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Simple Summary: Screening for genomic alterations in treatment-naïve non-small cell lung carci-
noma (NSCLC) is mainly done by tissue biopsy (TB), an invasive approach. However, it may not be
possible to obtain a TB, the patient does not consent to it and/or the extracted nucleic acids are of
poor quantity and/or quality for further genomic analyses, so a liquid biopsy (LB) is the only option
to detect molecular target(s) for first-line treatment in these patients. However, a LB at diagnosis
is still not often used in clinical centers since a TB is currently the gold standard approach for his-
tological diagnosis, assessment of the PD-L1 status on tumor cells and evaluation of the molecular
alterations. A number of different approaches are already available for the assessment of genetic
abnormalities with LB, but next-generation sequencing (NGS) is the most promising. This review
provides an overview of the main studies currently using LB NGS at diagnosis for NSCLC. We
discuss its advantages and limitations in comparison with a TB and the perspectives for the future.

Abstract: Recently, the liquid biopsy (LB), a non-invasive and easy to repeat approach, has started
to compete with the tissue biopsy (TB) for detection of targets for administration of therapeutic
strategies for patients with advanced stages of lung cancer at tumor progression. A LB at diagnosis of
late stage non-small cell lung carcinoma (NSCLC) is also being performed. It may be asked if a LB can
be complementary (according to the clinical presentation or systematics) or even an alternative to a
TB for treatment-naïve advanced NSCLC patients. Nucleic acid analysis with a TB by next-generation
sequencing (NGS) is gradually replacing targeted sequencing methods for assessment of genomic
alterations in lung cancer patients with tumor progression, but also at baseline. However, LB is still
not often used in daily practice for NGS. This review addresses different aspects relating to the use of
LB for NGS at diagnosis in advanced NSCLC, including its advantages and limitations.

Keywords: liquid biopsy; lung cancer; next-generation sequencing; targeted therapy

1. Introduction

Genomic studies on patients with lung cancer have led to the discovery of prognostic
factors and predictive biomarkers of therapeutic agents targeting genetic alterations [1–6].
In recent years, advanced and metastatic non-small cell lung cancers (NSCLC) have bene-
fited from an increase in the number of drugs for targeted therapy or immunotherapy, at
diagnosis or on tumor progression [7–15]. Consequently, a progressive improvement in
the overall survival of these patients has been observed [16]. Current therapeutic strategy
in naïve-treated late stage NSCLC is based first on the presence of a genomic alteration
actionable by a targeted therapy allowing to a personalized treatment (Figure 1A). Then,
in the absence of a molecular actionable driver, the majority of patients received an im-
munotherapy alone or in association with a chemotherapy (Figure 1B). Different molecular
targets are identified today and need to be assess, but others are coming soon and in the
near future (Figure 1C). Due to the increase in the number of potential targets and genes for
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evaluation, sequential analyses for assessment of genomic alterations have been gradually
replaced by next-generation sequencing (NGS) approaches [17–23]. NGS is a particularly
attractive method since it evaluates in one step the mandatory molecular targets currently
defined by international guidelines [24–27]. Currently, NGS analyses are mainly done at
diagnosis with a tumor biopsy (TB), or, on tumor progression, with a TB and/or a liquid
biopsy (LB). According to the algorithms defined by a clinical and molecular pathology
laboratory and/or by the care organization, the NGS approach at diagnosis in late stage
NSCLC can be used with a TB as a reflex method for EGFR (Epidermal Growth Factor Recep-
tor), ALK (Anaplastic Lymphoma Kinase), ROS1 (V-Ros Avian UR2 Sarcoma Virus Oncogene
Homolog 1), NTRK (Neurotrophic Tyrosine Kinase) and BRAF (V-Raf Murine Sarcoma Viral
Oncogene Homolog B1) “wild-type” tumors (i.e, tumors with no genomic alterations on all
these genes) with less than 50% of positive PD-L1 (Programmed Death-Ligand 1) tumor
cells [28–30].
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Figure 1. Main algorithms for the treatment of late stage non-epidermoid non-small lung cancer
at diagnosis and strategies for biomarker testing. The first step concerns assessment of different
genomic alterations among currently recommended genes. If the genes are wild-type (A) no targeted
therapy is administered and patients receive immunotherapy alone (if PD-L1 is expressed in more
than 50% of tumor cells) or in association with chemotherapy (if PD-L1 is expressed in less than
50% of tumor cells). If one active driver genomic alteration is detected on one of the currently
recommended genes (B), no immunotherapy alone or in combination with chemotherapy should be
administered since the patient should be treated with a targeted therapy. (C) List of the currently
recommended and future molecular biomarkers for assessment at baseline.

Recently, the use and analysis of extracted circulating free nucleic acids from plasma
samples of a LB for NGS at diagnosis of late stage NSCLC emerged as a new concept, a
complementary or even more an alternative approach to a TB NGS [31]. Many reasons
drive the physicians to choose this direction: beside the well-known noninvasive advantage
of a LB it is also repeatable, does not need hospitalization, and provides a more rapid result
than TB NGS [31,32]. Moreover, the analyses performed with blood samples take into
consideration the molecular heterogeneity of the tumor [33].
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This review addresses the main published studies into the use of a LB for NGS at
diagnosis of late stage NSCLC and deals with the advantages and limitations of this
approach, notably for future development in a routine clinical practice.

2. NGS with Blood Samples at Diagnosis of Advanced Non-Small Cell Lung
Carcinoma

Therapies at baseline in advanced NSCLC rely on many different factors (Figure 2). A
LB at diagnosis in late stage NSCLC was initially performed to detect genomic alterations
in EGFR [20,21,34,35]. Notably activating EGFR mutations can be detected in LB from
NSCLC, which is now performed in the daily practice of many clinical centers [36–38].
More rarely, ALK rearrangements can be assess in LB at diagnosis in these patients using
a targeted sequencing approach [39–41]. However, only a few NGS studies using LB at
diagnosis are currently available, despite the major interest of physicians in obtaining
a rapid and broad evaluation of the genomic alterations in advanced NSCLC [42–44].
However, some recent prospective validation and feasibility studies performed at diagnosis
in these patients showed good concordance between tissue- and plasma-based testing with
NGS, giving consistent highly positive predictive values [42–44]. The NILE (Noninvasive
versus Invasive Lung Evaluation) and the BFAST (Blood First Assay Screening Trial) studies
are so far the most advanced studies in this domain [42,43]. The NILE study compared the
sensitivity and the specificity of NGS analyses from matched LB and TB at diagnosis of 282
lung cancer patients from 28 institutions in the USA [43]. Moreover, the turnaround time
(TAT) to obtain the results was evaluated. NGS from circulating free DNA (cf-DNA) was
done using the Guardant 360 panel (Guardant Health, Inc., Redwood City, CA, US) [43].
The concordance between the results obtained from TB and LB approached 100% for EGFR,
ALK and BRAF [43]. The study showed that of the 32% of patients who had targetable
genomic alterations cf-DNA identified 27% [58% including V-Ki-Ras2 Kirsten Rat Sarcoma 2
Viral Oncogene Homolog (KRAS)] of the alterations, whereas tissue testing identified 21% of
these alterations. Plasma testing yielded detectable tumor cf-DNA and complete profiling
for 95% of patients. In contrast, tissue genotyping for all the eight National Comprehensive
Cancer Network-recommended biomarkers was complete in only 18% of patients [43].
In this study, up to 20% of the patients did not obtain successful tissue testing for EGFR
and ALK. However, it is noteworthy that the sample size of the ALK and BRAF cohorts
of the positive patients for comparison of TB and LB in this study was very small, and
an independent validation study is now certainly mandatory to confirm the results [43].
The results obtained with cf-DNA were reported in a median of nine days compared with
15 days for tissue testing, with a TAT of six days for cf-DNA by the end of the study. An
initial plasma approach would have identified 87% of patients with actionable molecular
alterations in the NILE study while an initial tissue approach would have identified
only 67% of patients [43]. BFAST is an ongoing multi-center, open-label, multi-cohort
study evaluating the relationship between blood-based NGS detection of actionable genetic
alterations including ALK fusions and the activity of targeted therapies and immunotherapy
in patients with treatment-naïve advanced NSCLC [42]. Of the 2219 patients screened by
blood-based NGS, 119 patients (5.4%) had an ALK positive disease and 87 patients were
enrolled and received alectinib [42]. Echinoderm Microtubule-associated protein Like 4 (EML4)
was the fusion partner in 73 (84%) patients, with Tumor Protein P53 (TP53) mutations
detected in 38 (44%) patients. Blood-based detection of ALK fusions brings clinical benefit
to patients receiving alectinib [42]. Thus, a confirmed response rate of 87.4% and a 1-year
progression free survival rate of 78.4% were reported, consistent with registration studies
based on tissue profiling [42]. These data validated the clinical utility of blood-based NGS
as an additional method to inform clinical decision-making for lung cancer patients with
an ALK rearrangement [42].
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A few other studies investigated NGS for detection of genomic alterations at diag-
nosis used blood from late stage NSCLC patients [44–46]. A study on a limited number
of 21 NSCLC patients compared an in-house analysis with a limited panel of 11 genes
(Oncomine, ThermoFisher Scientific, Waltham, MA, USA) and an outsource analysis with
a panel of 70 genes (Foundation Medicine, Cambridge, MA, USA) [45]. This study showed
a high level of concordance of detected genomic alterations in the common genes present
in these two panels, but a shorter TAT to obtain the results when using the in-house ap-
proach [45]. A study was performed with a customized NGS panel (called SiRe) including
six genes [EGFR, KRAS, NRAS (NRAS Proto-Oncogene, GTPase), BRAF, KIT Proto-Oncogene
Receptor Tyrosine Kinase (KIT)), Platelet-Derived Growth Factor Receptor Alpha (PDGFRA)]
for 194 patients with advanced adenocarcinomas [46]. A KRAS mutation was identified
in 18.6% of patients [46]. It is noteworthy that many studies have been performed using
targeted sequencing, notably digital polymerase chain reaction (PCR) and real-time (RT)
PCR approaches, for the detection of KRAS mutations in cf-DNA [47–50]. The evidence
that the KRAS genotype detected in cf-DNA may not reflect good prognosis of survival in
NSCLC patients and the predictive role of this detection are controversial [47]. However,
recent studies demonstrated that the presence of detectable KRAS mutation in plasma
at diagnosis was associated with worse overall survival at stages I-IV of NSCLC [49,50].
Interestingly, since it is of strong interest to look more specifically for the KRAS p.G12C
mutation for possible selection of metastatic NSCLC patients for AMGG510 or MTRX89
therapeutic strategies, one recent study showed the feasibility of detection of this mutation
from cf-DNA with a high specificity and sensitivity at baseline [48]. In a study by Re-
mon et al., the feasibility and effectiveness of an amplicon-based NGS assay (InVisionSeq,
Inivata, Research Triangle Park, NC, USA and Cambridge, UK) with cf-DNA analysis for
routine molecular profiling was assessed prospectively in daily practice for patients with
advanced NSCLC to identify clinically relevant mutations and evaluate those for whom
tissue sequencing could not be conducted or was not performed [44]. Ninety-four pa-
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tients of the treatment-naïve cohort had successful and concurrent TB and LB molecular
profiles. The sensitivity was 72% and increased to 81% for the defined core gene variant
panel of gene hotspots within EGFR, MET Proto-Oncogene, Receptor Tyrosine Kinase (MET),
Erb-B2 Receptor Tyrosine Kinase 2 (ERBB2), BRAF, Serine/Threonine Kinase 11 (STK11), and
KRAS. Overall, concordance for the broader panel in which concurrent tissue testing was
performed was 95%, the sensitivity and specificity were 72% and 97%, respectively [44].
Finally, a cf-DNA profile for only 9% of patients was not obtained because of insufficient
sequencing depth [44]. Several clinical trials assessed the interest of evaluating the blood-
based tumor mutational burden (bTMB) at diagnosis as a predictive biomarker for response
to immunotherapy [51–53]. The bTMB was calculated using NGS with cf-DNA and panels
of different sizes [51–53]. It is noteworthy that different cut-off values (from 16 mut/meg
to 20 mut/meg) were used for the different studies to define a high bTMB value predictive
of an immunotherapy response [51–53].

