sizes by manual observation between
groups. (non-operated solitary pulmonary nodule (NO-SPN), benign
solitary pulmonary nodule (BN-SPN), malignant solitary pulmo-
nary nodule (MT-SPN) and advanced lung cancer (ADLC)). B(a—c)
Comparison of the numbers of CRCs in different sizes by Metafer-

no significant difference was observed in the CRC number
between the malignant pulmonary nodule and the advanced
lung cancer groups, as well as the non-operated pulmonary
nodule and benign pulmonary nodule groups (Fig. 2A and
B). However, when both methods were used to stratify the
CRC numbers with different cell sizes, we found that the
manual method was not able to show the differences in
small CRCs between the malignant pulmonary nodule and
benign pulmonary nodule groups (Fig. 2A-c, B-c). These
results indicated that the Metafer-image scanning assay was
superior to manual observation in identifying the small-size
CRCs.

Comprehensive analysis of CTC and CTEC in patients
with SPNs

As identification of CD31 positive aneuploidy cells in the
blood sample, CRCs were considered as consisting of at
least two types of cells i.e. CTCs and CTECs (Lin et al.
2017). To clarify the relationship of CTCs and CTECs with
malignant SPNs, we analyzed the numbers of CTCs and
CTEC:s in each group in more detail. Blood samples that
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image scanning counting between groups. (health, non-operated soli-
tary pulmonary nodule (NO-SPN), benign solitary pulmonary nod-
ule (BN-SPN), malignant solitary pulmonary nodule (MT-SPN) and
advanced lung cancer (ADLC)). Counting data are presented as the
median, *P <0.05, **P <0.01, ***P <0.001, ****P <0.0001, Mann—
Whitney U test. Blank means no statistical significance

were only detected by the Metafer-Image Scanning System
were included.

The CTCs were detected in all malignant SPN and
advanced lung cancer patients i.e. 100% detection rate,
while the detection rates of CTCs were 82.4% (14/17),
83.3% (25/30), and 95.8% (23/24) in the non-operated SPN,
benign SPN and healthy groups, respectively. CTCs with
CK18+ were detected in two patients from the malignant
SPN group (5.9%, 2/34) and one patient from the advanced
lung cancer group (4.7% 1/21). Interestedly, the patient in
the advanced lung cancer group was observed to have 118
CK18+ CTCs. The patients from the rest groups did not have
any tumor marker-positive CTCs. Taken together, the iFISH
showed that tumor marker positive CTCs were relatively
low. The CD31 positive CTECs were also detected in all
patients with malignant SPNs and advanced lung cancer
(100%). The detection rates for CTECs were 94.1% (16/17),
93.3% (28/30), and 87.5% (21/24) in the non-operated
SPN, benign SPN, and healthy groups, respectively. Two
PD-L1+4 CTECSs were observed in one patient with advanced
lung cancer. The CTMs were observed in the 3 patients with
malignant SPN and 1 patient with advanced lung cancer,
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respectively. However, the CTMs had not been observed in
other groups. These results suggested that CK18+CTCs and
CTMs were more prone to present in blood from patients
with lung malignancies and could be critical indicators for
predicting the presence of malignant lesions, which is con-
sistent with the results reported by Mascalchi et al. (2017).

