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Current challenges for detection of circulating tumor cells and
cell-free circulating nucleic acids, and their characterization in
non-small cell lung carcinoma patients. What is the best blood
substrate for personalized medicine?
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Abstract: The practice of “liquid biopsy” as a diagnostic, prognostic and theranostic tool in non-small cell lung
cancer (NSCLC) patients is an appealing approach, at least in theory, since it is noninvasive and easily repeated. In
particular, this approach allows patient monitoring during treatment, as well as the detection of different genomic
alterations that are potentially accessible to targeted therapy or are associated with treatment resistance. However,
clinical routine practice is slow to adopt the liquid biopsy. Several reasons may explain this: (I) the vast number of
methods described for potential detection of circulating biomarkers, without a consensus on the ideal technical
approach; (II) the multiplicity of potential biomarkers for evaluation, in particular, circulating tumor cells (CTCs)
vs. circulating tumor DNA (ctDNA); (III) the difficulty in controlling the pre-analytical phase to obtain robust
and reproducible results; (IV) the present cost of the currently available techniques, which limits accessibility to
patients; (V) the turnaround time required to obtain results that are incompatible with the urgent need for delivery
of treatment. The purpose of this review is to describe the main advances in the field of CTC and ctDNA detection

in NSCLC patients and to compare the main advantages and disadvantages of these two approaches.
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Introduction

In recent years, lung cancer has been the leading cause of
cancer-related mortality among men and women worldwide.
It is estimated that there will be 160,000 deaths due to
lung cancer in 2014 for the USA alone (1). Moreover lung
cancer has a S-year overall survival rate of 16% for all
stages and survival has only improved minimally in the
last decades (1). In recent years, a better understanding of
the molecular abnormalities present in lung cancer that

© Annals of Translational Medicine. All rights reserved.

define disease subsets has been reached. In particular, the
discovery of oncogenic drivers has led to the design of
therapies harboring specific gene alterations that cause
aberrant signaling and proliferation. Currently, most
patients with lung cancer routinely undergo a tissue
(cellular) biopsy for molecular profiling of their tumors.
However, the main challenge of targeted therapies is the
relatively small proportion of patients that can benefit from

these treatments and the almost inevitable occurrence of
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resistance (2,3). Some of the resistance can be detected from
“solid biopsies”. However, this cannot always be performed
because of the invasive characteristic and may fail to reflect
current tumor dynamics and drug sensitivity, which may
change during therapy. Therefore, the importance of
developing a noninvasive biomarker with the ability to
monitor in real-time the dynamics of the lung cancer should
be emphasized. This “liquid biopsy” should provide an ideal
therapeutic strategy for an individual cancer patient, which
would facilitate the development of “tailor-made” cancer
management programs (4,5).

The liquid biopsy is a noninvasive approach that detects
diagnostic, prognostic and theranostic biomarkers in non-
small cell lung carcinoma (NSCLC) patients (6). This
attractive approach is currently being developed by many
investigators, particularly with the aim of obtaining a
complementary tool to the solid biopsy for detection of
genomic alterations in metastatic cancer patients, which
allows delivery of targeted therapy. Moreover, a liquid
biopsy can easily be repeated during follow-up of cancer
patients to control treatment efficiency and/or the detection
of genomic alterations occurring as a result of resistance
to targeted therapy. Finally, the liquid biopsy is a tool that
allows rapid access to biomarker assessment in vulnerable
lung cancer patients for whom solid biopsies are inaccessible
or extremely tricky to perform and to repeat. In theory, this
approach can promote a change in therapy, even before
detection of tumor progression or relapse.

