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Simple Summary: Lung cancer is by far the main cause of cancer-related deaths among both men and
women. Early detection of malignant nodules and non-invasive monitoring of disease status is essential
to increase the chance of cure. In this study, we analyzed the frequency and the biological features of
circulating tumor cells, i.e., cells released from the tumor and in transit in the bloodstream, in patients
with a diagnosis of non-small cell lung cancer undergoing surgical resection, with the aim to develop a
blood-based diagnostic test and to promptly identify patients at risk of post-operative disease recurrence.

Abstract: Background: Non-small cell lung cancer (NSCLC) frequently presents when surgical inter-
vention is no longer feasible. Despite local treatment with curative intent, patients might experience
disease recurrence. In this context, accurate non-invasive biomarkers are urgently needed. We report
the results of a pilot study on the diagnostic and prognostic role of circulating tumor cells (CTCs) in
operable NSCLC. Methods: Blood samples collected from healthy volunteers (n = 10), nodule-negative
high-risk individuals enrolled in a screening program (n = 7), and NSCLC patients (n = 74) before
surgery were analyzed (4 mL) for the presence of cells with morphological features of malignancy
enriched through the ISET® technology. Results: CTC detection was 60% in patients, while no target
cells were found in lung cancer-free donors. We identified single CTCs (sCTC, 46%) and clusters of
CTCs and leukocytes (heterotypic clusters, hetCLU, 31%). The prevalence of sCTC (sCTC/4 mL ≥ 2)
or the presence of hetCLU predicted the risk of disease recurrence within the cohort of early-stage
(I–II, n = 52) or advanced stage cases (III–IVA, n = 22), respectively, while other tumor-related factors
did not inform prognosis. Conclusions: Cancer cell hematogenous dissemination occurs frequently
in patients with NSCLC without clinical evidence of distant metastases, laying the foundation for
the application of cell-based tests in screening programs. CTC subpopulations are fine prognostic
classifiers whose clinical validity should be further investigated in larger studies.
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1. Introduction

Lung cancer is the tumor with the highest fatality rate worldwide, both in males
and females [1], due to its aggressiveness and biological heterogeneity, with non-small
cell lung cancer (NSCLC) representing the most frequent histological subtype [2,3]. Im-
portantly, since approximately 75% of patients present symptoms when the disease has
advanced locally or disseminated at distant sites [4], lung cancer mortality is also a large
consequence of late diagnoses. Therefore, early detection is a key for improving patient’s
survival [5], and the US National Lung Screening Trial (NLST), the Nelson study and other
non-randomized trials have actually demonstrated a significant reduction in mortality
(20–30%) and morbidity upon screening programs based on a thoracic scan by low-dose
computed tomography (LDCT) [6,7]. At present, uncertainties on high costs, risk of ra-
diation exposure and false positives are obstacles to the large-scale implementation of
such screening in Europe [8–10], and controversies exist in the management of subjects
with indeterminate or premalignant nodules, which have to be monitored for a long time,
and in some cases biopsied, increasing the risk of subsequent morbidities [11]. Moreover,
notwithstanding the considerable advantages for patients who are diagnosed with the
early-stage disease compared to those with unresectable tumors [12,13], unfortunately, 30%
to 50% of cases who receive an indication for local treatment experience disease recur-
rence and die despite surgery with curative intent [14,15]. Lung cancer still lacks accurate
biomarkers, and staging is no longer considered an accurate prognostic factor since patients
with the disease at the same stage may undergo recurrence with variable incidence [16,17].
In this context, both non-invasive diagnostic tests and novel prognostic and predictive
biomarkers are urgently needed to better stratify patients at risk of recurrence upon surgery
and adjuvant therapies [18–20].

The measurement of blood biomarkers is an attractive approach to monitor cancer ap-
pearance and evolution: (i) suitable to be repeated, (ii) minimally invasive and (iii) believed
to represent the systemically diffused expression of tumor heterogeneity [21–23]. Among
all possible non-invasive biomarkers, circulating tumor cells (CTCs) are largely informative
as they represent cancer cells in transit in blood, with the expected ability to re-seed the
site of origin and/or to colonize distant organs [24], and which can be enumerated and
characterized at DNA, RNA, protein and morphological level, thus providing access to a
considerable amount of information. Importantly, hematogenous dissemination is now
considered an early event in tumor progression [25], and CTCs were actually observed in
the blood of patients without clinically detectable metastases in several solid tumors [26].
In lung cancer, a seminal work demonstrated that CTC analysis with the Isolation by
Size of Epithelial/Tumor cells (ISET®) technology, which enables the vast majority of
hematopoietic cells to be excluded by blood sample filtration through a porous membrane,
can anticipate the detection of malignant nodules by computed tomography scan in pa-
tients with chronic obstructive pulmonary disease (COPD) who had eventually developed
stage IA tumor [27], fostering the introduction of cell-based tests in diagnostic trials.

CTCs can be enriched and detected by several techniques based on the physical and
biological differences between cancer cells and blood cell types; however, accurate detection
is hampered by their rarity and phenotypical heterogeneity [28]. Size-based enrichment of
CTCs coupled to cytomorphological analysis are unbiased with respect to the expression
of protein markers and may reach a sensitivity of one cell per blood volume [29,30]. On
the basis of these considerations, we have analyzed blood samples of lung cancer-free
individuals and operable NSCLC patients before surgery, using the ISET® technology.
Previous works in early-stage NSCLCs demonstrated that CTCs can be observed by ISET®

in about 50% of patients and that they have prognostic significance in the preoperative
setting [31,32], while in a multicentric screening trial, CTC analysis was able to identify
only 26% of lung cancers detected at first LDCT scan [33].

Here, we have described atypical cells and searched for cells with morphological
features of malignancy upon staining with standard cytological colorants, with the aim
to assess the prognostic significance of CTC count and possible CTC subpopulations in



Cancers 2021, 13, 4488 3 of 16

operable NSCLC and to further explore the applicability of a CTC-based test in screening
programs by comparison with a cohort of lung cancer-free individuals.

2. Materials and Methods
2.1. Study Design

We designed and carried out a prospective observational study, following the STROBE
guidelines and the approval by the Ethics Committee of Humanitas Research Hospital in
Rozzano (Milan, Italy). Signed informed consent was obtained from all patients. Consecu-
tive patients with a confirmed diagnosis of NSCLC, aged 18 years or older, not pregnant,
treatment naïve, without prior cancer detected within the previous 5 years or a second
malignancy if there was evidence of active disease and candidate to surgical resection
were enrolled from January 2017 to September 2018 and admitted in the Thoracic Surgery
Division of Humanitas Cancer Center. During this phase of the study, blood samples
were collected from lung cancer patients detected outside the smoker’s health multiple
action (SMAC) screening program, the same day or the day before surgical intervention.
Blood samples for CTC analysis were also collected from high-risk individuals enrolled in
the SMAC screening program before the LDCT scan, starting from May 2019. Inclusion
criteria were: heavy smokers, i.e., ≥30 packs per year, for more than 30 years, or former-
smokers aged 55 years or older, who had ceased smoking within the 15 years prior to
enrollment in the study, absence of symptoms of lung cancer, such as worsening of cough,
hoarseness, hemoptysis and weight loss. Exclusion criteria were: previous diagnosis of
lung cancer, extrapulmonary cancer history in the last 5 years (excluding in situ tumors
or skin epidermoid tumor), chest CT scan performed in the last 18 months, severe lung or
extrapulmonary diseases that may preclude or invalidate appropriate therapy in case of
diagnosis of malignant pulmonary neoplasia. CTC analysis was performed on individu-
als without LDCT-detected pulmonary nodules. Blood samples from a group of healthy
volunteers aged 30–50 years were analyzed as a negative control to optimize the target
cell identification. The data were collected by a review of electronic medical records. The
TNM staging manual of the American Joint Committee on Cancer (AJCC) 8th edition was
applied. Cases considered for survival analyses include patients whose disease recurrence
or death was clearly documented and attributed to NSCLC, while patients whose status
was not available were excluded.