In addition, the total numbers of CTECs or CTCs in
blood samples obtained from patients in the malignant SPN
group were significantly higher in comparison to that in the
group with benign SPNs (P <0.001, P <0.01, respectively,
Fig. 3A-a and A-d). Interestedly, the numbers of CTECs
or CTCs (no matter large or small size) in individuals with
malignant SPNs increased significantly in comparison to
individuals who were diagnosed as benign SPNs (; CTCs:
P <0.05; CTCs: P<0.0001; {CTECs: P<0.01; CTECs:
P <0.01, Fig. 3A-b, A-c, A-e, and A-f, respectively). How-
ever, the numbers of CTECs and CTCs were not signifi-
cantly different among the non-operated SPN, the benign
SPNs patients, and the healthy controls. In addition, the total
number or size range of the CTECs and CTCs were simi-
lar in the malignant SPN and advanced lung cancer groups
(Fig. 3A). Furthermore, the chromosomal ploidy numbers
in the CTCs and CTECs were assessed among the various
groups. The chromosomal aneuploidy was classified into
three subtypes, including triploid, tetraploid, and multip-
loid (CEP 8 signal >5). The analysis revealed that the CTCs
and the CTECs were often associated with the three sub-
types of aneuploidy, and the number of aneuploidy CTCs
and the CTECs were significantly higher in the group with
malignant SPNs compared to the group with benign SPNs,
except for the multiploid CTCs (Fig. 3B). Compared with
the healthy controls, the differences were not significant
for the aneuploidy CTCs and CTECs subtypes in the non-
operated SPN group and benign SPN group. In general, the
CTC and CTEC total numbers or the different aneuploidy
CTCs and CTECs subtypes were similar in the malignant
SPN and advanced lung cancer groups (Fig. 3B). Otherwise,
we observed a significant correlation for CTCs and CTECs
(*=0.1839, P=0.0050, Fig. 3C-a).

We further analyzed whether CRCs numbers correlated
with radiographically measured tumor maximum diam-
eters. In this analysis, 64 patients whose CRC was counted
by the Metafer-image scanning assay were included. The
maximum tumor diameter measured by the software of CT/
PET-CT ranged from 7 to 30 mm, with a mean diameter
of 15.5 mm in the malignant SPN group. In contrast, the
mean maximum tumor diameter in the benign SPN group
was 12.3 mm (range 3-30 mm), which was significantly
smaller in comparison with that of the malignant SPN group
(P=0.012, two-tailed Student’s z-test). The results revealed
that the numbers of either the CRCs or CTCs in patients
with SPNs were indeed correlated with maximum tumor
diameter shown on CT/PET-CT imaging (CRC: % = 0.1149,

P=0.0061; CTC: r* = 0.1224, P=0.0046; Fig. 3C-b and
C—c). But no significant correlation was observed between
the numbers of CTECs and the maximum tumor diameter
(CTEC: *=0.0536, P=0.0656; Fig. 3C-d).

ROC curves analysis for determining the diagnostic
performance of CRCs

In comparison to the benign SPN group, ROC curves
were completed using the results obtained from the malig-
nant SPN group, including the CRC total numbers and
CRC subtypes (Fig. 4A-C). Parameters with the area
under ROC curve (AUC) > 0.7 were presented as follows:
SCRCs (0.849) > triploid CRCs (0.841) > triploid CTCs
(0.818)>sCTCs (0.800) > Total CRCs (0.778) > tetraploid
CRCs (0.731) > Total CTECs (0.728) > sCTECs (0.719).
Other statistical parameters of ROC analysis were shown
in Table 2. The critical value that corresponded to the high-
est value associated with the Jordan index was determined,
which should be used as cut-off values (see Table 2). The
specific cut-off values were also the standards used to deter-
mine the associated specificity, sensitivity, and positive
likelihood ratio. To test whether CRCs detection could be
used as a non-invasive method for differentiation between
malignant and benign SPNs, we compared three of the most
commonly used clinically NSCLC serum tumor markers i.e.
SCC, CEA, and CYFRA21-1 (Wu et al. 2020) with CRCs
and their relationship with results from pathologic diagnosis.
Our results suggested that CRCs detection was more reliable
than serological tumor marker detection (Table 2).