3. Advantages of Using Liquid Biopsy Next-Generation Sequencing at Diagnosis

Looking for molecular targets in treatment-naïve NSCLC is currently done systemati-
cally by TB, the gold standard approach for histological diagnosis, but also for PD-L1 status
evaluation and for genomic analysis made from extracted somatic nucleic acids. However,
this biopsy, notably when the lung tumor is peripheral, can be of very small size and/or
can show a low percentage of tumor cells. Hence, the extracted nucleic acids obtained from
this biopsy can be of poor quantity and/or quality for further genomic studies, notably
when using an NGS approach (Figure 3). Using extracted circulating nucleic acids from
plasma samples for NGS approach has several advantages (Table 1). Hence, a noninvasive
and repeatable LB may be an option to detect molecular target(s) for first-line treatment in
these patients. A NGS LB can be done initially at baseline, in a complementary manner
or as an alternative to a TB. More often a NGS LB is done at diagnosis when it is the only
option for the evaluation of genomic alterations.
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Figure 3. Different situations at diagnosis of late stage non-small cell lung carcinoma for the use of next-generation liquid
biopsy. The tissue biopsy (TB) is still the gold standard for molecular analysis, but a liquid biopsy (LB) is a useful tool when
facing the challenge of a low percentage of tumor cells in the TB. (A) a transthoracic biopsy of “high quality” with many
tumor cells. Next-generation sequencing (NGS) from tissue can be done. However, in some patient, LB at diagnosis can also
be discussed. (B) a bronchial biopsy of “poor quality” with a few tumor cells. NGS cannot be done. A renewed TB and/or a
LB can be done to perform NGS.



Cancers 2021, 13, 2049 6 of 19

Table 1. Advantages of using next-generation sequencing (NGS) with circulating free (cf) nucleic
acids extracted from blood samples at diagnosis of non-small cell lung carcinoma.

Screening of many genomic alterations on several genes at the same time with a noninvasive,
painless and repeatable approach

Can be done in a complementary manner or as an alternative to a tissue biopsy
Can be the only option for genomic alteration assessment in certain patients with no possibility of

doing a tissue biopsy
Can be the only option for genomic alteration assessment in the case of a low quality and/or

quantity of extracted nucleic acid from a tissue sample
The turnaround time (TAT) for NGS results with cf-nucleic acid is faster than for NGS from

nucleic acid extracted from a tissue biopsy
NGS of blood samples is globally and indirectly cost effective compared to NGS from a tissue

biopsy since avoiding patient hospitalization
NGS of blood samples can reflect the molecular status of different tumor sites at the same time
NGS of blood samples taken with EDTA buffer tubes can avoid artifacts associated with DNA

deamination due to the effect of the formalin fixative
Evaluation of the tumor mutation burden (TMB) using NGS with blood samples can integrate the

TMB heterogeneity from different tumor sites and at the same time
NGS with a liquid biopsy can allow an increase in the number of patients included into clinical

trials at diagnosis

So far, LB for lung cancer patients has been shown to be of strong interest during tumor
progression, notably for tracking different mechanisms of resistance that can be targeted by
different therapeutic agents [30,54–58]. Initially LB was orientated to targeted sequencing
in EGFR, while looking for the T790M mutation in patients treated with first- or second-line
tyrosine kinase inhibitors (TKIs) [20,21,37]. However, the mechanisms of resistance at
tumor progression can be complex and can involve different mutations, amplifications or
fusions in different genes, which limits the interest of using a targeted sequencing approach
for tracking these mechanisms [55,59,60]. This is particularly the case for patients receiving
a third-generation EGFR TKIs who may present many different genetic alterations on tumor
progression [20,21]. So, using targeted sequencing for one gene with a LB is limiting and
this highlights the strong interest of using a NGS method. Similarly, resistance mechanisms,
notably ALK mutations can be investigated with a LB on tumor progression in patients
treated with ALK inhibitors [55]. The presence of ALK mutations can be associated with
some specific targeted therapies [41,55,61,62]. However, the sensitivity of NGS with a LB
could be lower than that with a TB, notably for the detection of gene amplifications and
fusions, which makes renewal of a TB of interest on tumor progression [63].

A LB at diagnosis in late stage lung cancer has been developed using mostly targeted
sequencing, notably for the detection of EGFR mutations or ALK/ROS1 fusions [21,37,40,55].
However, as a tumor progresses, NGS with a LB at baseline allows many genomic alter-
ations on different genes to be detected and holds many advantages in comparison to NGS
with a TB. Hence, a LB can easily replace a TB in case of a tumor site that is not accessible
for biopsy or in the case of a fragile patient for whom a TB is more invasive. Similarly,
in the case of a low quality/quantity of tissue and extracted nucleic acids, repeating a
LB is definitively easier than doing a renewed biopsy during endoscopy or transthoracic
puncture to obtain extracted nucleic acid for NGS analysis [64]. The TAT to obtain NGS
results is in most situations faster with a LB than with a TB, which may allow more rapid
administration of a targeted treatment in the case of a rapid progression of a tumor [43,65].
The TAT for NGS results from a TB can be much longer than for a LB depending on the
clinical organization, the workflow of the samples and the pre-analytical, analytical and
post analytical steps [31,43]. The international guidelines currently require the EGFR, BRAF,
ALK, ROS1, NTRK status to be obtained within less than 10 days, and for some experts
within 5 days [12,65]. However, we assume that these TAT cannot be reached by many
organizations when using NGS with a TB. Molecular biology analyses using a LB can avoid
hospitalization for a bronchial endoscopy or transthoracic biopsy and thus can also be
more cost effective [66]. Analysis of circulating plasma free DNA can reflect the molecular
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status of different tumor sites (primary tumor and one or several metastases) and can allow
better detection of some targeted genomic alterations that may not be visible on a TB due
to the tumor heterogeneity [59,67–70]. One of the issues that can be eliminated using a
LB for NGS, notably when taking blood on EDTA tubes, is the appearance of artefacts,
notably DNA deamination due to the formalin fixative, which is the main fixative used for
TB [71,72].

The tumor mutational burden (TMB) can be evaluated from a TB but also from a LB.
One advantage of the evaluation of a bTMB is that the TMB heterogeneity is taken into
consideration, which can be evaluated for different tumor sites [73,74]. TMB assessment
can vary according to the size of the gene panel, the sequencing technology, but also to
the different pre-analytical conditions, notably the time for formalin fixation [72,75–77].
Evaluation of the TMB with blood has been done at diagnosis for NSCLC and used as a
predictive biomarker of immunotherapy [52,75]. However, one of the drawbacks is the
definition of the cut-off of a high bTMB. A high bTMB is variably defined according to
the clinical trial, the therapeutic strategy, and the panel of genes used [52,75]. So, different
international initiatives aimed at harmonizing the results of TMB obtained with different
panels of genes have been developed [78,79].

Finally, one of the major interests in using a LB for a NGS approach at diagnosis
is to increase the number of patients included into clinical trials, since this noninvasive
approach can allow better and faster selection of patients who may benefit from newly
developed therapeutic molecules [80–82].

4. Limitations and Drawbacks of NGS with a Liquid Biopsy for Naïve-Treated
Advanced Non-Small Cell Lung Carcinomas

Looking for genomic alterations with LB NGS at diagnosis in advanced lung cancer
holds a few limitations, notably in comparison to TB NGS (Table 2). Different studies
demonstrated discrepancies between the results of NGS from matched LB and TB obtained
from the same patient [83–87]. These discrepancies can be explained by biological and/or
technical issues. First, the quantity of cf-DNA can vary according to the histological
subtype and according to the tumor stage [88]. Some patients with stage IIIB/IV, notably
with oligometastic disease, have no detectable or a low amount of ct-DNA. Additionally,
it is well-recognized that certain tumors from a few metastatic sites (notably the brain)
do not shed or shed very little tumor DNA into the blood stream [89]. Certain tumors
progress very slowly and have a low index of proliferation and thus a low amount of
cf-DNA [90]. Moreover, some tumors with specific mutations in certain genes (such as
KRAS and P53) are associated with a higher level of cf-DNA while other tumors with
some mutations, such as EGFR mutations, are frequently associated with a lower level of
cf-DNA [90]. Certain types of genomic alterations can be more difficult to identify with
circulating nucleic acids than with tumor tissue. Notably, some gene amplifications (such as
MET, RET and ALK amplifications) or rearrangements [such as ALK, ROS1, Proto-Oncogene
Tyrosine-Protein Kinase Receptor Ret (RET), NTRK, and Neuregulin 1 (NRG1) rearrangements]
are less frequently detectable in a LB that in a TB. However, some sequencing technologies
need a higher amount of nucleic acid than others and some of these technologies may also
detect, with a higher sensitivity, gene amplifications and rearrangements.

At baseline, the diagnosis of a lung cancer cannot be done using LB NGS, since a
TB is the gold standard for histological characterization. Moreover, even if a LB can give
information concerning the assessment of the PD-L1 status obtained from PD-L1 expression
analyses of plasma and/or circulating tumor cells (CTCs), it is mandatory to evaluate the
PD-L1 status on only cytological and/or tissue samples [73,91,92].

Some pitfalls can result from the presence of clonal hematopoiesis, which could asso-
ciate the presence of some mutations (notably KRAS mutations) on circulating free germinal
DNA, notably for the elderly [93–97]. So, the analysis of different variants needs a high level
of bioinformatic expertise to distinguish these different germinal mutations from somatic
mutations. Finally, different mutations can be present in circulating germline DNA (such
as some EGFR mutations) and have to be distinguished from somatic mutations [98,99].
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Table 2. Limitations of using next-generation sequencing (NGS) with circulating free (cf) nucleic
acids extracted from blood samples at diagnosis of non-small cell lung carcinoma.

The quantity of cf-nucleic acid extracted from plasma samples may not be sufficient for NGS due
to the tumor stage

Brain metastases usually shed a too low amount of tumor cf-nucleic acid into the blood for NGS
Some specific mutations in certain genes are associated with a low amount of cf-nucleic acid for

NGS
Gene amplifications and rearrangements are less frequently detectable with cf-nucleic acid in

blood samples as the same nucleic acid extracted from a tissue biopsy
Assessment of PD-L1 for first-line immune check point inhibitor treatment is not possible with

blood samples
Pitfalls can be associated to NGS with cf-nucleic acid due to clonal hematopoiesis on circulating

free germinal DNA
Validation and accreditation processes are more difficult to set up for NGS with blood samples

than for NGS with a tissue biopsy

Gene panels used for NGS in clinical care are different in size and composition. They
can contain a very low number of genes or up to at least 500 genes [87,100–104]. So,
different panels of genes are used for LB NGS [105]. These panels include a variable
number of genes of interest. According to the sequencing technique some panels need
more or less nucleic acid. Therefore, the different NGS approaches can give a variable
sensitivity and specificity [35,106–109]. So according to the technology used (amplicon
based or hybrid capture based sequencing) the quantity of nucleic acid needed for a NGS
analysis with a LB has to be discussed according to the indication, i.e., looking for a limited
or a large number of genes, and/or the importance of assessing the bTMB. A recent study
showed that correlation of the different TMB values evaluated with different panels and
technologies was quite low when assessed with cut-off values from 5 to 25 mutations per
megabase [77]. It should be highlighted that these cut-off values are mainly used in most
of the clinical trials, notably in thoracic oncology in the domain of immuno-oncology. For
this, no comparative studies have so far been set up with blood samples for the assessment
of the different TMB panels. The different cut-off values of the bTMB vary a lot according
to the panels and the therapeutic molecule. Additionally, to compare the TMB values from
the primary tumor site or different metastatic sites with those of the bTMB seems to be an
issue, since the latter should correspond to the addition or the average of the different TMB
values existing at the different tumor sites. Finally, the different buffers used for blood
sample management may contain a low amount of formalin, which induces deamination.
The discrepancies between most of the panels used for the assessment of tissue and bTMB
highlight the difficulties in obtaining harmonious studies for bTMB evaluation.

It is certainly more difficult to obtain accreditation for NGS with a LB than with a
TB due to the fact that the validation of multiple genetic alterations detected with the
cf-DNA requires enough material to be obtained for transfer to the different laboratories
for external control in comparative studies. Moreover, the validation by the Food and Drug
Administration of some companion diagnostic tests should be more difficult when using
an NGS approach with LB than with TB [110].

5. NGS with Blood at Diagnosis of Advanced Non-Small Cell Lung Carcinoma: How
to Optimize?

Due to some limitations of making a LB for NGS as described above, a couple of actions
could improve the use of blood samples from lung cancer patients for NGS development
(Table 3).

5.1. Improving the Quality and Quantity of Circulating Nucleic Acid

One of the major current challenges in the domain of LB concerns increasing the
quantity and quality of the extracted nucleic acid so as to use large gene panels and avoid
false negative and/or false positive results [111]. However, the following question could be
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asked: are we able to increase the level of extraction of nucleic acids from plasma with new
technologies and/or new improvements in the pre-analytical phases? This is of significant
importance when using a LB for NGS at diagnosis since according to the tumor and/or
to the different metastatic sites, the quantity of cf-DNA at baseline may not be sufficient
in quantity for robust analysis of the different genomic alterations [112]. In this context,
different options can be considered: (i) increasing the volume of the blood sample taken
from the patient to obtain a higher quantity of nucleic acid after extraction. However, it
does not seem possible to get more than 20 mL from patients with metastatic lung cancer
(the average volume is 10 mL of blood in daily practice); (ii) optimize the pre-analytical
steps by using an efficient buffer that limits degradation of leucocytes and thus the release
of germinal DNA from these cells into the blood; (iii) reduce as much as possible the time
between blood puncture and the centrifugation steps and (iv) use some new reagents
that increase nucleic acid extraction from plasma and thus optimize the ratio between the
available plasmatic volume and the amount of extracted nucleic acid [111–121].