2.2. Blood Collection and CTC Enrichment

Samples of peripheral venous blood were drawn from patients or lung cancer-free
donors using a 21G needle, collected in K2EDTA BD Vacutainer® tubes (Becton Dickinson
Italia, Milan, Italy), preserved at room temperature under gentle agitation and processed
within 1.5 h using the Isolation by Size of Epithelial/Tumor cells (ISET®) technology
(Rarecells® Diagnostics, Paris, France). Briefly, 10-mL blood samples were diluted 1:10
with a proprietary Rarecells® Buffer, which lysates red blood cells, and fixed with 37%
formaldehyde solution (Sigma-Aldrich, St. Louis, MO, USA) at a final concentration of
about 0.7% for 10 minutes and under gentle agitation. The blood was filtered through a
filtration block containing a polycarbonate membrane, which hosts ten porous filter spots
(8-µm-diameter cylindrical pores), each spot representing the filtration product of 1 mL of
blood. The membranes were stored at 4 ◦C until cytological staining.

2.3. CTC Detection Method and Identification Criteria

Four ISET membrane spots per sample, which are the equivalent of 4 mL of blood,
were stained using May–Grünwald and Giemsa colorants following these steps: incubation
with a pure May–Grünwald solution (Sigma, St. Louis, MO, USA) for 5 min, then with
May–Grünwald 50% diluted in distilled water for 5 min and finally with a Giemsa solution
(Sigma) 10% diluted in distilled water for 20 min. Stained membranes were mounted
with Organo/Limonene MountTM mounting medium (Sigma) and examined under a
bright-field microscope (Olympus BX51) using a 10× objective. Areas of interest were
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subsequently digitalized at a 40× magnification for cytomorphological analysis. All images
were analyzed by a referral cytopathologist, without knowledge of disease status and
outcome, on the basis of the classical morphological criteria of malignancy, also described
by Hofman and colleagues [34], and other morphological criteria to define populations
of non-malignant circulating cells, as reported by Wechsler [35]. Images of atypical cells
recorded during the analysis of a training set of healthy volunteers were also taken into
account to exclude cells with uncertain malignancy. CTCs were defined as cells presenting
with a nucleus-to-cytoplasm ratio >0.75 and nucleus diameter >20 µm, and with at least one
of the following characteristics: nuclear border irregularities or nuclear hyperchromasia.
Clusters were defined as groups of at least two CTCs or groups of at least one CTC and at
least another cell type without features of malignancy, juxtaposed or in direct contact at the
cell membrane level. Clusters of cells with homogenous chromatin staining and nucleus-to
cytoplasm ratio <0.70, generally oval-shaped, were defined as clusters of epithelial-like
cells. Large macrophage-like cells were defined as cells with a longer diameter >30 µm,
with low nucleus-to-cytoplasm ratio, abundant pale basophilic cytoplasm and showing
several cell shapes, such as fusiform, tadpole-like, round or oblong. Naked nuclei were
defined as hyperchromatic and irregularly shaped nuclei with a longer diameter >20 µm
and without apparent cytoplasm. Samples were called CTC-positive when at least one
CTC was observed in a total of four filter spots, which corresponds to 4 mL of blood. All
samples were considered evaluable for cytomorphological analysis according to cellularity,
the prevalence of damaged cells and staining quality.

2.4. Spike-in Experiments

A549 ATCC® CCL-185™and NCI-H460 [H460] ATCC ® HTB-177™ lung cancer cell
lines were kindly provided by the European Institute of Oncology in Milan. Cells were
propagated according to the instructions provided by the American Type Culture Collection
(Manassas, VA, USA). Before performing spike-in experiments, the cells were detached
with Trypsin-Versene® solution (Lonza, Basel, Switzerland), counted using the Trypan Blue
0.4% solution as a vital dye exclusion assay (viability >99% in all tests) and injected in
10 mL of blood collected from healthy volunteers at a dilution of 1000 cells per milliliter
of blood (i.e., 1000 cells per membrane spot). The spiked-in samples were incubated for
30 min at room temperature under gentle agitation until chemical fixation and filtration as
described before. The membranes were stained with Hematoxylin (Histo-line Laboratories
Srl, Milan, Italy) for 3 min and Eosin Y aqueous solution (Histo-line Laboratories Srl) for
1 min, or with May–Grünwald and Giemsa solutions (Sigma) as described before and
observed at the Olympus BX51 under a 20× magnification objective.

2.5. Statistical Analysis

Associations between categorical variables were tested by Fisher’s exact test using
contingency tables. Differences in discrete variables were tested using the Mann–Whitney
and Kruskal–Wallis test. Linear regression analysis and Pearson’s correlation coefficient
r were used to estimate the correlation between cell numbers and age. Cox proportional-
hazards regression was used to investigate the prognostic role of CTC status or number
on recurrence-free survival, with relative hazard ratios (HR) and 95% confidence interval
(CI). Significance in the probability of time-to-event was tested by log-rank test. Each
selected factor was investigated in univariable analysis. All tests for the comparison of
experimental groups were performed using GraphPad Prism, version 7.04. Survival and
Cox regression analyses were performed, and Kaplan–Meier plots were constructed using
MedCalc, version 12.7, and SPSS, version 26.0, respectively. All tests were two-sided, and
significance statements refer to a p-value < 0.05.
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3. Results
3.1. Cancer Cell Hematogenous Dissemination Is a Frequent Event in NSCLC Patients without
Clinical Evidence of Metastasis

We performed the prospective collection of blood samples before surgical intervention
(n = 74), and we analyzed blood samples of young volunteers (n = 10) and high-risk lung
cancer-free individuals (n = 7), as assessed by LDCT as negative controls (Table 1). The
number of cases locally treated with curative intent was 32, 20 and 17 for stages I, II and
III, respectively. Five patients had stage IV disease at baseline: three underwent only
diagnostic surgical procedure at pleural or lung nodules, while two underwent surgery
with radical intent, one case presenting with a big, excavated lung lesion with the paraneo-
plastic syndrome and no possibility to undergo chemotherapy, the other case underwent
segmental resection plus resection of a local pleural lesion with partial decortication for
intraoperative diagnosis of a small pleural metastasis. In the control cases, cells with
features of malignancy were not observed, while some nuclei larger than 20 µm, hyper-
chromatic or with heterogeneous chromatin stain, without apparent cytoplasm, sometimes
overlapping, were found in 7 out of the 17 (41%) cases (Supplementary Figure S1). Images
were digitalized and taken into account during the morphological analysis of patients’
blood samples in order to exclude indeterminate atypical figures and avoid misleading
interpretations. Of the total population of NSCLC patients, 44 cases (59.5%) were called
CTC-positive, as they had at least one cell with clear features of malignancy detected in
4 mL of blood, 57.5% with stage I–III and 80% with stage IVA tumor (p-value = 0.4922). The
CTC status did not correlate with patient demographics nor with smoking habits, as also
with pathologic tumor stage, histology and invasiveness features, except for a statistically
significant higher CTC positivity rate observed in cases without peritumoral neoplastic
angioinvasion. Interestingly, the proportion of CTC-positive cases with stage I or II NSCLC
was considerable (57.7%) with respect to the limited amount of blood analyzed in this
study (Table 1).