In more detail, our results revealed that the sensitivity and
specificity of the CRC totals in the diagnostics for malig-
nant SPNs were 67.6% and 73.3%, with a cut-off value of
21.5 units. In addition, the specificity and sensitivity of the
CTC and CTEC totals for malignant SPNs were 82.4% and
56.7%, 55.9%, and 83.3%, with cut-off values of 6.5 units
and 11.5 units, respectively. Among the CRC subpopulations
that exhibited an area under ROC curve (AUC) > 0.7, the
small CRCs and total CTCs exhibited the higher sensitivity
i.e. 82.4% with respect to the prediction of malignant SPNs,
as shown in Table 2. In comparison with the routine clinical
serum tumor markers and CT/PET-CT imaging, the exami-
nation of CRCs showed notable advantages with respect to
differentiating between benign and malignant SPNs. In par-
ticular, the positive likelihood ratio (LR+) of triploid CRCs
reached 8.4, which indicated that triploid CRCs could be
a superior indicator during screening for individuals at a
higher risk for lung cancer and in the early stages of the
disease. This population would include individuals who
smoke, have chronic lung disease, or have a family history
of lung cancer. Considering that 8 mm nodule diameter
is recommended as the criterion for surgical biopsy (Det-
terbeck et al. 2013; Wood et al. 2018), we also performed
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«Fig.3 Comprehensive analysis of CTCs and CTECs in peripheral
blood between groups. A(a—f) Comparison of the numbers of CTCs
and CTECs in different sizes between groups. (health, non-operated
solitary pulmonary nodule (NO-SPN), benign solitary pulmonary
nodule (BN-SPN), malignant solitary pulmonary nodule (MT-SPN)
and advanced lung cancer (ADLC)). B(a—f) Quantification analysis
of chromosomal ploidy in CTCs and CTECs between groups. (health,
non-operated solitary pulmonary nodule (NO-SPN), benign solitary
pulmonary nodule (BN-SPN), malignant solitary pulmonary nod-
ule (MT-SPN) and advanced lung cancer (ADLC)). C-a Correlation
analysis between the number of CTCs and CTECs. C(b—d) Correla-
tion analysis between the number of different subtypes of CRCs and
maximum tumor diameter. Count data are presented as the median,
*P<0.05, **P<0.01, *#**P <0.001, ****P <0.0001. Mann—Whitney
U test. Blank means no statistical significance

ROC analysis on patients with pulmonary nodules < 8 mm
and > 8 mm. Unfortunately, due to the small sample size for
pulmonary nodules < 8 mm, an effective analysis could not
be performed. As to the individuals with pulmonary nod-
ules > 8 mm, the sensitivity and specificity were not signifi-
cantly improved and the cut-off values of 21.5 CRC units,
6.5 CTC units, and 11.5 CTEC units were as same as the
results mentioned above (data not shown).

Discussion

Solitary pulmonary nodules (SPNs) are becoming more
common with the use of low-dose CT scans for screening
of lung cancer. However, distinguishing malignancy from
benign SPNs is a big challenge for radiologists and surgeons.
The liquid biopsy is gradually mature and plays an impor-
tant role in precision medicine. The detection of circulating
tumor cells, one method of liquid biopsy, has been reported
to be useful for diagnosis, evaluation of treatment, and pre-
diction of prognosis. Although various techniques have been
developed to detect CTCs, their advantages or limitations
have also been observed. The CellSearch® system has been
approved by FDA to detect CTCs in breast cancer patients
which identify EpCAM positive cells in blood as CTCs.
Therefore, the number set for prognosis prediction of breast
cancer is low and the cutoff values are CTC > 5 units/7.5 ml
for the advanced-stage and CTC > 1 units/7.5 ml for the
early-stage breast cancer, which has been published in the
updated AJCC breast cancer Staging Manual (see https://
cancerstaging.org/About/news/Pages/Updated-Breast-Chapt
er-for-8th-Edition). The CellSearch® system has also been
tried in other types of cancer but the results are not as good
as breast cancer. The most critical limitation associated with
CellSearch® system is that it does not take intrinsic biologi-
cal characteristics such as the considerable heterogeneity of
EpCAM expression on tumor cells into account. Reports
have indicated that different types of tumors express different
levels of EpCAM. For example, the expression of EpCAM