The term “liquid biopsy” qualifies different potential
approaches for detecting of blood-carrying biomarkers
in lung cancer patients. Some of these biomarkers have
the potential to be introduced in the near future into
daily clinical practice. However, its success is dependent
on robust validation in sufficiently large independent
prospectively designed studies. Stricto sensus, the term
“liquid biopsy” should be restricted to a blood test that is
associated with cytopathological assessment of circulating
tumor cells (CTCs) by analogy to the definition of a “tissue”
biopsy (National Cancer Institute, NIH, Bethesda, MD).
However, under the label “liquid biopsy” different blood-
based biomarkers can be detected such as CTCs but also
circulating tumor DNA (ctDNA), circulating RNA or
microRNAs (7). In addition to obtaining useful data for
the care of lung cancer patients, the information obtained
from the liquid biopsies should allow an increase into the
knowledge of the pathophysiology of lung cancer and into
the process of metastatic dissemination.

The aim of this review is to describe the current
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contribution of detection of CTCs and ctDNA in lung
cancer patients and to compare the advantages and
disadvantages of these approaches.

Detection of CTCs in lung cancer: current
interest and main limitations

For several decades, a lot of translational and clinical lung
cancer research programs in the field of CTC have been
conducted. Recently, the development of personalized
medicine and of the concept of targeted therapy, in
particular in lung cancer, has been associated with an
increased interest in CTC detection and characterization.
In this context, different methods for cellular enrichment
and characterization of the identity of the subpopulations
of interest have been developed. These methods aim
to demonstrate, by direct and indirect approaches, the
morphological and molecular characteristics of CTCs
in lung cancer patients. Assessment of these methods
integrates evaluation of their sensitivity and specificity,
their costs and the feasibility of set up and developed not
only in research laboratories, but also in hospital biology
laboratories for rapid transfer to the clinic.

Currently developed methods used for lung cancer patients

The current technologies are based on exploiting the
physical and biological properties of CTCs (8-11). A
number of innovative technologies to improve the detection
of CTCs have recently been developed, including CTC
microchips, filtration devices, quantitative reverse-
transcription PCR assays, and automated microscopy
systems (12-14). Studies into the molecular characterization
have indicated, however, that CTCs are very heterogeneous,
a finding that underscores the need for multiplex
approaches to capture all the relevant CTC subsets (15).
The current challenge is to increase the yield and detection
of CTCs that have undergone epithelial-mesenchymal
transition (16). However, increasing the sensitivity of the
analytical assay may lead to a decrease in the analytical
specificity (e.g., through the detection of circulating normal
epithelial cells). Despite the effort made by the scientific
community in the CTC field, which aims at improving the
management of lung cancer, the analytical specificity and
clinical utility of these methods must still be demonstrated
in large prospective multicenter studies to obtain the high
level of evidence of performance required for introduction
into the routine clinical practice.
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Main interests in pathophbysiology, diagnosis, prognosis and
theranosis

The knowledge into the pathophysiology of the natural
history of lung cancer has improved a lot through different
studies concerning CTCs (13). In particular, recent work
performed by the team of Massagué in New York has
established that CTCs can give rise not only to metastases,
but can also colonize the primary tumor site and participate
in primary tumor progression, through a phenomenon
called tumor self-seeding (17). Other studies showed that
CTCs can circulate in the bloodstream of lung cancer
patients as single cells or as aggregates [called circulating
tumor microemboli (CTMs)]. In this regard, the phenotype
of single or aggregated CTCs can be different and may
present different levels of potential aggressiveness.

The diagnosis of metastases of unknown primary
origin could be determined by the genomic analysis of
CTCs. However, the different methods required for such
a diagnosis are difficult to set up in routine clinics, and are
currently probably too expensive.

Several studies have correlated the presence and the
number of CTCs with worse prognosis in lung cancer
patients. In early stage lung cancer, the pre-operative
detection of CTCs is associated with worse disease free and
overall survival (18,19). The detection of CTCs in late stage
lung cancer patients and of a high persistent rate of CTCs
after chemotherapy in these patients correlated with worse
prognosis (15,20).

The detection of some genomic alterations present in
CTCs of cancer patients can be associated with targeted
therapy (21). Thus, patients with EGFR mutations
or EML4-ALK rearrangements detected in CTC can
potentially benefit from treatment with tyrosine kinase
inhibitors or crizotinib, respectively (22,23).