Table 3. Opportunities for improvement of next-generation sequencing (NGS) with blood samples
containing circulating free (cf)—nucleic acids at diagnosis of non-small cell lung carcinoma.

Optimize the pre-analytical steps using new buffers that limit the degradation of circulating blood
hematological cells

Reduce the time between veinule puncture and centrifugation of the blood
Develop new procedures and reagents to increase the amount of nucleic acid extracted from

plasma
Increase the number of multicenter studies that compare the different gene panels used for NGS

with cf-nucleic acid
Integrate NGS with cf-nucleic acid and from other blood components such as circulating tumor

cells and/or circulating extracellular vesicles
Reduce the volume of the samples of plasma for NGS analyses with cf-nucleic acid for routine

clinical practice

The guidelines allowing optimization of the procedures of the different analyzes
using LB have to be better standardized. Multi-centric and independent validation studies
need to be systematically set up to evaluate the reproducibility and the robustness of the
different techniques as well as to better control the different steps of the pre-analytical
phases [122–124]. So, a number of initiatives aimed at establishing new recommendations
and guidelines have started to emerge [125–127].

5.2. Assessment of the Genomic Data

Orthogonal methods need to be set up regarding some discrepancies between the
different approaches and the different panels used for NGS assessment [128]. Discrepancies
between the results of NGS obtained from matched tissue and blood samples could be
explained by the tumor biology, the different sensitivities of the technical approaches and
the fact that different panels were used for the different studies, which can lead to variable
sensitivities and specificities [38,104,128,129]. Moreover, the demonstration of incidental
germline mutations is possible according to the different genes and mutations detectable
with NGS. This leads to the question of who is going to validate these results and give the
results to the physicians and patients depending on the discovery of some constitutional
genetic mutations [130].

5.3. Integration of Different Components of Interest in Blood

Many clinical trials performed on advanced NSCLC patients at baseline are based
on analyses made with cf-DNA. However, other blood components of patients such as
CTCs, extracellular vesicles (EVs), including exosomes, platelets and microRNAs are of
interest [131–142] (Figure 4). The integration of analyses of different components may
optimize in the near future the global biological information necessary to make better
strategic therapeutic decisions [137,143]. However, sequencing a CTC genome or studying
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the transcriptome are associated with technical issues [144–146]. So, obtaining a sufficient
number of CTCs for library preparation and NGS is certainly the main critical step in
CTC sequencing. Moreover, some tumors tend to shed more cells in the blood stream
than other tumors, even independently of the tumor stage, so the number of CTCs can
vary from zero to a hundred and even thousands per 7.5 mL of blood. Indeed, obtaining
enough CTCs for sequencing and NGS still remains an important issue for NSCLC, which
limits the current number of CTC sequencing studies available in the literature. CTCs
loss and/or DNA damage during enrichment, isolation, and/or genome amplification
can have a high impact on the quality of the results [144–146]. Accumulating evidence
has revealed that EVs, notably key exosomal cargo, are significantly mis-regulated in
tumors and can serve as diagnostic, prognostic, and predictive biomarkers for lung can-
cer [131,134,138]. Moreover, the issue as to which isolation method of EVs to use for a given
downstream application such a NGS is currently controversial and as yet to be settled,
notably for the use of this approach in routine clinical practice [131,134,138,147–149]. CTCs
can activate and educate platelets [140]. Indeed, platelets can ingest mRNA from cancer
cells, triggering a possible modification in the platelet transcriptome that reflect the tumor
profile. So, platelets are considered important repositories of potential RNA biomarkers
(mRNA, miRNAs, circRNA, lncRNA, and mitochondrial RNA), including biomarkers for
NSCLC detection [150]. During the last decade, a new promising group of biomarkers has
appeared and its use for cancer diagnosis and monitoring is being intensively studied—the
miRNAs [136,139,142]. Currently, circulating miRNAs are promising markers for lung
cancer diagnosis, prognosis, monitoring the treatment response, and as powerful tools for
personalized approaches [136,139,142]. Taken together, these novel programs raise some
technological but also cost-effective challenges as well as those associated to complex data
analyses, which could be obtained by the combination of results [151].
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Figure 4. Circulating blood components in patients with late stage non-small cell lung carcinoma.
Several components can be isolated at diagnosis (baseline), including circulating free-DNA, circulat-
ing tumor cells, microRNA, platelets, and extracellular vesicles (mainly exosomes) for biomarker
assessment. The majority of next-generation sequencing technologies are currently being developed
from circulating free-DNA and from nucleic acids extracted from circulating tumor cells (green
circles).
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6. Conclusions

Recent reviews have highlighted the great opportunity that represents the use of
a LB as a tool for diagnosis, prognosis and/or the discovery of predictive biomarkers
in oncology, notably by developing associated NGS tools [152–155]. This underlines the
importance of rapidly setting up this approach in the daily clinical practice for improvement
to care of lung cancer patients. Currently, LB NGS on tumor progression is beginning
to be established in some comprehensive cancer centers but is not adopted as much at
diagnosis and is still under heated discussion, notably for its usefulness in comparison
to some targeted sequencing tests [21,156,157]. Moreover, there is still a gap between the
use of LB and TB NGS at baseline in advanced NSCLC, underlying the fact that TB is still
currently the best approach and the gold standard for diagnosis and detection of genetic
alterations in these patients [158,159].

A LB for detection at diagnosis of some molecular therapeutic targets in advanced
NSCLC, or even in squamous cell lung cancers, is a very promising new approach for
the oncologist, thus avoiding performing an invasive tissue biopsy [73,160,161]. The
importance of this concept is highlighted by recent technological developments for LB
NGS at baseline and the setting up of different clinical trials. However, even if this is
a very exciting new area it is important to be aware of the message the physicians give
to their patients concerning the current limitations of NGS performed with circulating
nucleic acids at diagnosis, knowing that negative results could be due to the lower level of
performance of molecular biology analyses with blood compared with TB. Hence, false
negative and even more false positive results with LB NGS can be detrimental to choosing
the right therapeutic strategy for patients [96]. Currently it seems that a TB at diagnosis
is mandatory in advanced NSCLC, since some biomarkers such as PD-L1 need to be
performed only on tumor tissue sections using immunohistochemistry. Moreover, it is
much more efficient to look for gene amplifications or rearrangements with a TB than with
a LB, despite some recent results showing good concordances. However, the latter results
need to be confirmed outside of clinical trials, notably in routine clinical practice [162–167].
Looking for MET and other gene amplifications or for gene fusions (on ALK, ROS1, RET,
NTRK, NRG1) at diagnosis with a LB seems to be hazardous without complementary
research into TB [158–160]. The TB is still the gold standard approach for most physicians
at diagnosis [84,158,159,168–170]. However, a combined approach associating at the same
time an NGS analysis on matched TB and LB could be of strong interest in aiming to
establish a complete molecular portrait of the tumor, which can take into consideration the
genomic alteration of the primary and the metastatic site(s) [171–175]. Though rare, if no
tissue is available at diagnosis LB NGS is the only alternative in identifying a molecular
alteration accessible to a targeted therapy [170,176–178]. LB NGS can also be a means to
speed up the care of lung cancer patients in certain situations, which do not allow molecular
results to be obtained from a TB in an acceptable TAT for administration of an appropriate
treatment [66].

Finally, different studies have examined the perspectives of using LB for early cancer
diagnosis [179,180]. However, in a daily practice the majority of the studies did not lead to
its use in routine practice by physicians [176–180]. One perspective of LB NGS concerns
detection of lung cancer at an early stage or even for the prediction of lung cancer onset
in a population at high risk, such as heavy smokers with chronic obstructive pulmonary
disease [179–183]. Currently these approaches, even if of great interest, are not available in
most of the clinical centers for care. The major limitation is the low level of shedding of
cancer cells into the blood in this population of patients [35,112].

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.



Cancers 2021, 13, 2049 12 of 19

Acknowledgments: The author thanks Christiane Brahimi-Horn for editing this manuscript, the
“Conseil Départemental des Alpes Maritimes”, the “Institut National du Cancer” (INCa), the “Ligue
Départementale de Lutte contre le Cancer des Alpes Maritimes”, and the “Canceropôle PACA”.

Conflicts of Interest: The author declares no conflict of interest.

References
1. Arbour, K.C.; Jordan, E.; Kim, H.R.; Dienstag, J.; Yu, H.A.; Sanchez-Vega, F.; Lito, P.; Berger, M.; Solit, D.B.; Hellmann, M.; et al.

Effects of Co-occurring Genomic Alterations on Outcomes in Patients with KRAS-Mutant Non-Small Cell Lung Cancer. Clin.
Cancer Res. 2018, 24, 334–340. [CrossRef] [PubMed]

2. Aredo, J.V.; Padda, S.K.; Kunder, C.A.; Han, S.S.; Neal, J.W.; Shrager, J.B.; Wakelee, H.A. Impact of KRAS mutation subtype and
concurrent pathogenic mutations on non-small cell lung cancer outcomes. Lung Cancer 2019, 133, 144–150. [CrossRef]

3. Bai, X.; Wu, D.H.; Ma, S.C.; Wang, J.; Tang, X.R.; Kang, S.; Fu, Q.J.; Cao, C.H.; Luo, H.S.; Chen, Y.H.; et al. Development and
validation of a genomic mutation signature to predict response to PD-1 inhibitors in non-squamous NSCLC: A multicohort study.
J. Immunother. Cancer 2020, 8, e000381. [CrossRef]

4. Bange, E.; Marmarelis, M.E.; Hwang, W.T.; Yang, Y.X.; Thompson, J.C.; Rosenbaum, J.; Bauml, J.M.; Ciunci, C.; Alley, E.W.; Cohen,
R.B.; et al. Impact of KRAS and TP53 Co-Mutations on Outcomes After First-Line Systemic Therapy Among Patients With
STK11-Mutated Advanced Non-Small-Cell Lung Cancer. JCO Precis. Oncol. 2019, 3. [CrossRef] [PubMed]

5. Mograbi, B.; Heeke, S.; Hofman, P. The Importance of STK11/LKB1 Assessment in Non-Small Cell Lung Carcinomas. Diagnostics
2021, 11, 196. [CrossRef]

6. Skoulidis, F.; Heymach, J.V. Co-occurring genomic alterations in non-small-cell lung cancer biology and therapy. Nat. Rev. Cancer
2019, 19, 495–509. [CrossRef] [PubMed]

7. European Society for Medical Oncology. Available online: https://www.esmo.org/ClinicalPracticeGuidelinesonLungCancer/
(accessed on 9 November 2020).

8. National Cancer Comprehensive Network. Available online: https://www.nccn.org/NCCNClinicalPracticeGuidelinesinOncology/
(accessed on 10 December 2020).

9. Ettinger, D.S.; Wood, D.E.; Aggarwal, C.; Aisner, D.L.; Akerley, W.; Bauman, J.R.; Bharat, A.; Bruno, D.S.; Chang, J.Y.; Chirieac,
L.R.; et al. NCCN Guidelines Insights: Non-Small Cell Lung Cancer, Version 1.2020. J. Natl. Compr. Canc. Netw. 2019, 17,
1464–1472. [CrossRef] [PubMed]

10. Ghimessy, A.; Radeczky, P.; Laszlo, V.; Hegedus, B.; Renyi-Vamos, F.; Fillinger, J.; Klepetko, W.; Lang, C.; Dome, B.; Megyesfalvi,
Z. Current therapy of KRAS-mutant lung cancer. Cancer Metastasis Rev. 2020, 39, 1159–1177. [CrossRef] [PubMed]

11. Kirchner, M.; Glade, J.; Lehmann, U.; Merkelbach-Bruse, S.; Hummel, M.; Lehmann, A.; Trautmann, M.; Kumbrink, J.; Jung, A.;
Dietmaier, W.; et al. NTRK testing: First results of the QuiP-EQA scheme and a comprehensive map of NTRK fusion variants and
their diagnostic coverage by targeted RNA-based NGS assays. Genes Chromosomes Cancer 2020, 59, 445–453. [CrossRef]

12. Lindeman, N.I.; Cagle, P.T.; Aisner, D.L.; Arcila, M.E.; Beasley, M.B.; Bernicker, E.H.; Colasacco, C.; Dacic, S.; Hirsch, F.R.; Kerr,
K.; et al. Updated Molecular Testing Guideline for the Selection of Lung Cancer Patients for Treatment with Targeted Tyrosine
Kinase Inhibitors: Guideline from the College of American Pathologists, the International Association for the Study of Lung
Cancer, and the Association for Molecular Pathology. J. Thorac. Oncol. 2018, 13, 323–358. [PubMed]

13. Marchiò, C.; Scaltriti, M.; Ladanyi, M.; Iafrate, A.J.; Bibeau, F.; Dietel, M.; Hechtman, J.F.; Troiani, T.; López-Rios, F.; Douillard,
J.Y.; et al. ESMO recommendations on the standard methods to detect NTRK fusions in daily practice and clinical research. Ann.
Oncol. 2019, 30, 1417–1427. [CrossRef] [PubMed]