Table 1. Circulating tumor cell (CTC) detection rate and cohorts’ characteristics.

N (%) N CTC+ve (%) p-Value

Patients with NSCLC 74 (100) 44 (59.5)
Median (range) Age (years) 71 (43–86)

Sex
Female 33 (44.6) 18 (54.5)

Male 41 (55.4) 26 (63.4) 0.4820
Smoking habits

Current smoker 25 (33.8) 17 (68.0)
Former smoker 32 (43.2) 18 (56.3)

Never smoker 16 (21.6) 9 (56.3)
Missing 1 (1.4) 0 0.7764 a

Tumor stage
IA 27 (36.5) 15 (55.6)
IB 5 (6.8) 2 (40.0)

IIA 4 (5.4) 4 (100)
IIB 16 (21.6) 9 (56.3)

IIIA 11 (14.9) 7 (63.6)
IIIB 6 (8.1) 3 (50.0)
IIIC 0 0
IVA 5 (6.8) 4 (80.0) 0.7964 b

Histology
Adenocarcinoma 55 (74.3) 33 (60.0)

Squamous cell carcinoma 16 (21.6) 10 (62.5)
Other 2 (2.7) 1 (50.0)

Missing 1 (1.4) 0 >0.9999 c
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Table 1. Cont.

N (%) N CTC+ve (%) p-Value

Patients with NSCLC 74 (100) 44 (59.5)
Grading

G1 4 (5.4) 3 (75.0)
G2 44 (59.5) 23 (52.3)
G3 24 (32.4) 17 (70.8)
G4 0 0

Missing 2 (2.7) 1 (50.0) 0.2092 d

Visceral pleura invasion
PL0 56 (75.7) 31 (55.4)
PL1 8 (10.8) 6 (75.0)
PL2 5 (6.8) 3 (60.0)
PL3 2 (2.7) 2 (100)

Missing 3 (4.1) 2 (66.7) 0.2494 e

Peritumoral neoplastic
angioinvasion

Absent 66 (89.2) 42 (63.6)
Present 6 (8.1) 1 (16.7)
Missing 2 (2.7) 1 (50.0) 0.0357

Lymph-node status
Negative 48 (64.9) 29 (60.4)

Positive 25 (33.8) 14 (56.0)
Missing 1 (1.4) 0 0.8039

Healthy volunteers 10
Median (range) Age (years) 35 (33–47)

Sex
Female 7 (70.0) 0 -

Male 3 (30.0) 0 -
Smoking habits

Smoker 2 (20.0) 0 -
Never smoker 8 (80.0) 0 -

High-risk subjects 7
Median (range) Age (years) 63 (53–73)

Sex
Female 3 (42.9) 0 -

Male 4 (57.1) 0 -
a current/former versus never smokers. b stage I/II versus III/IV. c adenocarcinoma versus squamous cell
carcinoma. d G1/G2 versus G3/G4. e PL0 vs. PL1/PL2/PL3.

3.2. Subpopulations of Circulating Atypical Cells Differentiate Operable NSCLC Patients from
Lung Cancer-Free Individuals

The morphological analysis of cytological samples prepared on ISET membranes
revealed the presence of a heterogeneous population of circulating atypical cells, which
includes different subsets observed at a variable frequency within the two cohorts of pa-
tients and controls. We identified three subpopulations of cells with features of malignancy,
hereafter referred to as (i) single CTCs (n = 71 cells), i.e., not in direct contact with other
cells (sCTC, Figure 1a–c), (ii) homotypic CTC clusters (homCLU, n = 2 clusters), i.e., groups
of slightly overlapping CTCs, and (iii) heterotypic clusters (hetCLU, n = 40 clusters), i.e.,
CTCs in direct contact with leukocytes (Figure 1d–f), mainly monocytes (62.5%) and neu-
trophil granulocytes (12.5%); we also observed (iv) a subpopulation of large cells, hereafter
referred to as atypical macrophage-like cells (Figure 1g–i), (v) a subpopulation of clusters
of epithelial-like cells (Figure 1j–l) and (vi) a considerable number of nuclei with a longer
diameter >20 µm, in some cases with irregular membrane border and/or hyperchromasia,
each of them apparently without the classical cytoplasmic rim observed in CTCs, in some
cases similar to those observed in healthy donors (Supplementary Figure S1), hereafter
referred to as naked nuclei (Supplementary Figure S2). In order to exclude the possibility
that clusters were a result of technical artifacts due to the CTC enrichment procedure, we
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performed spike-in experiments with A549 and NCI-H460 cell lines at a dilution of about
1000 cells per milliliter in a total of 10 mL of blood from three healthy donors. Spiked-in, fil-
tered and stained tumor cells were typically round-shaped and showed nucleus diameters
larger than 20 µm, a nucleus-to-cytoplasm ratio around 90% and nuclear hyperchromatism.
We did not observe the formation of homotypic clusters after filtration and staining, except
for some doublets of NCI-H460 cells, and leukocytes were randomly interspersed among
cancer cells.
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Figure 1. Subpopulations of atypical circulating cells differentiate patients with operable non-small
cell lung cancer from lung cancer-free individuals. Images depict (a–c) single cells with morpho-
logical features of malignancy and (d–f) heterotypic clusters of cells with features of malignancy
physically interacting with normal cells, such as (d) neutrophil granulocytes, (e) monocytes or (f)
other indeterminate leukocytes, detected in patients, (g–i) atypical macrophage-like cells, (g) oblong
or (h) tadpole-like, both detected in patients, and (i) irregularly shaped, detected in healthy donors,
and (j–l) clusters of epithelial-like cells, detected in patients, on porous membranes stained with
May–Grünwald and Giemsa. Objective magnification 40×.

In the cohort of 74 NSCLC patients, sCTC and hetCLU were detected in 34 (45.9%)
and 23 (31.1%) cases, respectively, while both CTC subsets were observed in 14 (18.9%)
cases. Homotypic clusters were observed in two cases only (2.7%). Neither the presence
nor the prevalence or number of sCTC correlated with patients’ demographics, smoking
habits and tumor features, except for males and smokers, where at least two sCTC were
detected at a significantly higher frequency compared to females and never smokers
(Supplementary Table S1 and Figure 2a). Neither the presence nor the number of hetCLU
correlated with the clinicopathological features (Supplementary Table S2 and Figure 2b).
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Figure 2. The number of single CTCs (sCTC) and heterotypic CTC clusters (hetCLU) is not associated
with the clinicopathological features of stage I–IVA non-small cell lung cancers. Dot plots represent
the distribution of (a) sCTC or (b) hetCLU count (median number, line) in 4 mL of peripheral blood
according to the tumor stage, the histological subtype (LUAD, lung adenocarcinoma; LUSC, lung
squamous cell carcinoma), the visceral pleura invasion and the lymph-node involvement. Differences
were not significant (p-value > 0.05) by Kruskal–Wallis (tumor stage) or Mann–Whitney test.