The main limitations

Despite the numerous scientific publications related to
CTC detection in lung cancer patients, the physician does
not use this biomarker in routine clinical practice. This can
be explained by the large number of methods available for
CTC detection and by the difficulty of the physician and
the biologist to select the optimal method for use (24). In
this context, it is noteworthy that the only FDA approved
method for CTC detection, the CellSearch method (Janssen
Diagnostics Company, USA), has been approved for CTC
detection in metastatic breast, prostate and colon cancer
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patients, but not in metastatic lung cancer patients. This has
added some confusion to the use of this indirect technology
for lung cancer patient CTC detection. Moreover, since
CTCs that have undergone epithelial-mesenchymal
transition cannot express epithelial biomarkers, the
CellSearch system can certainly miss the detection of a
subpopulation of CTCs of interest in lung cancer patients
(Figure 1). Direct technologies for CTC detection in lung
cancer, such as the ISET approach (developed by Rarecells
Company, France), are certainly strongly attractive, but
the results obtained by different teams probably need to
be validated in independent and large multicenter studies.
ISET allows cytological characterization of the CTCs
isolated from lung cancer patients, according to the classical
morphological criteria used by the cytopathologists for
distinguishing between benign and malignant epithelial
cells (25,26) (Figure 2). Moreover this approach allows
an immunocytochemical assessment of CTCs expressing
epithelial and/or mesenchymal biomarkers (Figure 2). Other
direct technology, such as those developed by ScreenCell
company in France, allows morphological assessment
of CTCs in lung cancer patients too (Figure 3). Many
other methods are currently being developed for CTC
characterization, such as a method allowing functional
evaluation the CTCs and characterization of a subpopulation
of malignant cells (27). A couple of approaches are
sophisticated and give complex data. Currently these new
methods seem to be difficult for translation into the clinical
routine practice. These approaches lack a multicenter
assessment program, and thus it is difficult to evaluate their
reproducibility, their sensitivity and their specificity. The
development of new technologies and methods for CTC
detection is in general not associated with clinical validation
in different cohorts of lung cancer patients, making the
findings difficult to interpret for the pneumologists.

Detection of ctDNA in lung cancer patients:
Interest and current limitations

Two main mechanisms for the release of free-circulating
nucleic acids (fcNAs), called “passive” and “active”, have
been advocated to date (28). The passive mechanism
involves the release of nucleic acids from apoptotic and
necrotic cells into the bloodstream. Macrophages and
phagocytes play an important role in phagocytosis of
necrotic and apoptotic cells and can release digested nucleic
acids into the microenvironment. In contrast, it is reported
that fragments of cellular nucleic acid can be actively
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A DAPI/CK-PE CK-PE DAPI CD45-APC Blank

B DAPI/CK-PE CK-PE DAPI CDA45-APC Blank

C DAPI/CK-PE CK-PE DAPI CD45-APC Blank

Figure 1 Circulating tumor cells detected in lung cancer patients using an indirect method, the CellSearch system. (A) Cell with a round
morphology, a visible DAPI-positive nucleus, positive CK-PE staining in the cytoplasm and negative staining for CD45 is considered as
typical intact CTC; (B) image of cell not included in the CTC count; (C) CD45-positive cell (arrows) is not considered as CTC. CTC,

circulating tumor cells.
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Figure 2 Circulating tumor cells detected in lung cancer patients using the ISET method (Rarecells company). Circulating tumor cells
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with malignant features in lung adenocarcinoma (A) and squamous cell carcinoma (B) patients (A and B, May Grunwald Giemsa x1,000).
Circulating tumor cells expressing cytokeratin (C) and vimentin (D) alone (C, anti-cytokeratin antibody, immunoperoxidase x1,000; D, anti-

vimentin antibody, immunoperoxidase x1,000).
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released. Although the active secretion into the circulation
remains enigmatic, one potential explanation hypothesizes
that cancer cells release nucleic acids to transform the
targeted recipient cells at distant locations. In addition to
these two mechanisms, cell-free nucleic acids (cfNA) may be
released by CTCs; however, there appears to be a huge gap
between the amount of ¢fNAs and the rarity of CTCs in the
bloodstream. Thus, this hypothesis remains controversial.