14. Rizvi, N.A.; Cho, B.C.; Reinmuth, N.; Lee, K.H.; Luft, A.; Ahn, M.J.; van den Heuvel, M.M.; Cobo, M.; Vicente, D.; Smolin, A.; et al.
Durvalumab With or Without Tremelimumab vs Standard Chemotherapy in First-line Treatment of Metastatic Non-Small Cell
Lung Cancer: The MYSTIC Phase 3 Randomized Clinical Trial. JAMA Oncol. 2020, 6, 661–674. [CrossRef] [PubMed]

15. Yang, C.Y.; Yang, J.C.; Yang, P.C. Precision Management of Advanced Non-Small Cell Lung Cancer. Annu. Rev. Med. 2020, 71,
117–136. [CrossRef] [PubMed]

16. Howlader, N.; Forjaz, G.; Mooradian, M.J.; Meza, R.; Kong, C.Y.; Cronin, K.A.; Mariotto, A.B.; Lowy, D.R.; Feuer, E.J. The Effect of
Advances in Lung-Cancer Treatment on Population Mortality. N. Engl. J. Med. 2020, 383, 640–649. [CrossRef] [PubMed]

17. Bubendorf, L.; Büttner, R.; Al-Dayel, F.; Dietel, M.; Elmberger, G.; Kerr, K.; López-Ríos, F.; Marchetti, A.; Öz, B.; Pauwels, P.; et al.
Testing for ROS1 in non-small cell lung cancer: A review with recommendations. Virchows Arch. 2016, 469, 489–503. [CrossRef]
[PubMed]

18. Dagogo-Jack, I.; Rooney, M.; Nagy, R.J.; Lin, J.J.; Chin, E.; Ferris, L.A.; Ackil, J.; Lennerz, J.K.; Lanman, R.B.; Gainor, J.F.; et al.
Molecular Analysis of Plasma from Patients with ROS1-Positive NSCLC. J. Thorac. Oncol. 2019, 14, 816–824. [CrossRef] [PubMed]

19. Dong, L.; Wang, W.; Li, A.; Kansal, R.; Chen, Y.; Chen, H.; Li, X. Clinical Next Generation Sequencing for Precision Medicine in
Cancer. Curr. Genomics 2015, 16, 253–263. [CrossRef] [PubMed]

20. Hofman, V.; Hofman, P. Resistances to EGFR tyrosine kinase inhibitors in lung cancer-how to routinely track them in a molecular
pathology laboratory? J. Thorac. Dis. 2019, 11 (Suppl. 1), S65–S70. [CrossRef]

21. Hofman, V.; Heeke, S.; Allegra, M.; Ilie, M.; Hofman, P. Liquid biopsy and genomic assessement for lung cancer: The role in
clinical practice? In Oncogenomics: From Basic Research to Precision Medicine; Dammaco, F., Silvestris, F., Eds.; Elsevier: London,
UK, 2019; Chapter 11; pp. 165–180.

http://doi.org/10.1158/1078-0432.CCR-17-1841
http://www.ncbi.nlm.nih.gov/pubmed/29089357
http://doi.org/10.1016/j.lungcan.2019.05.015
http://doi.org/10.1136/jitc-2019-000381
http://doi.org/10.1200/PO.18.00326
http://www.ncbi.nlm.nih.gov/pubmed/31428721
http://doi.org/10.3390/diagnostics11020196
http://doi.org/10.1038/s41568-019-0179-8
http://www.ncbi.nlm.nih.gov/pubmed/31406302
https://www.esmo.org/ClinicalPracticeGuidelinesonLungCancer/
https://www.nccn.org/NCCNClinicalPracticeGuidelinesinOncology/
http://doi.org/10.6004/jnccn.2019.0059
http://www.ncbi.nlm.nih.gov/pubmed/31805526
http://doi.org/10.1007/s10555-020-09903-9
http://www.ncbi.nlm.nih.gov/pubmed/32548736
http://doi.org/10.1002/gcc.22853
http://www.ncbi.nlm.nih.gov/pubmed/29396253
http://doi.org/10.1093/annonc/mdz204
http://www.ncbi.nlm.nih.gov/pubmed/31268127
http://doi.org/10.1001/jamaoncol.2020.0237
http://www.ncbi.nlm.nih.gov/pubmed/32271377
http://doi.org/10.1146/annurev-med-051718-013524
http://www.ncbi.nlm.nih.gov/pubmed/31986082
http://doi.org/10.1056/NEJMoa1916623
http://www.ncbi.nlm.nih.gov/pubmed/32786189
http://doi.org/10.1007/s00428-016-2000-3
http://www.ncbi.nlm.nih.gov/pubmed/27535289
http://doi.org/10.1016/j.jtho.2019.01.009
http://www.ncbi.nlm.nih.gov/pubmed/30664990
http://doi.org/10.2174/1389202915666150511205313
http://www.ncbi.nlm.nih.gov/pubmed/27006629
http://doi.org/10.21037/jtd.2018.11.76


Cancers 2021, 13, 2049 13 of 19

22. Pirker, R.; Herth, F.J.; Kerr, K.M.; Filipits, M.; Taron, M.; Gandara, D.; Hirsch, F.R.; Grunenwald, D.; Popper, H.; Smit, E.; et al.
Consensus for EGFR mutation testing in non-small cell lung cancer: Results from a European workshop. J. Thorac. Oncol. 2010, 5,
1706–1713. [CrossRef] [PubMed]

23. Thunnissen, E.; Bubendorf, L.; Dietel, M.; Elmberger, G.; Kerr, K.; Lopez-Rios, F.; Moch, H.; Olszewski, W.; Pauwels, P.; Penault-
Llorca, F.; et al. EML4-ALK testing in non-small cell carcinomas of the lung: A review with recommendations. Virchows Arch.
2012, 461, 245–257. [CrossRef]

24. Bruno, R.; Fontanini, G. Next Generation Sequencing for Gene Fusion Analysis in Lung Cancer: A Literature Review. Diagnostics
2020, 10, 521. [CrossRef] [PubMed]

25. Mosele, F.; Remon, J.; Mateo, J.; Westphalen, C.B.; Barlesi, F.; Lolkema, M.P.; Normanno, N.; Scarpa, A.; Robson, M.; Meric-
Bernstam, F.; et al. Recommendations for the use of next-generation sequencing (NGS) for patients with metastatic cancers: A
report from the ESMO Precision Medicine Working Group. Ann. Oncol. 2020, 31, 1491–1505. [CrossRef]

26. Rolfo, C.; Mack, P.C.; Scagliotti, G.V.; Baas, P.; Barlesi, F.; Bivona, T.G.; Herbst, R.S.; Mok, T.S.; Peled, N.; Pirker, R.; et al. Liquid
Biopsy for Advanced Non-Small Cell Lung Cancer (NSCLC): A Statement Paper from the IASLC. J. Thorac. Oncol. 2018, 13,
1248–1268. [CrossRef] [PubMed]

27. Rolfo, C.; Cardona, A.F.; Cristofanilli, M.; Paz-Ares, L.; Diaz Mochon, J.J.; Duran, I.; Raez, L.E.; Russo, A.; Lorente, J.A.; Malapelle,
U.; et al. Challenges and opportunities of cfDNA analysis implementation in clinical practice: Perspective of the International
Society of Liquid Biopsy (ISLB). Crit. Rev. Oncol. Hematol. 2020, 151, 102978. [CrossRef] [PubMed]

28. Aggarwal, C.; Thompson, J.C.; Black, T.A.; Katz, S.I.; Fan, R.; Yee, S.S.; Chien, A.L.; Evans, T.L.; Bauml, J.M.; Alley, E.W.; et al.
Clinical Implications of Plasma-Based Genotyping with the Delivery of Personalized Therapy in Metastatic Non-Small Cell Lung
Cancer. JAMA Oncol. 2019, 5, 173–180. [CrossRef] [PubMed]

29. Bonanno, L.; Pavan, A.; Ferro, A.; Calvetti, L.; Frega, S.; Pasello, G.; Aprile, G.; Guarneri, V.; Conte, P.; Rete Oncologica
Veneta (ROV). Clinical Impact of Plasma and Tissue Next-Generation Sequencing in Advanced Non-Small Cell Lung Cancer: A
Real-World Experience. Oncologist 2020, 25. [CrossRef] [PubMed]

30. Mack, P.C.; Banks, K.C.; Espenschied, C.R.; Burich, R.A.; Zill, O.A.; Lee, C.E.; Riess, J.W.; Mortimer, S.A.; Talasaz, A.; Lanman,
R.B.; et al. Spectrum of driver mutations and clinical impact of circulating tumor DNA analysis in non-small cell lung cancer:
Analysis of over 8000 cases. Cancer 2020, 126, 3219–3228. [CrossRef]

31. Makarem, M.; Leighl, N.B. Molecular testing for lung adenocarcinoma: Is it time to adopt a “plasma-first” approach? Cancer 2020,
126, 3176–3180. [CrossRef]

32. Yoneda, K.; Imanishi, N.; Ichiki, Y.; Tanaka, F. A liquid biopsy in primary lung cancer. Surg. Today 2019, 49, 1–14. [CrossRef]
33. Russano, M.; Napolitano, A.; Ribelli, G.; Iuliani, M.; Simonetti, S.; Citarella, F.; Pantano, F.; Dell’Aquila, E.; Anesi, C.; Silvestris,

N.; et al. Liquid biopsy and tumor heterogeneity in metastatic solid tumors: The potentiality of blood samples. J. Exp. Clin. Cancer
Res. 2020, 39, 95. [CrossRef]

34. Cheng, M.L.; Pectasides, E.; Hanna, G.J.; Parsons, H.A.; Choudhury, A.D.; Oxnard, G.R. Circulating tumor DNA in advanced
solid tumors: Clinical relevance and future directions. CA Cancer J. Clin. 2020, 71. [CrossRef] [PubMed]

35. Sacher, A.G.; Komatsubara, K.M.; Oxnard, G.R. Application of Plasma Genotyping Technologies in Non-Small Cell Lung Cancer:
A Practical Review. J. Thorac. Oncol. 2017, 12, 1344–1356. [CrossRef]

36. Bouhlel, L.; Hofman, V.; Maschi, C.; Ilié, M.; Allégra, M.; Marquette, C.H.; Audigier-Valette, C.; Thariat, J.; Hofman, P. The liquid
biopsy: A tool for a combined diagnostic and theranostic approach for care of a patient with late-stage lung carcinoma presenting
with bilateral ocular metastases. Expert Rev. Anticancer Ther. 2017, 17, 1087–1092. [CrossRef] [PubMed]

37. Heeke, S.; Benzaquen, J.; Hofman, V.; Ilié, M.; Allegra, M.; Long-Mira, E.; Lassalle, S.; Tanga, V.; Salacroup, C.; Bonnetaud, C.; et al.
Critical Assessment in Routine Clinical Practice of Liquid Biopsy for EGFR Status Testing in Non-Small-Cell Lung Cancer: A
Single-Laboratory Experience (LPCE, Nice, France). Clin. Lung Cancer 2020, 21, 56–65.e8. [CrossRef] [PubMed]

38. Pisapia, P.; Malapelle, U.; Troncone, G. Liquid Biopsy and Lung Cancer. Acta Cytol. 2019, 63, 489–496. [CrossRef] [PubMed]
39. Heeke, S.; Ilié, M.; Allegra, M.; Vallée, A.; Salacroup, C.; Tanga, V.; Hofman, V.; Rajamani, J.; Lee, M.; Ordinario, E.; et al. Abstract

5299: Detection of ALK fusion transcripts in plasma of non-small cell lung cancer patients using a novel RT-PCR based assay.
Cancer Res. 2020, 80, 5299. [CrossRef]

40. Hofman, P. ALK Status Assessment with Liquid Biopsies of Lung Cancer Patients. Cancers 2017, 9, 106. [CrossRef] [PubMed]
41. McCoach, C.E.; Blakely, C.M.; Banks, K.C.; Levy, B.; Chue, B.M.; Raymond, V.M.; Le, A.T.; Lee, C.E.; Diaz, J.; Waqar, S.N.; et al.