has been reported to be low in the pancreas, bladder, and
lung (Gires and Stoecklein 2014), not even observed in
melanomas (Mikolajczyk et al. 2011). Bednarz-Knoll et al.
(2012) reported that the down-regulation of the epithelial
characteristics and up-regulation of the stem-like character-
istics in NSCLC enhanced the mobility and invasiveness of
epithelium-derived tumor cells, which facilitated their entry
into the blood circulation and the colonization of distant
organs to form metastases.

Other methods are based on the size or plasticity of the
tumor cells. Such techniques include isolation based on
epithelial tumor cell size ISET® (Rare Cell Diagnostics,
France), Parsortix® (Angle Plc, UK), and Clear Cell® (Clear-
bridge BioMedics Pte Ltd, Singapore). The primary advan-
tage of these techniques is that they assess cells independent
of antigens on tumor cell surface meanwhile maintaining the
activity and morphology of the isolated tumor cells. How-
ever, cells of small size can be lost easily (Alunni-Fabbroni
and Sandri 2010).

In this study, we applied SE-iFISH to detect CRCs. SE-
iFISH has the following advantages: 1, effective enrichment
of CRCs no matter the cell size; 2, various antibodies for
different tumor markers as long as you wish to identify; 3,
genetic characteristics such as aneuploidy for identifying
CTCs. To this day, we have found AFP, CA-199, Her-2,
CD31, and PD-L1 positive cells in patients carrying differ-
ent types of tumor, which are unable to be identified using
the CellSearch® system or other techniques (unpublished
data). It is worth to mention CD31 positive cells are the
most common CRCs in our study and they are recognized
as endothelial cells shed from tumor vessels or fusion cells
of tumor cells with endothelial cells. Hence, its origin and
clinical significance are still under investigation. In addition,
whether the identification of PD-L1 positive tumor cells can
help immunotherapy needs further research. Taking together,
SE-iFISH is able to show tumor markers, cell size, and ane-
uploid at the same time and give a real-time picture of what
a single CTC or CTEC looks like. The SE-iFISH technique
is a more reliable platform for CRCs detection and can be
expanded with the development of new antibodies or probes.

In this study, a DNA fragment that is compatible with
the sequence of chromosome 8 centromere (CEP8) has
been used as a probe for the detection of aneuploidy. Other
probes for other chromosome centromeres can also be used
and this may improve the rate of aneuploidy detection. In
fact, in our follow-up studies, we are trying to use probes
for chromosome 8 centromere and chromosome 12 cen-
tromere to detect aneuploidy. The primary experimen-
tal results indicated that the combination of two probes
found more aneuploid cells with the same or different 8
and 12 chromosomes in a single cell which provided more
valuable evidence for tumor heterogenous (unpublished
data). It has been reported that chromosomal aneuploidy
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pulmonary nodules. C ROC curves of different subtypes of CTECs
for malignant solitary pulmonary nodules