Lung cancer patients demonstrated an increased
fcDNA levels in the plasma or serum compared to healthy
individuals (29,30). In this regard the level of fcDNA can
have a potential interest for the diagnosis and the prognosis
of lung cancer and for monitoring of disease during follow-
up (31-33). The level of fcDNA seems to be associated
with the tumor stage, size and metastases. In this context,
a high fcDNA level has been proven to be a biomarker of
poor outcome in lung cancer patients (33,34). However,
one limitation of these different approaches is that fcDNA
is present at a high level in blood patients having benign
diseases such as hepatic disorders, diabetes, cardiovascular
diseases, non-neoplastic lung diseases or infections (35-37).

The detection of ctDNA in the plasma or the sera
of lung cancer patients is also an attractive approach
which allows the identification of genomic alterations
that can be targeted by different molecules. Many works
have shown correlation between genomic alterations
(in particular, different EGFR mutations) in lung cancer
tissues DNA and its corresponding ctDNA. The high
number of recent studies and general reviews concerning
this subject highlight the enthusiasm of research scientists
and of physicians in exploiting the liquid biopsy of lung
cancer patients for targeted therapy development (38-41).
Moreover, ctDNA can complement current invasive biopsy
approaches to identify mutations associated with acquired
drug resistance in advanced lung cancers (42,43) (Figure 4).
Thus, the development of personalized medicine through
liquid biopsy assessment for cflNAs seems to be competitive
in comparison with detection of CTCs. However,
one limitation when working with ¢cfDNA samples is
the impossibility of doing in situ and morphological
analyses using fluorescent in situ hybridization (FISH)
and immunocytochemistry (ICC), in particular for the
assessment of the ALK, ROSI and -MET status.

It is noteworthy to consider that despite numerous
translational research programs and some clinical trials,
the detection of ctDNA in lung cancer patients is currently
not used by physicians in daily practice. Thus, the different
methods of detection and of analysis have not yet lead to robust
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Figure 3 Circulating tumor cells detected in lung cancer using the

system of ScreenCell company. Circulating tumor cells showing
malignant feature (A, May Grunwald Giemsa x400; B, May
Grunwald Giemsa x1,000).
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Figure 4 The melting curve profile for KRAS exon 2 mutation
(p-G12C, ¢.34G>T), as detected in ctDNA from one NSCLC
patient. The wild-type allele is shown as a horizontal red line. ctDNA,
circulating tumor DNA; NSCLC, non-small cell lung cancer.

commercialized biological tests. Additionally, accreditation
for such tests in a biological laboratory seems premature. One
of the major constraints of this type of detection is certainly
the control of the pre-analytical phase, e.g., the control of
the different parameters existing from blood sampling to the
analysis of the ctDNA (44-48). Thus, the many steps between
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these two events can strongly influence the quality and the
accuracy of the data. Moreover, analytical phase can be also
critical to be evaluated. Different methods can be used for
fcDNA quantificadon. Real dme PCR-based methods can be
used, but it is pivotal that the target sequences be as short as
possible, allowing amplification of shorter fragments. Many
methodologies for genomic alteration analysis are available,
such as digital PCR, mutant-enriched PCR and peptide
nucleic acid locked nucleic acid PCR which are particularly
appropriate for fcDNA mutation analysis (49,50). Moreover,
next generation sequencing technologies have been recently
developed showing that it is possible to detect many cancer-
associated mutations fcDNA isolated from plasma of lung
cancer patients (51).

CTCs versus ctDNA detection in lung cancer
patients: exclusive or complementary
approaches?

Since many studies are currently performed either for
detection of CTCs or ctDNA in lung cancer patients one
can question the efficiency of these two approaches in
particular in the area of personalized medicine. Additionally,
is it legitimate or not to try to detect in parallel for the same
patient, both CTCs and ctDNA?