Clinical Utility of Cell-Free DNA for the Detection of ALK Fusions and Genomic Mechanisms of ALK Inhibitor Resistance in
Non-Small Cell Lung Cancer. Clin. Cancer Res. 2018, 24, 2758–2770. [CrossRef] [PubMed]

42. Gadgeel, S.M.; Mok, T.S.K.; Peter, S. LBA81-PRPhase II/III blood first assay screening trial (BFAST) in patients (pets) with
treatment-naïve NSCLC: Initial results from the ALK+ conhort. Ann. Oncol. 2019, 30 (Suppl. 5). [CrossRef]

43. Leighl, N.B.; Page, R.D.; Raymond, V.M.; Daniel, D.B.; Divers, S.G.; Reckamp, K.L.; Villalona-Calero, M.A.; Dix, D.; Odegaard, J.I.;
Lanman, R.B.; et al. Clinical Utility of Comprehensive Cell-free DNA Analysis to Identify Genomic Biomarkers in Patients with
Newly Diagnosed Metastatic Non-small Cell Lung Cancer. Clin. Cancer Res. 2019, 25, 4691–4700. [CrossRef] [PubMed]

44. Remon, J.; Lacroix, L.; Jovelet, C.; Caramella, C.; Howarth, K.; Plagnol, V.; Rosenfeld, N.; Morris, C.; Mezquita, L.; Pannet, C.; et al.
Real-World Utility of an Amplicon-Based Next-Generation Sequencing Liquid Biopsy for Broad Molecular Profiling in Patients
with Advanced Non-Small-Cell Lung Cancer. JCO Precis. Oncol. 2019, 3. [CrossRef]

http://doi.org/10.1097/JTO.0b013e3181f1c8de
http://www.ncbi.nlm.nih.gov/pubmed/20871269
http://doi.org/10.1007/s00428-012-1281-4
http://doi.org/10.3390/diagnostics10080521
http://www.ncbi.nlm.nih.gov/pubmed/32726941
http://doi.org/10.1016/j.annonc.2020.07.014
http://doi.org/10.1016/j.jtho.2018.05.030
http://www.ncbi.nlm.nih.gov/pubmed/29885479
http://doi.org/10.1016/j.critrevonc.2020.102978
http://www.ncbi.nlm.nih.gov/pubmed/32428812
http://doi.org/10.1001/jamaoncol.2018.4305
http://www.ncbi.nlm.nih.gov/pubmed/30325992
http://doi.org/10.1634/theoncologist.2020-0148
http://www.ncbi.nlm.nih.gov/pubmed/32557976
http://doi.org/10.1002/cncr.32876
http://doi.org/10.1002/cncr.32875
http://doi.org/10.1007/s00595-018-1659-2
http://doi.org/10.1186/s13046-020-01601-2
http://doi.org/10.3322/caac.21650
http://www.ncbi.nlm.nih.gov/pubmed/33165928
http://doi.org/10.1016/j.jtho.2017.05.022
http://doi.org/10.1080/14737140.2017.1398089
http://www.ncbi.nlm.nih.gov/pubmed/29069959
http://doi.org/10.1016/j.cllc.2019.07.010
http://www.ncbi.nlm.nih.gov/pubmed/31519454
http://doi.org/10.1159/000492710
http://www.ncbi.nlm.nih.gov/pubmed/30566947
http://doi.org/10.1158/1538-7445.AM2020-5299
http://doi.org/10.3390/cancers9080106
http://www.ncbi.nlm.nih.gov/pubmed/28805673
http://doi.org/10.1158/1078-0432.CCR-17-2588
http://www.ncbi.nlm.nih.gov/pubmed/29599410
http://doi.org/10.1093/annonc/mdz394.079
http://doi.org/10.1158/1078-0432.CCR-19-0624
http://www.ncbi.nlm.nih.gov/pubmed/30988079
http://doi.org/10.1200/PO.18.00211


Cancers 2021, 13, 2049 14 of 19

45. Heeke, S.; Hofman, V.; Ilié, M.; Allegra, M.; Lespinet, V.; Bordone, O.; Benzaquen, J.; Boutros, J.; Poudenx, M.; Lalvée, S.; et al.
Prospective evaluation of NGS-based liquid biopsy in untreated late stage non-squamous lung carcinoma in a single institution.
J. Transl. Med. 2020, 18, 87. [CrossRef]

46. Nacchio, M.; Sgariglia, R.; Gristina, V.; Pisapia, P.; Pepe, F.; De Luca, C.; Migliatico, I.; Clery, E.; Greco, L.; Vigliar, E.; et al. KRAS
mutations testing in non-small cell lung cancer: The role of Liquid biopsy in the basal setting. J. Thorac. Dis. 2020, 12, 3836–3843.
[CrossRef]

47. Garzón, M.; Villatoro, S.; Teixidó, C.; Mayo, C.; Martínez, A.; de Los Llanos Gil, M.; Viteri, S.; Morales-Espinosa, D.; Rosell, R.
KRAS mutations in the circulating free DNA (cfDNA) of non-small cell lung cancer (NSCLC) patients. Transl. Lung Cancer Res.
2016, 5, 511–516. [CrossRef]

48. Gragnano, G.; Nacchio, M.; Sgariglia, R.; Conticelli, F.; Iaccarino, A.; De Luca, C.; Troncone, G.; Malapelle, U. Performance
evaluation of a fully closed real-time PCR platform for the detection of KRAS p.G12C mutations in liquid biopsy of patients with
non-small cell lung cancer. J. Clin. Pathol. 2021. [CrossRef] [PubMed]

49. Wahl, S.G.F.; Dai, H.Y.; Emdal, E.F.; Ottestad, A.L.; Dale, V.G.; Richardsen, E.; Halvorsen, T.O.; Grønberg, B.H. Prognostic value of
absolute quantification of mutated KRAS in circulating tumour DNA in lung adenocarcinoma patients prior to therapy. J. Pathol.
Clin. Res. 2021. [CrossRef]

50. Zulato, E.; Attili, I.; Pavan, A.; Nardo, G.; Del Bianco, P.; Boscolo Bragadin, A.; Verza, M.; Pasqualini, L.; Pasello, G.; Fassan,
M.; et al. Early assessment of KRAS mutation in cfDNA correlates with risk of progression and death in advanced non-small-cell
lung cancer. Br. J. Cancer 2020, 123, 81–91. [CrossRef]

51. Aggarwal, C.; Thompson, J.C.; Chien, A.L.; Quinn, K.J.; Hwang, W.T.; Black, T.A.; Yee, S.S.; Christensen, T.E.; LaRiviere, M.J.;
Silva, B.A.; et al. Baseline Plasma Tumor Mutation Burden Predicts Response to Pembrolizumab-based Therapy in Patients with
Metastatic Non-Small Cell Lung Cancer. Clin. Cancer Res. 2020, 26, 2354–2361. [CrossRef] [PubMed]

52. Gandara, D.R.; Paul, S.M.; Kowanetz, M.; Schleifman, E.; Zou, W.; Li, Y.; Rittmeyer, A.; Fehrenbacher, L.; Otto, G.; Malboeuf,
C.; et al. Blood-based tumor mutational burden as a predictor of clinical benefit in non-small-cell lung cancer patients treated
with atezolizumab. Nat. Med. 2018, 24, 1441–1448. [CrossRef] [PubMed]

53. Wang, Z.; Duan, J.; Cai, S.; Han, M.; Dong, H.; Zhao, J.; Zhu, B.; Wang, S.; Zhuo, M.; Sun, J.; et al. Assessment of Blood Tumor
Mutational Burden as a Potential Biomarker for Immunotherapy in Patients with Non-Small Cell Lung Cancer with Use of a
Next-Generation Sequencing Cancer Gene Panel. JAMA Oncol. 2019, 5, 696–702. [CrossRef] [PubMed]

54. Guibert, N.; Hu, Y.; Feeney, N.; Kuang, Y.; Plagnol, V.; Jones, G.; Howarth, K.; Beeler, J.F.; Paweletz, C.P.; Oxnard, G.R. Amplicon-
based next-generation sequencing of plasma cell-free DNA for detection of driver and resistance mutations in advanced non-small
cell lung cancer. Ann. Oncol. 2018, 29, 1049–1055. [CrossRef] [PubMed]

55. Hofman, P. Detecting Resistance to Therapeutic ALK Inhibitors in Tumor Tissue and Liquid Biopsy Markers: An Update to a
Clinical Routine Practice. Cells 2021, 10, 168. [CrossRef] [PubMed]

56. Horn, L.; Whisenant, J.G.; Wakelee, H.; Reckamp, K.L.; Qiao, H.; Leal, T.A.; Du, L.; Hernandez, J.; Huang, V.; Blumenschein,
G.R.; et al. Monitoring Therapeutic Response and Resistance: Analysis of Circulating Tumor DNA in Patients With ALK+ Lung
Cancer. J. Thorac. Oncol. 2019, 14, 1901–1911. [CrossRef]

57. Kilgour, E.; Rothwell, D.G.; Brady, G.; Dive, C. Liquid Biopsy-Based Biomarkers of Treatment Response and Resistance. Cancer
Cell 2020, 37, 485–495. [CrossRef] [PubMed]

58. Russo, A.; De Miguel Perez, D.; Gunasekaran, M.; Scilla, K.; Lapidus, R.; Cooper, B.; Mehra, R.; Adamo, V.; Malapelle, U.; Rolfo, C.
Liquid biopsy tracking of lung tumor evolutions over time. Expert Rev. Mol. Diagn. 2019, 19, 1099–1108. [CrossRef]

59. Lim, Z.F.; Ma, P.C. Emerging insights of tumor heterogeneity and drug resistance mechanisms in lung cancer targeted therapy.
J. Hematol. Oncol. 2019, 12, 134. [CrossRef] [PubMed]

60. Lin, J.J.; Shaw, A.T. Resisting Resistance: Targeted Therapies in Lung Cancer. Trends Cancer 2016, 2, 350–364. [CrossRef] [PubMed]
61. McCoach, C.E.; Le, A.T.; Gowan, K.; Jones, K.; Schubert, L.; Doak, A.; Estrada-Bernal, A.; Davies, K.D.; Merrick, D.T.; Bunn, P.A.,

Jr.; et al. Resistance Mechanisms to Targeted Therapies in ROS1(+) and ALK(+) Non-small Cell Lung Cancer. Clin. Cancer Res.
2018, 24, 3334–3347. [CrossRef] [PubMed]

62. Recondo, G.; Mezquita, L.; Facchinetti, F.; Planchard, D.; Gazzah, A.; Bigot, L.; Rizvi, A.Z.; Frias, R.L.; Thiery, J.P.; Scoazec,
J.Y.; et al. Diverse Resistance Mechanisms to the Third-Generation ALK Inhibitor Lorlatinib in ALK-Rearranged Lung Cancer.
Clin. Cancer Res. 2020, 26, 242–255. [CrossRef]

63. Zhou, J.; Zhao, C.; Zhao, J.; Wang, Q.; Chu, X.; Li, J.; Zhou, F.; Ren, S.; Li, X.; Su, C.; et al. Re-biopsy and liquid biopsy for
patients with non-small cell lung cancer after EGFR-tyrosine kinase inhibitor failure. Thorac. Cancer 2019, 10, 957–965. [CrossRef]
[PubMed]

64. Leong, T.L.; Christie, M.; Kranz, S.; Pham, K.; Hsu, A.; Irving, L.B.; Asselin-Labat, M.L.; Steinfort, D.P. Evaluating the Genomic
Yield of a Single Endobronchial Ultrasound-guided Transbronchial Needle Aspiration in Lung Cancer: Meeting the Challenge of
Doing More with Less. Clin. Lung Cancer 2017, 18, e467–e472. [CrossRef]

65. Dietel, M.; Bubendorf, L.; Dingemans, A.M.; Dooms, C.; Elmberger, G.; García, R.C.; Kerr, K.M.; Lim, E.; López-Ríos, F.;
Thunnissen, E.; et al. Diagnostic procedures for non-small-cell lung cancer (NSCLC): Recommendations of the European Expert
Group. Thorax 2016, 71, 177–184. [CrossRef] [PubMed]

http://doi.org/10.1186/s12967-020-02259-2
http://doi.org/10.21037/jtd.2020.01.19
http://doi.org/10.21037/tlcr.2016.10.14
http://doi.org/10.1136/jclinpath-2021-207416
http://www.ncbi.nlm.nih.gov/pubmed/33649142
http://doi.org/10.1002/cjp2.200
http://doi.org/10.1038/s41416-020-0833-7
http://doi.org/10.1158/1078-0432.CCR-19-3663
http://www.ncbi.nlm.nih.gov/pubmed/32102950
http://doi.org/10.1038/s41591-018-0134-3
http://www.ncbi.nlm.nih.gov/pubmed/30082870
http://doi.org/10.1001/jamaoncol.2018.7098
http://www.ncbi.nlm.nih.gov/pubmed/30816954
http://doi.org/10.1093/annonc/mdy005
http://www.ncbi.nlm.nih.gov/pubmed/29325035
http://doi.org/10.3390/cells10010168
http://www.ncbi.nlm.nih.gov/pubmed/33467720
http://doi.org/10.1016/j.jtho.2019.08.003
http://doi.org/10.1016/j.ccell.2020.03.012
http://www.ncbi.nlm.nih.gov/pubmed/32289272
http://doi.org/10.1080/14737159.2020.1680287
http://doi.org/10.1186/s13045-019-0818-2
http://www.ncbi.nlm.nih.gov/pubmed/31815659
http://doi.org/10.1016/j.trecan.2016.05.010
http://www.ncbi.nlm.nih.gov/pubmed/27819059
http://doi.org/10.1158/1078-0432.CCR-17-2452
http://www.ncbi.nlm.nih.gov/pubmed/29636358
http://doi.org/10.1158/1078-0432.CCR-19-1104
http://doi.org/10.1111/1759-7714.13035
http://www.ncbi.nlm.nih.gov/pubmed/30887673
http://doi.org/10.1016/j.cllc.2017.05.006
http://doi.org/10.1136/thoraxjnl-2014-206677
http://www.ncbi.nlm.nih.gov/pubmed/26530085