Cells with features of atypical large macrophages were found in 12 out of 74 (16.2%)
patients, and 2 out of 17 (12%) controls, whereas naked nuclei were observed in both
cohorts, although with a two-fold increased frequency in patients (61/74, 82.4%) compared
to controls (7/17, 41%; p-value = 0.0011). Interestingly, clusters of epithelial-like cells
without apparent features of malignancy were detected in 9 out of 74 patients (12.2%) and
none of the control cases. The number of patients called CTC-positive, who also had at
least one atypical large macrophage, naked nucleus or cluster of epithelial-like cells were
11 (25%), 37 (84.1%) and 4 (9.1%), respectively.

3.3. The Prevalence of Single Circulating Tumor Cells Predicts the Risk of Recurrence in Patients
with Surgically Treated Stage I–II NSCLCs

We then explored the utility of CTCs in serving as prognostic biomarkers to identify
patients with an early-stage tumor at higher risk of disease recurrence. All stage I and
II cases underwent surgical resection with curative intent. Six out of the 52 patients
received post-operative adjuvant platinum-based with either vinorelbine or gemcitabine
chemotherapy and/or radiotherapy. The disease status of all patients was monitored by
clinical and radiological exams, except for eight cases (two stage I and six stage II) who
were lost at follow-up (n = 3) or had died for unknown causes (n = 5). The median (range)
observation time was 28 (1–47) months, and the total number of recurrence events was 13
(seven at intrathoracic level, five at distant sites and missing information in one case). The
risk of disease recurrence in stages III and IV compared to stages I and II patients were
HR 95%CI 3.45 (1.37–8.67), p-value = 0.0006, with an equal number of events (13) per group.
In the stages I and II cohort, neither the tumor stage nor the grading or the lymph-node
status were able to discriminate patients at higher risk of early disease recurrence. The
numbers of stages I and II cases out of 44 evaluable for disease recurrence and with at
least one, two, three or five sCTC, or at least one hetCLU, or CTC-positive irrespective of
the subset type, were 21 (47.7%), 8 (18.2%), 5 (11.4%), 1 (2.3%), 15 (34.1%) and 26 (59.1%),
respectively. No differences were found when grouping patients according to the overall
CTC status or the presence of hetCLU, while patients with a prevalence of at least two or
three CTCs in 4 mL of blood had a statistically significant shorter recurrence-free survival
probability (HR 95% CI, cut-off two CTC/4 mL: 5.15 (1.10–24.33), p-value = 0.0009; cut-off
three CTC/4 mL: 3.99 (0.47–33.57), p-value = 0.0216) compared to the counterpart with
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a more favorable CTC count (Figure 3 and Supplementary Table S3), demonstrating that
the number of sCTC was the most relevant predictor of prognosis in early-stage operable
NSCLCs.
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3.4. The Presence of Heterotypic Clusters of CTCs Predicts the Risk of Recurrence in Patients with
Surgically Treated Stage III–IVA NSCLCs

We assessed the clinical significance of CTCs in the group of patients presenting
with operable NSCLC at advanced stages (III and IV). Seventeen out of the 22 patients
received post-operative adjuvant platinum-based with either vinorelbine or gemcitabine
chemotherapy and/or radiotherapy or targeted therapy with gefitinib or afatinib for
stage IV EGFR mutated tumors. The disease outcome of all patients was monitored by
clinical and radiological exams, except for four stage III cases that were lost at follow-up
(n = 1) or had died for unknown causes (n = 3). The median (range) observation time was
17; (1–33) months, and the total number of recurrence events was 13 (5 at intrathoracic
level, 6 at distant sites and missing information in 2 cases).

In advanced NSCLC patients, neither the tumor stage nor the grading were able to
accurately identify cases at higher risk of early disease recurrence, although a slight trend
toward statistical significance was obtained when grouping according to the tumor stage
(Supplementary Table S4). The numbers of stages III and IV cases out of 18 evaluable for
disease recurrence and with at least one, two, three or five sCTCs, or at least one hetCLU, or
CTC-positive irrespective of the subset type, were 8 (44.4%), 6 (33.3%), 3 (16.7%), 3 (16.7%),
5 (27.8%) and 12 (66.7%), respectively. According to the survival analysis based on the
CTC status, a slight trend toward statistical significance was observed when consider-
ing the overall CTC population, while no difference was found when grouping patients
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according to the prevalence of sCTC. Interestingly, cases presenting with at least one
hetCLU in 4 mL of blood had a statistically significant shorter recurrence-free survival
probability (HR 95%CI: 3.44 (0.76–15.50), p-value = 0.0129) compared to patients without
hetCLU (Figure 4 and Supplementary Table S4), providing evidence for the first time of
the prognostic significance of hetCLU in advanced stage operable NSCLCs.
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4. Discussion

In this study, we have observed that cells with morphological features of malignancy
can be detected in 4 mL of peripheral blood in 60% of patients with operable NSCLC
and that the CTC frequency is not dependent on the tumor stage. We have found that in
NSCLC, cells with features of malignancy can circulate in physical contact with leukocytes,
mainly monocytes, forming aggregates of two cells in the majority of cases, here called
heterotypic clusters, with an overall frequency of 31%, without significant differences
according to the disease stage. We have also documented the presence and frequency
of other subpopulations of cells in patients, such as clusters of epithelial-like cells, large
macrophage-like cells and naked nuclei >20 µm, which were found both in patients and
lung cancer-free controls. Importantly, our study revealed different clinical messages
hidden in CTCs based on the subset type as, compared to other tumor-related factors,
only the CTC number at baseline was able to inform early-stage patients’ risk and time of
recurrence, whereas heterotypic clusters represented the most informative subpopulation
of CTCs with respect to disease outcome in the advanced stage setting.

Contrarily to the traditional view that cancer cells disseminate via blood vessels within
a time window closer to the clinical manifestation of secondary lesions rather than to the
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initiation of a tumor, CTCs are now widely recognized as events that can be detected at a
considerable frequency even in patients presenting with early-stage or locally advanced
disease. Since CTCs are known to be heterogeneous within the same patient, and a gold
standard approach for accurate detection has not been developed yet [36], it is clear that the
operational definition for the measurement of CTCs may change from study to study along
with the technical approach. One of the first reports on CTC analysis in stage I–III NSCLC
demonstrated that the CTC detection rate obtained by the capture of cells expressing
EpCAM and cytokeratins 8/18/19 was lower compared to parallel samples analyzed by a
size-based isolation approach coupled to cytomorphological analysis [32]. However, two
main biological and technical aspects should be taken into account: first, some CTCs might
have shaped their makeup while undergoing the epithelial-to-mesenchymal transition
(EMT), thus downregulating the expression of surface adhesion proteins [37] and remaining
undetectable to EpCAM-based capture; second, neutrophils have a low-to-absent expres-
sion of CD45 and, importantly, may be non-specifically bound by antibodies for some
intracellular proteins, including cytokeratins [38], thus leading to CTC misidentification.
Following the first demonstration that the early detection of CTCs was able to anticipate
stage I lung cancer diagnosis by radiological scan in COPD patients [27], the majority of
successive studies was performed using CTC enrichment methods based on the physical
properties of tumor cells. The CTC positivity data obtained in our study population was
59.5%, which is slightly higher compared to the study by Hofman and colleagues in a case
series of 210 NSCLC patients undergoing radical surgery [32], although the difference is
not negligible if considering that we have analyzed 4 mL rather than 10 mL of blood. In
other studies, the CTC detection rate was 80% by morphological analysis on 10 mL of
blood from 40 chemonaïve stage IIIA and IV cases [39] and 69.5% by immunostaining for
EpCAM and CD45 upon peripheral blood mononuclear cell collection and subsequent
filtration in 82 cases with any stage [40].