What information can be obtained exclusively from CTC
detection and analysis in lung cancer patients?

Direct technologies for CT'C detection can gain information
concerning the morphology of the CTC. In this regard, as
for cytopathology performed on smears or on fine needle
aspiration, CTCs can be identified efficiently as malignant or
benign cells according to the established cytological criteria.
Previous studies have distinguished different categories of
CTGCs in lung cancer patients according to these criteria. Thus,
the so called “circulating non hematological cells (CNHC)”
can show features of malignant or benign cells. Moreover, a
couple of CNHC cannot be classified as benign or malignant
cells and were called CNHC with uncertain features of
malignancy (26). These morphological analyses are pivotal
since it is possible to correlate these rare isolated cells with
malignant criteria in the blood lung cancer patients. Moreover,
ICC and FISH can be performed on these CNHC to obtain
better characterization of their phenotype and to detect some
genomic alterations accessible to targeted therapy. ICC showed
substantial heterogeneity of CTCs in lung cancer patients. As
an example, CTCs can express cytokeratin, while other cells
express both cytokeratin and vimentin, and finally some CTCs
with malignant features can express vimentin only. The direct
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methods also provide interesting data to better understand
the pathophysiology of progression and dissemination of lung
cancer. It has been demonstrated that these CTCs can circulate
as isolated cells or as aggregates called CTMs. It seems that the
presence of CTMs is a negative prognostic factor for lung cancer
patients. Interestingly, it is possible to assess the ALK status (by
ICC or FISH) of CTCs isolated and characterized by ISET
(17,52). Similar approaches could potentially evaluate the
EGFR, BRAF, ROS-1 or ¢-MET status of CTCs isolated by
ISET in lung cancer patients since specific antibodies and
probes targeting these molecules are now commercially
available (53-57). One current drawback is the lack of a
biomarker to confirm the malignant nature of CNHC:s isolated
by the direct methods. Moreover, it is impossible to determine
the aggressiveness and the invasiveness of these cells. One of the
major pitfalls of many indirect methods for detection of CTCs is
the fact that they are based on the postulate that CT'Cs express
an epithelial phenotype. For example the CellSearch technology,
which uses anti-Epcam and anti-cytokeratins antibodies for
CTC isolation, cannot detect CTCs showing epithelial-to-
mesenchymal transition, a frequent process in lung cancer
progression and dissemination. Thus, most of the indirect
methods can give false negative results.

One of the main difficulties, when working on CTCs in the
field of lung cancer, is to analyze the somatic mutations, which
can be present in these cells. This is due to the fact that the
quantity and the quality of the extracted DNA from the cells are
low. In this regard the pre-analytical phase of DNA accessibility
can have a strong impact on the quality of the DNA.

What information can be obtained exclusively from detection
of free ctDNA and analysis in lung cancer patients?

It is certain that the detection of different somatic mutations
(in particular in EGFR) from ctDNA is an exciting area for
development in lung cancer patients (58-61). Detection can
be performed by different molecular methods of different
sensitivity, including targeted methods or more sophisticated
approaches such as next generation sequencing (51). These
different approaches allow detection of genomic alterations
accessible to targeted therapies. It is possible that, the detection
and the level of some mutations can represent a negative
prognostic factor, as demonstrated in colon cancer patients (62).
However a number of difficulties can be highlighted when
working on programs concerning ctDNA: (I) it is critical to
control well all the parameters of the pre-analytical phase and
currently it seems hard, from a clinical setting point of view, to
be sure of obtaining robust control for daily practice; (I) the
quantity of ctDNA can be too low to develop high throughput
analyses; (III) a low amount of DNA can be associated with
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some artefactual mutations (leading to false positive results);
(IV) according to the sensitivity of the method, the presence
of a low level of mutated DNA in the whole DNA extract can
lead to some false negative results (46,63-65). Among these
potential pitfalls, it seems that studying ctDNA in lung cancer
patients does not give useful information concerning the
degree of tumor aggressiveness.