Cancers 2021, 13, 2049 15 of 19

66. Gutierrez, M.E.; Choi, K.; Lanman, R.B.; Licitra, E.J.; Skrzypczak, S.M.; Pe Benito, R.; Wu, T.; Arunajadai, S.; Kaur, S.; Harper, H.
Genomic Profiling of Advanced Non-Small Cell Lung Cancer in Community Settings: Gaps and Opportunities. Clin. Lung Cancer
2017, 18, 651–659. [CrossRef]

67. Burrell, R.A.; McGranahan, N.; Bartek, J.; Swanton, C. The causes and consequences of genetic heterogeneity in cancer evolution.
Nature 2013, 501, 338–345. [CrossRef] [PubMed]

68. Burrell, R.A.; Swanton, C. Tumour heterogeneity and the evolution of polyclonal drug resistance. Mol. Oncol. 2014, 8, 1095–1111.
[CrossRef]

69. Dagogo-Jack, I.; Shaw, A.T. Tumour heterogeneity and resistance to cancer therapies. Nat. Rev. Clin. Oncol. 2018, 15, 81–94.
[CrossRef] [PubMed]

70. Fisher, R.; Pusztai, L.; Swanton, C. Cancer heterogeneity: Implications for targeted therapeutics. Br. J. Cancer 2013, 108, 479–485.
[CrossRef] [PubMed]

71. Do, H.; Dobrovic, A. Sequence artifacts in DNA from formalin-fixed tissues: Causes and strategies for minimization. Clin. Chem.
2015, 61, 64–71. [CrossRef] [PubMed]

72. Heeke, S.; Benzaquen, J.; Long-Mira, E.; Audelan, B.; Lespinet, V.; Bordone, O.; Lalvée, S.; Zahaf, K.; Poudenx, M.; Humbert,
O.; et al. In-house Implementation of Tumor Mutational Burden Testing to Predict Durable Clinical Benefit in Non-small Cell
Lung Cancer and Melanoma Patients. Cancers 2019, 11, 1271. [CrossRef] [PubMed]

73. Hofman, P.; Heeke, S.; Alix-Panabières, C.; Pantel, K. Liquid biopsy in the era of immuno-oncology: Is it ready for prime-time use
for cancer patients? Ann. Oncol. 2019, 30, 1448–1459. [CrossRef] [PubMed]

74. Kazdal, D.; Endris, V.; Allgäuer, M.; Kriegsmann, M.; Leichsenring, J.; Volckmar, A.L.; Harms, A.; Kirchner, M.; Kriegsmann, K.;
Neumann, O.; et al. Spatial and Temporal Heterogeneity of Panel-Based Tumor Mutational Burden in Pulmonary Adenocarcinoma:
Separating Biology from Technical Artifacts. J. Thorac. Oncol. 2019, 14, 1935–1947. [CrossRef] [PubMed]

75. Berland, L.; Heeke, S.; Humbert, O.; Macocco, A.; Long-Mira, E.; Lassalle, S.; Lespinet-Fabre, V.; Lalvée, S.; Bordone, O.; Cohen,
C.; et al. Current views on tumor mutational burden in patients with non-small cell lung cancer treated by immune checkpoint
inhibitors. J. Thorac. Dis. 2019, 11, S71–S80. [CrossRef] [PubMed]

76. Heeke, S.; Hofman, P. Tumor mutational burden assessment as a predictive biomarker for immunotherapy in lung cancer patients:
Getting ready for prime-time or not? Transl. Lung Cancer Res. 2018, 7, 631–638. [CrossRef] [PubMed]

77. Heeke, S.; Benzaquen, J.; Hofman, V.; Long-Mira, E.; Lespinet, V.; Bordone, O.; Marquette, C.H.; Delingette, H.; Ilié, M.; Hofman,
P. Comparison of Three Sequencing Panels Used for the Assessment of Tumor Mutational Burden in NSCLC Reveals Low
Comparability. J. Thorac. Oncol. 2020, 15, 1535–1540. [CrossRef] [PubMed]

78. Stenzinger, A.; Allen, J.D.; Maas, J.; Stewart, M.D.; Merino, D.M.; Wempe, M.M.; Dietel, M. Tumor mutational burden stan-
dardization initiatives: Recommendations for consistent tumor mutational burden assessment in clinical samples to guide
immunotherapy treatment decisions. Genes Chromosomes Cancer 2019, 58, 578–588. [CrossRef] [PubMed]

79. Stenzinger, A.; Endris, V.; Budczies, J.; Merkelbach-Bruse, S.; Kazdal, D.; Dietmaier, W.; Pfarr, N.; Siebolts, U.; Hummel, M.;
Herold, S.; et al. Harmonization and Standardization of Panel-Based Tumor Mutational Burden Measurement: Real-World
Results and Recommendations of the Quality in Pathology Study. J. Thorac. Oncol. 2020, 15, 1177–1189. [CrossRef] [PubMed]

80. Lim, C.; Tsao, M.S.; Le, L.W.; Shepherd, F.A.; Feld, R.; Burkes, R.L.; Liu, G.; Kamel-Reid, S.; Hwang, D.; Tanguay, J.; et al.
Biomarker testing and time to treatment decision in patients with advanced nonsmall-cell lung cancer. Ann. Oncol. 2015, 26,
1415–1421. [CrossRef] [PubMed]

81. Lim, C.; Sung, M.; Shepherd, F.A.; Nouriany, N.; Sawczak, M.; Paul, T.; Perera-Low, N.; Foster, A.; Zawisza, D.; Feld, R.; et al.
Patients with Advanced Non-Small Cell Lung Cancer: Are Research Biopsies a Barrier to Participation in Clinical Trials? J. Thorac.
Oncol. 2016, 11, 79–84. [CrossRef] [PubMed]

82. Rothwell, D.G.; Ayub, M.; Cook, N.; Thistlethwaite, F.; Carter, L.; Dean, E.; Smith, N.; Villa, S.; Dransfield, J.; Clipson, A.; et al.
Utility of ctDNA to support patient selection for early phase clinical trials: The TARGET study. Nat. Med. 2019, 25, 738–743.
[CrossRef]

83. Chae, Y.K.; Davis, A.A.; Carneiro, B.A.; Chandra, S.; Mohindra, N.; Kalyan, A.; Kaplan, J.; Matsangou, M.; Pai, S.; Costa, R.; et al.
Concordance between genomic alterations assessed by next-generation sequencing in tumor tissue or circulating cell-free DNA.
Oncotarget 2016, 7, 65364–65373. [CrossRef] [PubMed]

84. Esagian, S.M.; Grigoriadou, G.I.; Nikas, I.P.; Boikou, V.; Sadow, P.M.; Won, J.K.; Economopoulos, K.P. Comparison of liquid-based
to tissue-based biopsy analysis by targeted next generation sequencing in advanced non-small cell lung cancer: A comprehensive
systematic review. J. Cancer Res. Clin. Oncol. 2020, 146, 2051–2066. [CrossRef] [PubMed]

85. Jiang, J.; Adams, H.P.; Yao, L.; Yaung, S.; Lal, P.; Balasubramanyam, A.; Fuhlbrück, F.; Tikoo, N.; Lovejoy, A.F.; Froehler, S.; et al.
Concordance of Genomic Alterations by Next-Generation Sequencing in Tumor Tissue versus Cell-Free DNA in Stage I-IV
Non-Small Cell Lung Cancer. J. Mol. Diagn. 2020, 22, 228–235. [CrossRef] [PubMed]

86. Liu, L.; Liu, H.; Shao, D.; Liu, Z.; Wang, J.; Deng, Q.; Tang, H.; Yang, H.; Zhang, Y.; Qiu, Y.; et al. Development and clinical
validation of a circulating tumor DNA test for the identification of clinically actionable mutations in nonsmall cell lung cancer.
Genes Chromosomes Cancer 2018, 57, 211–220. [CrossRef] [PubMed]

87. Thompson, J.C.; Yee, S.S.; Troxel, A.B.; Savitch, S.L.; Fan, R.; Balli, D.; Lieberman, D.B.; Morrissette, J.D.; Evans, T.L.; Bauml,
J.; et al. Detection of Therapeutically Targetable Driver and Resistance Mutations in Lung Cancer Patients by Next-Generation
Sequencing of Cell-Free Circulating Tumor DNA. Clin. Cancer Res. 2016, 22, 5772–5782. [CrossRef] [PubMed]

http://doi.org/10.1016/j.cllc.2017.04.004
http://doi.org/10.1038/nature12625
http://www.ncbi.nlm.nih.gov/pubmed/24048066
http://doi.org/10.1016/j.molonc.2014.06.005
http://doi.org/10.1038/nrclinonc.2017.166
http://www.ncbi.nlm.nih.gov/pubmed/29115304
http://doi.org/10.1038/bjc.2012.581
http://www.ncbi.nlm.nih.gov/pubmed/23299535
http://doi.org/10.1373/clinchem.2014.223040
http://www.ncbi.nlm.nih.gov/pubmed/25421801
http://doi.org/10.3390/cancers11091271
http://www.ncbi.nlm.nih.gov/pubmed/31470674
http://doi.org/10.1093/annonc/mdz196
http://www.ncbi.nlm.nih.gov/pubmed/31228184
http://doi.org/10.1016/j.jtho.2019.07.006
http://www.ncbi.nlm.nih.gov/pubmed/31349062
http://doi.org/10.21037/jtd.2018.11.102
http://www.ncbi.nlm.nih.gov/pubmed/30775030
http://doi.org/10.21037/tlcr.2018.08.04
http://www.ncbi.nlm.nih.gov/pubmed/30505707
http://doi.org/10.1016/j.jtho.2020.05.013
http://www.ncbi.nlm.nih.gov/pubmed/32450274
http://doi.org/10.1002/gcc.22733
http://www.ncbi.nlm.nih.gov/pubmed/30664300
http://doi.org/10.1016/j.jtho.2020.01.023
http://www.ncbi.nlm.nih.gov/pubmed/32119917
http://doi.org/10.1093/annonc/mdv208
http://www.ncbi.nlm.nih.gov/pubmed/25922063
http://doi.org/10.1016/j.jtho.2015.09.006
http://www.ncbi.nlm.nih.gov/pubmed/26762742
http://doi.org/10.1038/s41591-019-0380-z
http://doi.org/10.18632/oncotarget.11692
http://www.ncbi.nlm.nih.gov/pubmed/27588476
http://doi.org/10.1007/s00432-020-03267-x
http://www.ncbi.nlm.nih.gov/pubmed/32462295
http://doi.org/10.1016/j.jmoldx.2019.10.013
http://www.ncbi.nlm.nih.gov/pubmed/31837429
http://doi.org/10.1002/gcc.22522
http://www.ncbi.nlm.nih.gov/pubmed/29277949
http://doi.org/10.1158/1078-0432.CCR-16-1231
http://www.ncbi.nlm.nih.gov/pubmed/27601595


Cancers 2021, 13, 2049 16 of 19

88. Bettegowda, C.; Sausen, M.; Leary, R.J.; Kinde, I.; Wang, Y.; Agrawal, N.; Bartlett, B.R.; Wang, H.; Luber, B.; Alani, R.; et al.
Detection of circulating tumor DNA in early-and late-stage human malignancies. Sci. Transl. Med. 2014, 6, 224ra24. [CrossRef]

89. Aldea, M.; Hendriks, L.; Mezquita, L.; Jovelet, C.; Planchard, D.; Auclin, E.; Remon, J.; Howarth, K.; Benitez, J.C.; Gazzah,
A.; et al. Circulating Tumor DNA Analysis for Patients with Oncogene-Addicted NSCLC With Isolated Central Nervous System
Progression. J. Thorac. Oncol. 2020, 15, 383–391. [CrossRef]

90. Lam, V.K.; Zhang, J.; Wu, C.C.; Tran, H.T.; Li, L.; Diao, L.; Wang, J.; Rinsurongkawong, W.; Raymond, V.M.; Lanman, R.B.; et al.
Genotype-specific differences in circulating tumor DNA levels in advanced NSCLC. J. Thorac. Oncol. 2020. [CrossRef]

91. Ilie, M.; Hofman, V.; Dietel, M.; Soria, J.C.; Hofman, P. Assessment of the PD-L1 status by immunohistochemistry: Challenges and
perspectives for therapeutic strategies in lung cancer patients. Virchows Arch. 2016, 468, 511–525. [CrossRef]

92. Ilie, M.; Szafer-Glusman, E.; Hofman, V.; Chamorey, E.; Lalvée, S.; Selva, E.; Leroy, S.; Marquette, C.H.; Kowanetz, M.; Hedge,
P.; et al. Detection of PD-L1 in circulating tumor cells and white blood cells from patients with advanced non-small-cell lung
cancer. Ann. Oncol. 2018, 29, 193–199. [CrossRef]