In addition to the population of single CTCs, other subsets of cells are emerging as
possible diagnostic biomarkers, as they showed high specificity in distinguishing between
patients from lung cancer-free individuals: CTC clusters [41–43], which are aggregates of at
least two CTCs in physical contact, held together through intercellular junctions [44], also
known as circulating tumor microemboli, which can appear with infiltrated or surrounding
platelets [35], or aggregates of cancer cells with non-malignant stromal or immune cells [44],
as also large macrophage-like cells [35] and tumor-macrophage hybrid cells [45,46], which
instead express both epithelial and leukocyte/macrophage-specific markers. The fre-
quency of CTC clusters may vary depending on the technical approach and the disease
stage [41–43,47]; therefore, further studies are needed to confirm the origin of this subset
of CTCs. However, it has been becoming increasingly clear that CTC clusters may act as
predictors or players in therapy resistance [48,49], and experimental evidence showed that
polymorphonuclear/myeloid-derived suppressor cells interact with CTCs and promote
their metastatic potential [50]. Remarkably, a non-conventional approach for CTC isolation
recently showed that heterotypic clusters could be detected at a relevant frequency in
many non-metastatic and metastatic solid tumors [51]. Therefore, heterotypic clusters can
represent a promising biomarker and therapeutic target. Furthermore, the role of clusters of
epithelial-like cells that we have observed in our cohort of patients is worth being clarified.

Studies with other technical approaches provided interesting results on the clinical
role of CTCs in NSCLC in the operative setting. It was reported that cytokeratin- and
EGFR-positive cells enriched by an immunomagnetic approach could be observed in stage
I–III NSCLC patients at different frequencies before and 1 month after surgery and that
post- but not pre-surgery detected cytokeratin-positive CTCs were associated with disease-
free survival [52]. In 2019, a work with the CellSearchTM system showed that tumor cells
collected from the pulmonary vein during surgical procedures could be observed in 48%
of cases, that using a cut-off of at least 18 CTCs in 7.5 mL of blood it was possible to
predict disease relapse and that mutations in CTCs largely overlapped with those found in
metastases detected 10 months later [53]. Other authors challenged the effect of surgery
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on CTC kinetics and found a significant decline in EpCAM-enriched CTCs a few days
after surgery in all patients, and that early rebound of CTC counts was associated with
disease recurrence [54]. Our data provide further evidence of the role of CTCs detected
in the peripheral venous blood, and importantly, of the different significance that CTC
subsets may have in classifying patients at risk of relapse when detected before surgery.
Longitudinal studies are of interest to assess CTC kinetics in response to post-surgery
administered systemic therapies.

Size-based approaches have already been shown to increase the sensitivity in detecting
CTC clusters in metastatic NSCLCs compared to epitope-dependent methods. In 2011,
vimentin-positive and cytokeratin-negative CTC clusters were described in three out of six
metastatic NSCLC patients [55], and later it was found that circulating tumor microemboli,
which were defined as clusters of at least three CTCs, could be observed in 43% of patients
using ISET® but were undetectable by CellSearchTM, which captures cells by anti-EpCAM
antibodies [39]. Moreover, CTC clusters isolated by a biomarker-independent, size-based
microfluidic method could be observed in 96% of patients with metastatic NSCLC, and 75%
of them were EpCAM-negative [47]. In our study, with stage I–IVA NSCLC patients, the
frequency of homotypic CTC clusters was negligible. The marker-free technical approach
based on the direct evaluation of cytological samples enabled the visualization of CTCs in
contact with leukocytes, as also of other atypical cells. The application of a filtration method
coupled to morphological analysis brings many advantages. However, a crucial point that
should be addressed is the reproducibility of the analysis based on cytomorphological
criteria. Although they have been already defined and blindly validated by a team of 10
cytopathologists on 808 blood samples analyzed by the ISET method, such criteria hold
the same limits as those used in routine cytology [56]. In our study, cells with features of
malignancy were not found in lung cancer-free individuals, following blinded analysis.
Larger cohorts of individuals at risk of lung cancer and the inter-reader variability should
be evaluated in multicentric studies in order to increase the robustness of the CTC test and
to foster its application in the clinical routine. The identification of a panel of biomarkers
for CTC detection in NSCLC is also of crucial importance in this context. Searching for
lung cancer-specific markers is a long-standing issue for pathologists, which consequently
affects CTC studies. An attentive look at CTC and metastasis biological hallmarks may
help to identify markers alternative to cytokeratin, and in fact, a recent paper showed that
the glycolysis enzyme hexokinase 2 (HK2) increased the detection of CTCs in a cohort of
18 stage III lung adenocarcinoma patients without clinical evidence of distant metastases
from 39% when considering cytokeratin-positive to 61% when considering HK2-positive
cell subsets [57].

To summarize the results of this study, we have discovered a population of heterotypic
CTC clusters in early-stage NSCLC and provided first evidence of the differential prognostic
significance of single CTC count, using a low cut-off (two CTCs in 4 mL of blood), and
of the presence of heterotypic clusters, in operable NSCLC patients with stages I or II
and stages III or IVA, respectively, demonstrating that looking at CTC subsets rather
than the overall CTC population can help to refine the classification of patients at risk of
disease recurrence, and outperforming classical primary tumor-related markers; we have
performed the analysis on cytological samples corresponding to 4 mL only compared to
larger blood volumes (from 7.5 to 10 mL) used in other studies, scoring as CTC-positive
about 60% of patients and none of the control individuals, and we have documented and
described other subsets of circulating atypical cells occurring with different frequency in
patients and lung cancer-free donors.

5. Conclusions

The ISET® technology for CTC enrichment coupled to cytomorphological analysis
was proven as a promising approach for the development of non-invasive biomarkers in
NSCLC. With a view to the implementation of a CTC-based test in screening programs,
studies with larger case series and the introduction of molecular analyses to infer the origin
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of atypical cells would be desirable. CTC subsets also deserve consideration to be included
in the clinical routine among the standard prognostic factors in order to early identify
patients at risk of recurrence and refine the therapeutic strategies accordingly.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cancers13174488/s1, Figure S1. Naked nuclei detected in the blood of lung cancer-free
individuals; Figure S2. Naked nuclei detected in the blood of on-small cell lung cancer patients;
Table S1. Single circulating tumor cell (sCTC) prevalence and non-small cell lung cancer (NSCLC)
patients’ characteristics; Table S2. Circulating tumor cell cluster (cCTC) status and NSCLC patients’
characteristics; Table S3. Recurrence-free survival probability in patients with operable stage I–II
NSCLC according to standard clinico–pathological parameters and CTC status; Table S4. Recurrence-
free survival probability in patients with operable stage III–IV NSCLC according to standard clinico-
pathological parameters and CTC status.
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J.; et al. Global surveillance of trends in cancer survival 2000–14 (CONCORD-3): Analysis of individual records for 37 513 025
patients diagnosed with one of 18 cancers from 322 population-based registries in 71 countries. Lancet 2018, 391, 1023–1075.
[CrossRef]

https://www.mdpi.com/article/10.3390/cancers13174488/s1
https://www.mdpi.com/article/10.3390/cancers13174488/s1
http://doi.org/10.3322/caac.21551
http://doi.org/10.1038/nature25183
http://doi.org/10.1038/ng.3564
http://www.ncbi.nlm.nih.gov/pubmed/27158780
http://doi.org/10.1136/thoraxjnl-2012-202297
http://www.ncbi.nlm.nih.gov/pubmed/23399908
http://doi.org/10.1016/S0140-6736(17)33326-3