Table 2 Evaluation of the

c ; it _ Test item Cutoff value AUC (95%CI) P SEN% SPE% LR+
diagnostic efficiency of single
and combined tests for SPNs Total CRCs 21.5 0.778 (0.666-0.889) 0.0001 67.6 733 25
LCRCs 7.5 0.689 (0.560-0.818) 0.0096 79.4 50.0 1.6
sCRCs 6.5 0.849 (0.751-0.947) <0.0001 824 733 3.1
Triploid CRCs 9.5 0.841 (0.745-0.938) <0.0001 55.9 93.3 8.4
Tetraploid CRCs 3.5 0.731 (0.607-0.855) 0.0015 70.6 66.7 2.1
Multiploid CRCs 9.5 0.699 (0.571-0.826) 0.0064 58.8 73.3 2.2
Total CTCs 6.5 0.748 (0.629-0.867) 0.0007 82.4 56.7 1.9
LCTCs 10.5 0.559 (0.417-0.700) 0420 265 93.3 4.0
sCTCs 6.5 0.800 (0.687-0.913) <0.0001 67.6 90.0 6.8
Triploid CTCs 5.5 0.818 (0.713-0.923) <0.0001 61.8 86.7 4.6
Tetraploid CTCs 0.5 0.683 (0.550-0.815) 0.0121 91.2 40.0 1.5
Multiploid CTCs 6.5 0.557 (0.416-0.698) 0435 26.5 93.3 4.0
Total CTECs 11.5 0.728 (0.605-0.851) 0.0018 55.9 83.3 34
LCTECs 8.5 0.699 (0.569-0.828) 0.0064 529 83.3 32
<CTECs 2.5 0.719 (0.595-0.843) 0.0027 58.8 73.3 22
Triploid CTECs 4.0 0.650 (0.516-0.783) 0.040 324 96.7 9.7
Tetraploid CTECs 1.5 0.682 (0.551-0.812) 0.013 529 76.7 23
Multiploid CTECs 35 0.688 (0.558-0.819) 0.0098 79.4 50.0 1.6
SCC+CEA+CYFRA 21-1  2.5,5.0,3.3 0.652 (0.513-0.790) 0.0439 50.0 714 1.8
CT/PET-CT Diagnosis - 0.585 (0.444-0.727) 0.247 424 75.9 1.8

LCRCs, large CRCs; ¢CRCs, small CRCs; [CTCs, large CTCs; ¢CTCs, small CTCs; ;{CTECs, large
CTECs; CTECs, small CTECs; SEN, sensitivity; SPE, specificity; LR+, positive likelihood ratio

is a common biological characteristic of tumor cells and
approximately 90% of solid tumors and 75% of hemato-
logic cancers exhibit chromosome aneuploidy (Lin 2018).
The majority of aneuploidy cells in blood samples showed
a naked nucleus without expression of common tumor
markers such as CK18 or EpCAM. Whether it implies that
these aneuploidy cells might express other tumor markers
which have not been identified yet or they were in the tran-
sition from epithelium to mesenchyma need to be further
investigated. Nevertheless, it encourages us to explore new
tumor-associated antigens.

@ Springer

One interesting question raised in this study is why CTCs
and CTECs existed in the blood of benign SPNs patients
and even healthy controls. We know that mutation happens
at a different frequency in normal cells in the individual of
different ages. Surprisingly we observed a certain number of
CTCs and CTEC:s existed in healthy youths. Marquette et al.
(2020) also found that CTCs existed in the population with
chronic obstructive pulmonary disease (COPD) who were at
the risk of lung cancer. The fact that the healthy youths and
the benign SPNs patients have CTCs and CTECs suggested
that abnormal aneuploidy cells occur frequently. Lei et al.
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(2020) indicated that sporadic endothelial cells that were
aneuploid, CD31+ and found in the blood circulatory system
of healthy individuals, were due to trans-differentiation of
stromal cells or were aging cells, neither of which are related
to the presence of a tumor and are removed via the immune
system. Thus, the complete immune function is very impor-
tant for monitoring and removing abnormal aneuploidy cells
and preventing tumorigenesis. Significantly, the numbers of
CTCs and CTECs are evaluated in malignant SPNs than
benign SPNs.

Conclusions

In summary, SE-iFISH plus auto-scan and Metafer software
provided a platform for CRCs detection. With the develop-
ment of more antibodies and probes, the detection of CRCs
will find more types of tumor-associated CRCs and provide
more valuable information for differential diagnosis not only
for SPNss but also for other types of early-stage tumors. In
addition, the results from our study suggested that detection
of CRCs was helpful for differentiation between benign and
malignant SPNs and CRCs were more informative and reli-
able than commonly used serum tumor markers.
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