93. Bauml, J.; Levy, B. Clonal Hematopoiesis: A New Layer in the Liquid Biopsy Story in Lung Cancer. Clin. Cancer Res. 2018, 24,
4352–4354. [CrossRef] [PubMed]

94. Chan, H.T.; Nagayama, S.; Chin, Y.M.; Otaki, M.; Hayashi, R.; Kiyotani, K.; Fukunaga, Y.; Ueno, M.; Nakamura, Y.; Low, S.K.
Clinical significance of clonal hematopoiesis in the interpretation of blood liquid biopsy. Mol. Oncol. 2020, 14, 1719–1730.
[CrossRef] [PubMed]

95. Coombs, C.C.; Gillis, N.K.; Tan, X.; Berg, J.S.; Bal, M.; Balasis, M.E.; Montgomery, N.D.; Bolton, K.L.; Parker, J.S.; Mesa, T.E.; et al.
Identification of Clonal Hematopoiesis Mutations in Solid Tumor Patients Undergoing Unpaired Next-Generation Sequencing
Assays. Clin. Cancer Res. 2018, 24, 5918–5924. [CrossRef]

96. Hu, Y.; Ulrich, B.C.; Supplee, J.; Kuang, Y.; Lizotte, P.H.; Feeney, N.B.; Guibert, N.M.; Awad, M.M.; Wong, K.K.; Jänne, P.A.; et al.
False-Positive Plasma Genotyping Due to Clonal Hematopoiesis. Clin. Cancer Res. 2018, 24, 4437–4443. [CrossRef] [PubMed]

97. Shlush, L.I. Age-related clonal hematopoiesis. Blood 2018, 131, 496–504. [CrossRef]
98. Lu, S.; Yu, Y.; Li, Z.; Yu, R.; Wu, X.; Bao, H.; Ding, Y.; Shao, Y.W.; Jian, H. EGFR and ERBB2 Germline Mutations in Chinese Lung

Cancer Patients and Their Roles in Genetic Susceptibility to Cancer. J. Thorac. Oncol. 2019, 14, 732–736. [CrossRef] [PubMed]
99. Shukuya, T.; Patel, S.; Shane-Carson, K.; He, K.; Bertino, E.M.; Shilo, K.; Otterson, G.A.; Carbone, D.P. Lung Cancer Patients

with Germline Mutations Detected by Next-Generation Sequencing and/or Liquid Biopsy. J. Thorac. Oncol. 2018, 13, e17–e19.
[CrossRef] [PubMed]

100. Kuderer, N.M.; Burton, K.A.; Blau, S.; Rose, A.L.; Parker, S.; Lyman, G.H.; Blau, C.A. Comparison of 2 Commercially Available
Next-Generation Sequencing Platforms in Oncology. JAMA Oncol. 2017, 3, 996–998. [CrossRef] [PubMed]

101. Legras, A.; Barritault, M.; Tallet, A.; Fabre, E.; Guyard, A.; Rance, B.; Digan, W.; Pecuchet, N.; Giroux-Leprieur, E.; Julie, C.; et al.
Validity of Targeted Next-Generation Sequencing in Routine Care for Identifying Clinically Relevant Molecular Profiles in
Non-Small-Cell Lung Cancer: Results of a 2-Year Experience on 1343 Samples. J. Mol. Diagn. 2018, 20, 550–564. [CrossRef]

102. Mellert, H.; Reese, J.; Jackson, L.; Maxwell, V.; Tschida, C.; Pestano, G.A. Targeted Next-Generation Sequencing of Liquid Biopsy
Samples from Patients with NSCLC. Diagnostics 2021, 11, 155. [CrossRef] [PubMed]

103. Mezquita, L.; Swalduz, A.; Jovelet, C.; Ortiz-Cuaran, S.; Howarth, K.; Planchard, D.; Avrillon, V.; Recondo, G.; Marteau, S.;
Benitez, J.C.; et al. Clinical Relevance of an Amplicon-Based Liquid Biopsy for Detecting ALK and ROS1 Fusion and Resistance
Mutations in Patients with Non-Small-Cell Lung Cancer. JCO Precis. Oncol. 2020, 4. [CrossRef]

104. Perakis, S.O.; Weber, S.; Zhou, Q.; Graf, R.; Hojas, S.; Riedl, J.M.; Gerger, A.; Dandachi, N.; Balic, M.; Hoefler, G.; et al. Comparison
of three commercial decision support platforms for matching of next-generation sequencing results with therapies in patients
with cancer. ESMO Open 2020, 5, 000872. [CrossRef]

105. Woodhouse, R.; Li, M.; Hughes, J.; Delfosse, D.; Skoletsky, J.; Ma, P.; Meng, W.; Dewal, N.; Milbury, C.; Clark, T.; et al. Clinical and
analytical validation of FoundationOne Liquid CDx, a novel 324-Gene cfDNA-based comprehensive genomic profiling assay for
cancers of solid tumor origin. PLoS ONE 2020, 15, e0237802. [CrossRef] [PubMed]

106. Bai, Y.; Wang, Z.; Liu, Z.; Liang, G.; Gu, W.; Ge, Q. Technical progress in circulating tumor DNA analysis using next generation
sequencing. Mol. Cell Probes 2020, 49, 101480. [CrossRef] [PubMed]

107. Schrock, A.B.; Welsh, A.; Chung, J.H.; Pavlick, D.; Bernicker, E.H.; Creelan, B.C.; Forcier, B.; Ross, J.S.; Stephens, P.J.; Ali, S.M.; et al.
Hybrid Capture-Based Genomic Profiling of Circulating Tumor DNA from Patients with Advanced Non-Small Cell Lung Cancer.
J. Thorac. Oncol. 2019, 14, 255–264. [CrossRef] [PubMed]

108. Supplee, J.G.; Milan, M.S.D.; Lim, L.P.; Potts, K.T.; Sholl, L.M.; Oxnard, G.R.; Paweletz, C.P. Sensitivity of next-generation
sequencing assays detecting oncogenic fusions in plasma cell-free DNA. Lung Cancer 2019, 134, 96–99. [CrossRef]

109. Zugazagoitia, J.; Ramos, I.; Trigo, J.M.; Palka, M.; Gómez-Rueda, A.; Jantus-Lewintre, E.; Camps, C.; Isla, D.; Iranzo, P.; Ponce-Aix,
S.; et al. Clinical utility of plasma-based digital next-generation sequencing in patients with advance-stage lung adenocarcinomas
with insufficient tumor samples for tissue genotyping. Ann. Oncol. 2019, 30, 290–296. [CrossRef]

110. Zhong, Y.; Xu, F.; Wu, J.; Schubert, J.; Li, M.M. Application of Next Generation Sequencing in Laboratory Medicine. Ann. Lab.
Med. 2021, 41, 25–43. [CrossRef]

111. Salvianti, F.; Gelmini, S.; Costanza, F.; Mancini, I.; Sonnati, G.; Simi, L.; Pazzagli, M.; Pinzani, P. The pre-analytical phase of the
liquid biopsy. New Biotechnol. 2020, 55, 19–29. [CrossRef] [PubMed]

http://doi.org/10.1126/scitranslmed.3007094
http://doi.org/10.1016/j.jtho.2019.11.024
http://doi.org/10.1016/j.jtho.2020.12.011
http://doi.org/10.1007/s00428-016-1910-4
http://doi.org/10.1093/annonc/mdx636
http://doi.org/10.1158/1078-0432.CCR-18-0969
http://www.ncbi.nlm.nih.gov/pubmed/29748181
http://doi.org/10.1002/1878-0261.12727
http://www.ncbi.nlm.nih.gov/pubmed/32449983
http://doi.org/10.1158/1078-0432.CCR-18-1201
http://doi.org/10.1158/1078-0432.CCR-18-0143
http://www.ncbi.nlm.nih.gov/pubmed/29567812
http://doi.org/10.1182/blood-2017-07-746453
http://doi.org/10.1016/j.jtho.2018.12.006
http://www.ncbi.nlm.nih.gov/pubmed/30610926
http://doi.org/10.1016/j.jtho.2017.09.1962
http://www.ncbi.nlm.nih.gov/pubmed/28989037
http://doi.org/10.1001/jamaoncol.2016.4983
http://www.ncbi.nlm.nih.gov/pubmed/27978570
http://doi.org/10.1016/j.jmoldx.2018.04.002
http://doi.org/10.3390/diagnostics11020155
http://www.ncbi.nlm.nih.gov/pubmed/33494470
http://doi.org/10.1200/PO.19.00281
http://doi.org/10.1136/esmoopen-2020-000872
http://doi.org/10.1371/journal.pone.0237802
http://www.ncbi.nlm.nih.gov/pubmed/32976510
http://doi.org/10.1016/j.mcp.2019.101480
http://www.ncbi.nlm.nih.gov/pubmed/31711827
http://doi.org/10.1016/j.jtho.2018.10.008
http://www.ncbi.nlm.nih.gov/pubmed/30368012
http://doi.org/10.1016/j.lungcan.2019.06.004
http://doi.org/10.1093/annonc/mdy512
http://doi.org/10.3343/alm.2021.41.1.25
http://doi.org/10.1016/j.nbt.2019.09.006
http://www.ncbi.nlm.nih.gov/pubmed/31580920


Cancers 2021, 13, 2049 17 of 19

112. Abbosh, C.; Birkbak, N.J.; Swanton, C. Early stage NSCLC—Challenges to implementing ctDNA-based screening and MRD
detection. Nat. Rev. Clin. Oncol. 2018, 15, 577–586. [CrossRef] [PubMed]

113. El Messaoudi, S.; Rolet, F.; Mouliere, F.; Thierry, A.R. Circulating cell free DNA: Preanalytical considerations. Clin. Chim. Acta
2013, 424, 222–230. [CrossRef] [PubMed]

114. Geeurickx, E.; Hendrix, A. Targets, pitfalls and reference materials for liquid biopsy tests in cancer diagnostics. Mol. Asp. Med.
2020, 72, 100828. [CrossRef]

115. Gilson, P. Enrichment and Analysis of ctDNA. Recent Results Cancer Res. 2020, 215, 181–211. [CrossRef]
116. Medina Diaz, I.; Nocon, A.; Mehnert, D.H.; Fredebohm, J.; Diehl, F.; Holtrup, F. Performance of Streck cfDNA Blood Collection

Tubes for Liquid Biopsy Testing. PLoS ONE 2016, 11, e0166354. [CrossRef]
117. Parpart-Li, S.; Bartlett, B.; Popoli, M.; Adleff, V.; Tucker, L.; Steinberg, R.; Georgiadis, A.; Phallen, J.; Brahmer, J.; Azad, N.; et al.

The Effect of Preservative and Temperature on the Analysis of Circulating Tumor DNA. Clin. Cancer Res. 2017, 23, 2471–2477.
[CrossRef] [PubMed]

118. Sorber, L.; Zwaenepoel, K.; Jacobs, J.; De Winne, K.; Van Casteren, K.; Augustus, E.; Lardon, F.; Prenen, H.; Peeters, M.; Van
Meerbeeck, J.; et al. Specialized Blood Collection Tubes for Liquid Biopsy: Improving the Pre-analytical Conditions. Mol. Diagn.
Ther. 2020, 24, 113–124. [CrossRef] [PubMed]

119. Toro, P.V.; Erlanger, B.; Beaver, J.A.; Cochran, R.L.; VanDenBerg, D.A.; Yakim, E.; Cravero, K.; Chu, D.; Zabransky, D.J.; Wong,
H.Y.; et al. Comparison of cell stabilizing blood collection tubes for circulating plasma tumor DNA. Clin. Biochem. 2015, 48,
993–998. [CrossRef] [PubMed]

120. Verma, S.; Moore, M.W.; Ringler, R.; Ghosal, A.; Horvath, K.; Naef, T.; Anvari, S.; Cotter, P.D.; Gunn, S. Analytical performance
evaluation of a commercial next generation sequencing liquid biopsy platform using plasma ctDNA, reference standards, and
synthetic serial dilution samples derived from normal plasma. BMC Cancer 2020, 20, 945. [CrossRef]

121. Zhao, Y.; Li, Y.; Chen, P.; Li, S.; Luo, J.; Xia, H. Performance comparison of blood collection tubes as liquid biopsy storage system
for minimizing cfDNA contamination from genomic DNA. J. Clin. Lab. Anal. 2019, 33. [CrossRef] [PubMed]

122. Hirsch, B.; Endris, V.; Lassmann, S.; Weichert, W.; Pfarr, N.; Schirmacher, P.; Kovaleva, V.; Werner, M.; Bonzheim, I.; Fend,
F.; et al. Multicenter validation of cancer gene panel-based next-generation sequencing for translational research and molecular
diagnostics. Virchows Arch. 2018, 472, 557–565. [CrossRef] [PubMed]