Cancers 2021, 13, 4488 14 of 16

6. The National Lung Screening Trial Research Team; Aberle, D.R.; Adams, A.M.; Berg, C.D.; Black, W.C.; Clapp, J.D.; Fagerstrom,
R.M.; Gareen, I.F.; Gatsonis, C.; Marcus, P.M.; et al. Reduced Lung-Cancer Mortality with Low-Dose Computed Tomographic
Screening. N. Engl. J. Med. 2011, 365, 395–409. [CrossRef]

7. Henschke, C.I.; Boffetta, P.; Gorlova, O.; Yip, R.; DeLancey, J.O.; Foy, M. Assessment of lung-cancer mortality reduction from CT
Screening. Lung Cancer 2011, 71, 328–332. [CrossRef] [PubMed]

8. Puggina, A.; Broumas, A.; Ricciardi, W.; Boccia, S. Cost-effectiveness of screening for lung cancer with low-dose computed
tomography: A systematic literature review. Eur. J. Public Health 2016, 26, 168–175. [CrossRef]

9. Veronesi, G.; Novellis, P.; Voulaz, E.; Alloisio, M. Early detection and early treatment of lung cancer: Risks and benefits. J. Thorac.
Dis. 2016, 8, E1060–E1062. [CrossRef]

10. Veronesi, G.; Baldwin, D.; Henschke, C.; Ghislandi, S.; Iavicoli, S.; Oudkerk, M.; De Koning, H.; Shemesh, J.; Field, J.; Zulueta, J.;
et al. Recommendations for Implementing Lung Cancer Screening with Low-Dose Computed Tomography in Europe. Cancers
2020, 12, 1672. [CrossRef]

11. Veronesi, G.; Bellomi, M.; Scanagatta, P.; Preda, L.; Rampinelli, C.; Guarize, J.; Pelosi, G.; Maisonneuve, P.; Leo, F.; Solli, P.; et al.
Difficulties encountered managing nodules detected during a computed tomography lung cancer screening program. J. Thorac.
Cardiovasc. Surg. 2008, 136, 611–617. [CrossRef]

12. Shah, R.; Sabanathan, S.; Richardson, J.; Mearns, A.J.; Goulden, C. Results of surgical treatment of stage I and II lung cancer. J.
Cardiovasc. Surg. 1996, 37, 169–172.

13. Nesbitt, J.C.; Putnam, J.B.; Walsh, G.L.; Roth, J.A.; Mountain, C.F. Survival in early-stage non-small cell lung cancer. Ann. Thorac.
Surg. 1995, 60, 466–472. [CrossRef]

14. Al-Kattan, K.; Sepsas, E.; Fountain, S.W.; Townsend, E.R. Disease recurrence after resection for stage I lung cancer. Eur. J.
Cardio-Thorac. Surg. 1997, 12, 380–384. [CrossRef]

15. Hoffman, P.C.; Mauer, A.M.; Vokes, E.E. Lung cancer. Lancet 2000, 355, 479–485. [CrossRef]
16. Uramoto, H.; Tanaka, F. Recurrence after surgery in patients with NSCLC. Transl. Lung Cancer Res. 2014, 3, 242–249. [CrossRef]
17. Blanchon, F.; Grivaux, M.; Asselain, B.; Lebas, F.-X.; Orlando, J.-P.; Piquet, J.; Zureik, M. 4-year mortality in patients with

non-small-cell lung cancer: Development and validation of a prognostic index. Lancet Oncol. 2006, 7, 829–836. [CrossRef]
18. Knight, S.B.; Crosbie, P.A.; Balata, H.; Chudziak, J.; Hussell, T.; Dive, C. Progress and prospects of early detection in lung cancer.

Open Biol. 2017, 7, 170070. [CrossRef]
19. Mok, T.S.K. Personalized medicine in lung cancer: What we need to know. Nat. Rev. Clin. Oncol. 2011, 8, 661–668. [CrossRef]

[PubMed]
20. Kerr, K.M.; Bubendorf, L.; Edelman, M.; Marchetti, A.; Mok, T.; Novello, S.; O’Byrne, K.; Stahel, R.; Peters, S.; Felip, E.; et al.

Second ESMO consensus conference on lung cancer: Pathology and molecular biomarkers for non-small-cell lung cancer. Ann.
Oncol. 2014, 25, 1681–1690. [CrossRef]

21. Hofman, P. Liquid biopsy for early detection of lung cancer. Curr. Opin. Oncol. 2017, 29, 73–78. [CrossRef] [PubMed]
22. Mathai, R.A.; Vidya, R.V.S.; Reddy, B.S.; Thomas, L.; Udupa, K.; Kolesar, J.; Rao, M. Potential Utility of Liquid Biopsy as a

Diagnostic and Prognostic Tool for the Assessment of Solid Tumors: Implications in the Precision Oncology. J. Clin. Med. 2019, 8,
373. [CrossRef] [PubMed]

23. Heitzer, E.; Haque, I.S.; Roberts, C.E.S.; Speicher, M.R. Current and future perspectives of liquid biopsies in genomics-driven
oncology. Nat. Rev. Genet. 2019, 20, 71–88. [CrossRef] [PubMed]

24. Massagué, J.; Obenauf, A.C. Metastatic colonization by circulating tumour cells. Nature 2016, 529, 298–306. [CrossRef]
25. Klein, C.A. Parallel progression of primary tumours and metastases. Nat. Rev. Cancer 2009, 9, 302–312. [CrossRef]
26. Hamilton, G.; Rath, B. Circulating Tumor Cells in the Parallel Invasion Model Supporting Early Metastasis. Oncomedicine 2018, 3,

15–27. [CrossRef]
27. Ilie, M.; Hofman, V.; Long, E.; Selva, E.; Vignaud, J.-M.; Padovani, B.; Mouroux, J.; Marquette, C.H.; Hofman, P. “Sentinel”

Circulating Tumor Cells Allow Early Diagnosis of Lung Cancer in Patients with Chronic Obstructive Pulmonary Disease. PLoS
ONE 2014, 9, e111597. [CrossRef]

28. Alix-Panabières, C.; Pantel, K. Challenges in circulating tumour cell research. Nat. Rev. Cancer 2014, 14, 623–631. [CrossRef]
29. Vona, G.; Sabile, A.; Louha, M.; Sitruk, V.; Romana, S.P.; Schütze, K.; Capron, F.; Franco, D.; Pazzagli, M.; Vekemans, M.; et al.