123. Koessler, T.; Paradiso, V.; Piscuoglio, S.; Nienhold, R.; Ho, L.; Christinat, Y.; Terracciano, L.M.; Cathomas, G.; Wicki, A.; McKee,
T.A.; et al. Reliability of liquid biopsy analysis: An inter-laboratory comparison of circulating tumor DNA extraction and
sequencing with different platforms. Lab. Investig. 2020, 100, 1475–1484. [CrossRef]

124. Lampignano, R.; Neumann, M.H.D.; Weber, S.; Kloten, V.; Herdean, A.; Voss, T.; Groelz, D.; Babayan, A.; Tibbesma, M.;
Schlumpberger, M.; et al. Multicenter Evaluation of Circulating Cell-Free DNA Extraction and Downstream Analyses for the
Development of Standardized (Pre)analytical Work Flows. Clin. Chem. 2020, 66, 149–160. [CrossRef] [PubMed]

125. Connors, D.; Allen, J.; Alvarez, J.D.; Boyle, J.; Cristofanilli, M.; Hiller, C.; Keating, S.; Kelloff, G.; Leiman, L.; McCormack,
R.; et al. International liquid biopsy standardization alliance white paper. Crit. Rev. Oncol. Hematol. 2020, 156, 103112. [CrossRef]
[PubMed]

126. Godsey, J.H.; Silvestro, A.; Barrett, J.C.; Bramlett, K.; Chudova, D.; Deras, I.; Dickey, J.; Hicks, J.; Johann, D.J.; Leary, R.; et al.
Generic Protocols for the Analytical Validation of Next-Generation Sequencing-Based ctDNA Assays: A Joint Consensus
Recommendation of the BloodPAC’s Analytical Variables Working Group. Clin. Chem. 2020, 66, 1156–1166. [CrossRef] [PubMed]

127. Weber, S.; Spiegl, B.; Perakis, S.O.; Ulz, C.M.; Abuja, P.M.; Kashofer, K.; Leest, P.V.; Azpurua, M.A.; Tamminga, M.; Brudzewsky,
D.; et al. Technical Evaluation of Commercial Mutation Analysis Platforms and Reference Materials for Liquid Biopsy Profiling.
Cancers 2020, 12, 1588. [CrossRef] [PubMed]

128. Odegaard, J.I.; Vincent, J.J.; Mortimer, S.; Vowles, J.V.; Ulrich, B.C.; Banks, K.C.; Fairclough, S.R.; Zill, O.A.; Sikora, M.; Mokhtari,
R.; et al. Validation of a Plasma-Based Comprehensive Cancer Genotyping Assay Utilizing Orthogonal Tissue-and Plasma-Based
Methodologies. Clin. Cancer Res. 2018, 24, 3539–3549. [CrossRef] [PubMed]

129. Ottestad, A.L.; Wahl, S.G.F.; Grønberg, B.H.; Skorpen, F.; Dai, H.Y. The relevance of tumor mutation profiling in interpretation of
NGS data from cell-free DNA in non-small cell lung cancer patients. Exp. Mol. Pathol. 2020, 112, 104347. [CrossRef] [PubMed]

130. Slavin, T.P.; Banks, K.C.; Chudova, D.; Oxnard, G.R.; Odegaard, J.I.; Nagy, R.J.; Tsang, K.W.K.; Neuhausen, S.L.; Gray, S.W.;
Cristofanilli, M.; et al. Identification of Incidental Germline Mutations in Patients with Advanced Solid Tumors Who Underwent
Cell-Free Circulating Tumor DNA Sequencing. J. Clin. Oncol. 2018, 36. [CrossRef] [PubMed]

131. Amiri, A.; Pourhanifeh, M.H.; Mirzaei, H.R.; Nahand, J.S.; Moghoofei, M.; Sahebnasagh, R.; Mirzaei, H.; Hamblin, M.R. Exosomes
and Lung Cancer: Roles in Pathophysiology, Diagnosis and Therapeutic Applications. Curr. Med. Chem. 2021, 28, 308–328.
[CrossRef]

132. Antunes-Ferreira, M.; Koppers-Lalic, D.; Würdinger, T. Circulating platelets as liquid biopsy sources for cancer detection. Mol.
Oncol. 2020. [CrossRef]

133. De Luca, G.; Cardinali, B.; Del Mastro, L.; Lastraioli, S.; Carli, F.; Ferrarini, M.; Calin, G.A.; Garuti, A.; Mazzitelli, C.; Zupo, S.; et al.
Optimization of a WGA-Free Molecular Tagging-Based NGS Protocol for CTCs Mutational Profiling. Int. J. Mol. Sci. 2020, 21,
4364. [CrossRef]

134. He, X.; Park, S.; Chen, Y.; Lee, H. Extracellular Vesicle-Associated miRNAs as a Biomarker for Lung Cancer in Liquid Biopsy.
Front. Mol. Biosci. 2021, 8, 630718. [CrossRef]

http://doi.org/10.1038/s41571-018-0058-3
http://www.ncbi.nlm.nih.gov/pubmed/29968853
http://doi.org/10.1016/j.cca.2013.05.022
http://www.ncbi.nlm.nih.gov/pubmed/23727028
http://doi.org/10.1016/j.mam.2019.10.005
http://doi.org/10.1007/978-3-030-26439-0_10
http://doi.org/10.1371/journal.pone.0166354
http://doi.org/10.1158/1078-0432.CCR-16-1691
http://www.ncbi.nlm.nih.gov/pubmed/27827317
http://doi.org/10.1007/s40291-019-00442-w
http://www.ncbi.nlm.nih.gov/pubmed/31838654
http://doi.org/10.1016/j.clinbiochem.2015.07.097
http://www.ncbi.nlm.nih.gov/pubmed/26234639
http://doi.org/10.1186/s12885-020-07445-5
http://doi.org/10.1002/jcla.22670
http://www.ncbi.nlm.nih.gov/pubmed/30191594
http://doi.org/10.1007/s00428-017-2288-7
http://www.ncbi.nlm.nih.gov/pubmed/29374318
http://doi.org/10.1038/s41374-020-0459-7
http://doi.org/10.1373/clinchem.2019.306837
http://www.ncbi.nlm.nih.gov/pubmed/31628139
http://doi.org/10.1016/j.critrevonc.2020.103112
http://www.ncbi.nlm.nih.gov/pubmed/33035734
http://doi.org/10.1093/clinchem/hvaa164
http://www.ncbi.nlm.nih.gov/pubmed/32870995
http://doi.org/10.3390/cancers12061588
http://www.ncbi.nlm.nih.gov/pubmed/32560092
http://doi.org/10.1158/1078-0432.CCR-17-3831
http://www.ncbi.nlm.nih.gov/pubmed/29691297
http://doi.org/10.1016/j.yexmp.2019.104347
http://www.ncbi.nlm.nih.gov/pubmed/31759951
http://doi.org/10.1200/JCO.18.00328
http://www.ncbi.nlm.nih.gov/pubmed/30339520
http://doi.org/10.2174/0929867327666200204141952
http://doi.org/10.1002/1878-0261.12859
http://doi.org/10.3390/ijms21124364
http://doi.org/10.3389/fmolb.2021.630718


Cancers 2021, 13, 2049 18 of 19

135. Kubo, H. Extracellular Vesicles in Lung Disease. Chest 2018, 153, 210–216. [CrossRef] [PubMed]
136. Lampignano, R.; Kloten, V.; Krahn, T.; Schlange, T. Integrating circulating miRNA analysis in the clinical management of lung

cancer: Present or future? Mol. Asp. Med. 2020, 72, 100844. [CrossRef] [PubMed]
137. Li, Y.; Wu, S.; Bai, F. Molecular characterization of circulating tumor cells-from bench to bedside. Semin. Cell Dev. Biol. 2018, 75,

88–97. [CrossRef] [PubMed]
138. Müller Bark, J.; Kulasinghe, A.; Amenábar, J.M.; Punyadeera, C. Exosomes in cancer. Adv. Clin. Chem. 2021, 101, 1–40. [CrossRef]

[PubMed]
139. Sanfiorenzo, C.; Ilie, M.I.; Belaid, A.; Barlési, F.; Mouroux, J.; Marquette, C.H.; Brest, P.; Hofman, P. Two panels of plasma

microRNAs as non-invasive biomarkers for prediction of recurrence in resectable NSCLC. PLoS ONE 2013, 8, e54596. [CrossRef]
140. Sorber, L.; Zwaenepoel, K.; Deschoolmeester, V.; Van Schil, P.E.; Van Meerbeeck, J.; Lardon, F.; Rolfo, C.; Pauwels, P. Circulating

cell-free nucleic acids and platelets as a liquid biopsy in the provision of personalized therapy for lung cancer patients. Lung
Cancer 2017, 107, 100–107. [CrossRef]

141. Tang, S.; Li, S.; Liu, T.; He, Y.; Hu, H.; Zhu, Y.; Tang, S.; Zhou, H. MicroRNAs: Emerging oncogenic and tumor-suppressive
regulators, biomarkers and therapeutic targets in lung cancer. Cancer Lett. 2021, 502, 71–83. [CrossRef] [PubMed]

142. Zhong, S.; Golpon, H.; Zardo, P.; Borlak, J. miRNAs in lung cancer. A systematic review identifies predictive and prognostic
miRNA candidates for precision medicine in lung cancer. Transl. Res. 2021, 230, 164–196. [CrossRef]

143. Palmirotta, R.; Lovero, D.; Silvestris, E.; Felici, C.; Quaresmini, D.; Cafforio, P.; Silvestris, F. Next-generation Sequencing (NGS)
Analysis on Single Circulating Tumor Cells (CTCs) with No Need of Whole-genome Amplification (WGA). Cancer Genomics
Proteom. 2017, 14, 173–179. [CrossRef] [PubMed]

144. Buschmann, D.; Kirchner, B.; Hermann, S.; Märte, M.; Wurmser, C.; Brandes, F.; Kotschote, S.; Bonin, M.; Steinlein, O.K.; Pfaffl,
M.W.; et al. Evaluation of serum extracellular vesicle isolation methods for profiling miRNAs by next-generation sequencing.
J. Extracell Vesicles 2018, 7, 1481321. [CrossRef] [PubMed]

145. Jin, X.; Chen, Y.; Chen, H.; Fei, S.; Chen, D.; Cai, X.; Liu, L.; Lin, B.; Su, H.; Zhao, L.; et al. Evaluation of Tumor-Derived Exosomal
miRNA as Potential Diagnostic Biomarkers for Early-Stage Non Small Cell Lung Cancer Using Next-Generation Sequencing.
Clin. Cancer Res. 2017, 23, 5311–5319. [CrossRef] [PubMed]

146. Lucchetti, D.; Fattorossi, A.; Sgambato, A. Extracellular Vesicles in Oncology: Progress and Pitfalls in the Methods of Isolation
and Analysis. Biotechnol. J. 2019, 14, e1700716. [CrossRef] [PubMed]

147. Kolinsky, M.P.; Stoecklein, N.; Lambros, M.; Gil, V.; Rodrigues, D.N.; Carreira, S.; Zafeiriou, Z.; de Bono, J.S. Genetic Analysis of
Circulating Tumour Cells. Recent Results Cancer Res. 2020, 215, 57–76. [PubMed]

148. Qiu, J.; Xu, J.; Zhang, K.; Gu, W.; Nie, L.; Wang, G.; Luo, Y. Refining Cancer Management Using Integrated Liquid Biopsy.
Theranostics 2020, 10, 2374–2384. [CrossRef]

149. Moon, S.M.; Kim, J.H.; Kim, S.K.; Kim, S.; Kwon, H.J.; Bae, J.S.; Lee, S.; Lee, H.S.; Choi, M.Y.; Jeon, B.H.; et al. Clinical Utility of
Combined Circulating Tumor Cell and Circulating Tumor DNA Assays for Diagnosis of Primary Lung Cancer. Anticancer Res.
2020, 40, 3435–3444. [CrossRef] [PubMed]

150. Best, M.G.; Sol, N.; Sjors In’t Veld, G.J.G.; Vancura, A.; Muller, M.; Niemeijer, A.N.; Fejes, A.V.; Tjon Kon Fat, L.A.; Huis In’t Veld,
A.E.; Leurs, C.; et al. Swarm Intelligence-Enhanced Detection of Non-Small-Cell Lung Cancer Using Tumor-Educated Platelets.
Cancer Cell 2017, 32, 238–252.e9. [CrossRef]

151. Im, Y.R.; Tsui, D.W.Y.; Diaz, L.A., Jr.; Wan, J.C.M. Next-Generation Liquid Biopsies: Embracing Data Science in Oncology. Trends
Cancer. 2021, 7. [CrossRef]

152. Aghamir, S.M.K.; Heshmat, R.; Ebrahimi, M.; Khatami, F. Liquid Biopsy: The Unique Test for Chasing the Genetics of Solid
Tumors. Epigenet. Insights 2020, 13. [CrossRef]

153. Diaz, L.A., Jr.; Bardelli, A. Liquid biopsies: Genotyping circulating tumor DNA. J. Clin. Oncol. 2014, 32, 579–586. [CrossRef]
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