Isolation by Size of Epithelial Tumor Cells: A New Method for the Immunomorphological and Molecular Characterization of
Circulating Tumor Cells. Am. J. Pathol. 2000, 156, 57–63. [CrossRef]

30. Laget, S.; Broncy, L.; Hormigos, K.; Dhingra, D.M.; Benmohamed, F.; Capiod, T.; Osteras, M.; Farinelli, L.; Jackson, S.; Paterlini-
Bréchot, P. Technical Insights into Highly Sensitive Isolation and Molecular Characterization of Fixed and Live Circulating Tumor
Cells for Early Detection of Tumor Invasion. PLoS ONE 2017, 12, e0169427. [CrossRef] [PubMed]

31. Hofman, V.; Bonnetaud, C.; Ilié, M.; Vielh, P.; Vignaud, J.M.; Fléjou, J.F.; Lantuejoul, S.; Piaton, E.; Mourad, N.; Butori, C.; et al.
Preoperative Circulating Tumor Cell Detection Using the Isolation by Size of Epithelial Tumor Cell Method for Patients with
Lung Cancer Is a New Prognostic Biomarker. Clin. Cancer Res. 2011, 17, 827–835. [CrossRef] [PubMed]

32. Hofman, V.; Ilie, M.I.; Long, E.; Selva, E.; Bonnetaud, C.; Molina, T.; Venissac, N.; Mouroux, J.; Vielh, P.; Hofman, P. Detection
of circulating tumor cells as a prognostic factor in patients undergoing radical surgery for non-small-cell lung carcinoma:
Comparison of the efficacy of the CellSearch Assay™ and the isolation by size of epithelial tumor cell method. Int. J. Cancer 2010,
129, 1651–1660. [CrossRef]

http://doi.org/10.1056/NEJMoa1102873
http://doi.org/10.1016/j.lungcan.2010.10.025
http://www.ncbi.nlm.nih.gov/pubmed/21168236
http://doi.org/10.1093/eurpub/ckv158
http://doi.org/10.21037/jtd.2016.08.76
http://doi.org/10.3390/cancers12061672
http://doi.org/10.1016/j.jtcvs.2008.02.082
http://doi.org/10.1016/0003-4975(95)00169-L
http://doi.org/10.1016/S1010-7940(97)00198-X
http://doi.org/10.1016/S0140-6736(00)82038-3
http://doi.org/10.3978/j.issn.2218-6751.2013.12.05
http://doi.org/10.1016/S1470-2045(06)70868-3
http://doi.org/10.1098/rsob.170070
http://doi.org/10.1038/nrclinonc.2011.126
http://www.ncbi.nlm.nih.gov/pubmed/21862980
http://doi.org/10.1093/annonc/mdu145
http://doi.org/10.1097/CCO.0000000000000343
http://www.ncbi.nlm.nih.gov/pubmed/27906860
http://doi.org/10.3390/jcm8030373
http://www.ncbi.nlm.nih.gov/pubmed/30889786
http://doi.org/10.1038/s41576-018-0071-5
http://www.ncbi.nlm.nih.gov/pubmed/30410101
http://doi.org/10.1038/nature17038
http://doi.org/10.1038/nrc2627
http://doi.org/10.7150/oncm.22576
http://doi.org/10.1371/journal.pone.0111597
http://doi.org/10.1038/nrc3820
http://doi.org/10.1016/S0002-9440(10)64706-2
http://doi.org/10.1371/journal.pone.0169427
http://www.ncbi.nlm.nih.gov/pubmed/28060956
http://doi.org/10.1158/1078-0432.CCR-10-0445
http://www.ncbi.nlm.nih.gov/pubmed/21098695
http://doi.org/10.1002/ijc.25819


Cancers 2021, 13, 4488 15 of 16

33. Marquette, C.-H.; Boutros, J.; Benzaquen, J.; Ferreira, M.; Pastre, J.; Pison, C.; Padovani, B.; Bettayeb, F.; Fallet, V.; Guibert, N.; et al.
Circulating tumour cells as a potential biomarker for lung cancer screening: A prospective cohort study. Lancet Respir. Med. 2020,
8, 709–716. [CrossRef]

34. Hofman, V.; Long, E.; Ilié, M.; Bonnetaud, C.; Vignaud, J.M.; Fléjou, J.F.; Lantuejoul, S.; Piaton, E.; Mourad, N.; Butori, C.; et al.
Morphological analysis of circulating tumour cells in patients undergoing surgery for non-small cell lung carcinoma using the
isolation by size of epithelial tumour cell (ISET) method. Cytopathology 2011, 23, 30–38. [CrossRef]

35. Wechsler, J. Circulating Tumor Cells from Solid Cancers; Sauramps Medical Press: Montpellier, France, 2015.
36. Alix-Panabières, C.; Pantel, K. Circulating Tumor Cells: Liquid Biopsy of Cancer. Clin. Chem. 2013, 59, 110–118. [CrossRef]
37. Thiery, J.P. Epithelial–mesenchymal transitions in tumour progression. Nat. Rev. Cancer 2002, 2, 442–454. [CrossRef]
38. Schehr, J.L.; Schultz, Z.D.; Warrick, J.W.; Guckenberger, D.J.; Pezzi, H.M.; Sperger, J.M.; Heninger, E.; Saeed, A.; Leal, T.; Mattox, K.;

et al. High Specificity in Circulating Tumor Cell Identification Is Required for Accurate Evaluation of Programmed Death-Ligand
1. PLoS ONE 2016, 11, e0159397. [CrossRef]

39. Krebs, M.G.; Hou, J.-M.; Sloane, R.S.; Lancashire, L.; Priest, L.; Nonaka, D.; Ward, T.H.; Backen, A.; Clack, G.; Hughes, A.; et al.
Analysis of Circulating Tumor Cells in Patients with Non-small Cell Lung Cancer Using Epithelial Marker-Dependent and
-Independent Approaches. J. Thorac. Oncol. 2012, 7, 306–315. [CrossRef]

40. Sonn, C.-H.; Cho, J.H.; Kim, J.-W.; Kang, M.S.; Lee, J.; Kim, J. Detection of circulating tumor cells in patients with non-small cell
lung cancer using a size-based platform. Oncol. Lett. 2017, 13, 2717–2722. [CrossRef] [PubMed]

41. Carlsson, A.; Nair, V.S.; Luttgen, M.S.; Keu, K.V.; Horng, G.; Vasanawala, M.; Kolatkar, A.; Jamali, M.; Iagaru, A.H.; Kuschner,
W.; et al. Circulating Tumor Microemboli Diagnostics for Patients with Non–Small-Cell Lung Cancer. J. Thorac. Oncol. 2014, 9,
1111–1119. [CrossRef]

42. Mascalchi, M.; Maddau, C.; Sali, L.; Bertelli, E.; Salvianti, F.; Zuccherelli, S.; Matucci, M.; Borgheresi, A.; Raspanti, C.; Lanzetta,
M.M.; et al. Circulating tumor cells and microemboli can differentiate malignant and benign pulmonary lesions. J. Cancer 2017, 8,
2223–2230. [CrossRef] [PubMed]

43. Manjunath, Y.; Upparahalli, S.V.; Suvilesh, K.N.; Avella, D.M.; Kimchi, E.T.; Staveley-O’Carroll, K.F.; Li, G.; Kaifi, J.T. Circulating
tumor cell clusters are a potential biomarker for detection of non-small cell lung cancer. Lung Cancer 2019, 134, 147–150. [CrossRef]
[PubMed]

44. Aceto, N. Bring along your friends: Homotypic and heterotypic circulating tumor cell clustering to accelerate metastasis. Biomed.
J. 2020, 43, 18–23. [CrossRef] [PubMed]

45. Adams, D.; Martin, S.S.; Alpaugh, R.K.; Charpentier, M.; Tsai, S.; Bergan, R.C.; Ogden, I.M.; Catalona, W.; Chumsri, S.; Tang,
C.-M.; et al. Circulating giant macrophages as a potential biomarker of solid tumors. Proc. Natl. Acad. Sci. USA 2014, 111,
3514–3519. [CrossRef]

46. Manjunath, Y.; Mitchem, J.B.; Suvilesh, K.N.; Avella, D.M.; Kimchi, E.T.; Staveley-O’Carroll, K.F.; Deroche, C.B.; Pantel, K.; Li, G.;
Kaifi, J.T. Circulating Giant Tumor-Macrophage Fusion Cells Are Independent Prognosticators in Patients With NSCLC. J. Thorac.
Oncol. 2020, 15, 1460–1471. [CrossRef]

47. Zeinali, M.; Lee, M.; Nadhan, A.; Mathur, A.; Hedman, C.; Lin, E.; Harouaka, R.; Wicha, M.; Zhao, L.; Palanisamy, N.; et al.
High-Throughput Label-Free Isolation of Heterogeneous Circulating Tumor Cells and CTC Clusters from Non-Small-Cell Lung
Cancer Patients. Cancers 2020, 12, 127. [CrossRef]

48. Lee, M.; Kim, E.J.; Cho, Y.; Kim, S.; Chung, H.H.; Park, N.H.; Song, Y.-S. Predictive value of circulating tumor cells (CTCs)
captured by microfluidic device in patients with epithelial ovarian cancer. Gynecol. Oncol. 2017, 145, 361–365. [CrossRef]

49. Bithi, S.S.; Vanapalli, S.A. Microfluidic cell isolation technology for drug testing of single tumor cells and their clusters. Sci. Rep.
2017, 7, 41707. [CrossRef]

50. Sprouse, M.L.; Welte, T.; Boral, D.; Liu, H.N.; Yin, W.; Vishnoi, M.; Goswami-Sewell, D.; Li, L.; Pei, G.; Jia, P.; et al. PMN-MDSCs
Enhance CTC Metastatic Properties through Reciprocal Interactions via ROS/Notch/Nodal Signaling. Int. J. Mol. Sci. 2019, 20,
1916. [CrossRef]

51. Akolkar, D.; Patil, D.; Crook, T.; Limaye, S.; Page, R.; Datta, V.; Patil, R.; Sims, C.; Ranade, A.; Fulmali, P.; et al. Circulating
ensembles of tumor-associated cells: A redoubtable new systemic hallmark of cancer. Int. J. Cancer 2020, 146, 3485–3494.
[CrossRef]

52. Bayarri-Lara, C.; Ortega, F.G.; De Guevara, A.C.L.; Puche, J.L.; Zafra, J.R.; De Miguel-Pérez, D.; Ramos, A.S.-P.; Giraldo-Ospina,
C.F.; Gómez, J.A.N.; Delgado-Rodríguez, M.; et al. Circulating Tumor Cells Identify Early Recurrence in Patients with Non-Small
Cell Lung Cancer Undergoing Radical Resection. PLoS ONE 2016, 11, e0148659. [CrossRef]

53. Chemi, F.; Rothwell, D.; McGranahan, N.; Gulati, S.; Abbosh, C.; Pearce, S.P.; Zhou, C.; Wilson, G.A.; Jamal-Hanjani, M.; Birkbak,
N.; et al. Pulmonary venous circulating tumor cell dissemination before tumor resection and disease relapse. Nat. Med. 2019, 25,
1534–1539. [CrossRef]

54. Wu, C.-Y.; Lee, C.-L.; Fu, J.-Y.; Yang, C.-T.; Wen, C.-T.; Liu, Y.-H.; Liu, H.-P.; Hsieh, J.C.-H.; Wu, C.-F. Circulating Tumor Cells as a
Tool of Minimal Residual Disease Can Predict Lung Cancer Recurrence: A longitudinal, Prospective Trial. Diagnostics 2020, 10,
144. [CrossRef] [PubMed]

55. Lecharpentier, A.; Vielh, P.; Perez-Moreno, P.; Planchard, D.; Soria, J.C.; Farace, F. Detection of circulating tumour cells with
a hybrid (epithelial/mesenchymal) phenotype in patients with metastatic non-small cell lung cancer. Br. J. Cancer 2011, 105,
1338–1341. [CrossRef] [PubMed]

http://doi.org/10.1016/S2213-2600(20)30081-3
http://doi.org/10.1111/j.1365-2303.2010.00835.x
http://doi.org/10.1373/clinchem.2012.194258
http://doi.org/10.1038/nrc822
http://doi.org/10.1371/journal.pone.0159397
http://doi.org/10.1097/JTO.0b013e31823c5c16
http://doi.org/10.3892/ol.2017.5772
http://www.ncbi.nlm.nih.gov/pubmed/28454457
http://doi.org/10.1097/JTO.0000000000000235
http://doi.org/10.7150/jca.18418
http://www.ncbi.nlm.nih.gov/pubmed/28819424
http://doi.org/10.1016/j.lungcan.2019.06.016
http://www.ncbi.nlm.nih.gov/pubmed/31319973
http://doi.org/10.1016/j.bj.2019.11.002
http://www.ncbi.nlm.nih.gov/pubmed/32200952
http://doi.org/10.1073/pnas.1320198111
http://doi.org/10.1016/j.jtho.2020.04.034
http://doi.org/10.3390/cancers12010127
http://doi.org/10.1016/j.ygyno.2017.02.042
http://doi.org/10.1038/srep41707
http://doi.org/10.3390/ijms20081916
http://doi.org/10.1002/ijc.32815
http://doi.org/10.1371/journal.pone.0148659
http://doi.org/10.1038/s41591-019-0593-1
http://doi.org/10.3390/diagnostics10030144
http://www.ncbi.nlm.nih.gov/pubmed/32155787
http://doi.org/10.1038/bjc.2011.405
http://www.ncbi.nlm.nih.gov/pubmed/21970878


Cancers 2021, 13, 4488 16 of 16

56. Hofman, V.J.; Ilié, M.; Bonnetaud, C.; Selva, E.; Long, E.; Molina, T.; Vignaud, J.M.; Fléjou, J.F.; Lantuejoul, S.; Piaton, E.; et al.
Cytopathologic Detection of Circulating Tumor Cells Using the Isolation by Size of Epithelial Tumor Cell Method. Am. J. Clin.
Pathol. 2011, 135, 146–156. [CrossRef]

57. Yang, L.; Yan, X.; Chen, J.; Zhan, Q.; Hua, Y.; Xu, S.; Li, Z.; Wang, Z.; Dong, Y.; Zuo, D.; et al. Hexokinase 2 discerns a novel
circulating tumor cell population associated with poor prognosis in lung cancer patients. Proc. Natl. Acad. Sci. USA 2021, 118,
2012228118. [CrossRef] [PubMed]

http://doi.org/10.1309/AJCP9X8OZBEIQVVI
http://doi.org/10.1073/pnas.2012228118
http://www.ncbi.nlm.nih.gov/pubmed/33836566

	Introduction 
	Materials and Methods 
	Study Design 
	Blood Collection and CTC Enrichment 
	CTC Detection Method and Identification Criteria 
	Spike-in Experiments 
	Statistical Analysis 

	Results 
	Cancer Cell Hematogenous Dissemination Is a Frequent Event in NSCLC Patients without Clinical Evidence of Metastasis 
	Subpopulations of Circulating Atypical Cells Differentiate Operable NSCLC Patients from Lung Cancer-Free Individuals 
	The Prevalence of Single Circulating Tumor Cells Predicts the Risk of Recurrence in Patients with Surgically Treated Stage I–II NSCLCs 
	The Presence of Heterotypic Clusters of CTCs Predicts the Risk of Recurrence in Patients with Surgically Treated Stage III–IVA NSCLCs 

	Discussion 
	Conclusions 
	References