Conclusions

Although the concept of “liquid biopsy” possesses great
potential in detection and monitoring of diseases, as
previously described in detail, several hurdles still exist such
as the lack of consensus in technical approaches of choice,
which involves various aspects of the methodologies,
such as the preferable sample type, storage conditions,
candidate molecules and suitable detection techniques.
Moreover, technical errors may introduce contaminating
cells or molecules into samples, which could result in
incorrect interpretation and statistical errors. Therefore,
the standardization of all experimental steps of techniques
should be emphasized. Despite the numerous approaches
and techniques that have been advocated to achieve the
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ultimate goal, that is, the development of a useful, sensitive
and real-time monitoring system using blood, few proposals
have been translated into the clinical practice. Large-scale
studies and further understanding of their biology and
significance could resolve these problems and enhance
their utility as biomarkers. Consequently, the development
of novel biomarkers based on CTCs and cfNAs could
provide a lot of benefit to cancer patients, including the
improvement in the clinical outcome in the near future.

It is obvious that the concept of a liquid biopsy in
the lung cancer field is highly attractive and could allow
dramatic optimization of the clinical care of these patients.
Moreover, many recent innovative programs aim to use
sophisticated technology for circulating single tumor cells
or free circulating DNA characterization (66-70). These
exciting approaches open new avenues in thoracic oncology.
However, behind the technical prowess, one can raise
the question of the rapid transfer of technology into the
clinical routine practice. As both CTC and ctDNA methods
evolve, they will likely have similar but also distinct
clinical applications, reflecting their relative biologic and
technologic strengths and limits (Table 1).

Of note, the liquid biopsy can allow detection, besides

Table 1 Advantages and limitations of the detection of circulating tumor cells vs. ctDNA

Subject Advantages

Limitations

CTCs ¢ Visualization of intact cells for morphological identification of a

malignant phenotype

¢ Relevance for the metastatic process and disease progression;
e Allow functional in vitro/in vivo assays (e.g., xenotransplantation

of CTCs into immunodeficient mice)

e Opportunity for molecular characterization at both cellular and e
sub-cellular level (e.g., genomic analysis of single CTCs)

e Allows immuno-labeling based approaches

e Complementary with ctDNA: CTCs can survive current
chemotherapy and might indicate failure of therapeutic

interventions
¢ Potentially influence changes in treatment modalities
Cell-free e More sensitive for detection of disease burden
ctDNA o
disease after surgery or therapy with curative intent
e Might predict acquired drug resistance

e Potentially influence changes in treatment modalities

Complementary with CTCs for detection of minimal residual

Low abundance and fragility

e Require extremely sensitive and specific analytic
methods

False-negative (due to epithelial-to-mesenchymal
transition) and false-positive results

Heterogeneity of the CTC populations (e.g., detection of
CTCs with tumor-initiating capacity)

e Multiplicity of technologies used for CTC isolation

e False-negative and false-positive results (e.g., no
specific isolation of tumor DNA unless the detection
of tumor-specific mutations; or mutations of tumor-
associated genes in normal tissue of aging patients and
in frequent benign diseases)

¢ No functional assays

e Lack of standardization of preanalytical conditions (e.g.,
dilution and contamination of ctDNA with normal DNA
from dying blood cells after blood collection)

CTCs, circulating tumor cells; ctDNA, circulating tumor DNA.
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CTCs and ctDNA, of other biomarkers of interest to lung
cancer patients, such as circulating microRNAs, circulating
RNA or circulating endothelial cells (71,72). However, the
results concerning these biomarkers need to be validated in
independent cohorts of patients and the “clinical relevance”
in the daily practice seems difficult to determine. The
rapid changes in the ability to genotype lung cancers and
measure their evolving functional properties through
noninvasive blood monitoring strongly links lung cancer
therapeutics and diagnostics. However, we can ask the
following provocative question: when and how the “liquid
biopsy” will be used routinely for lung cancer patient care?
Currently a real gap exists between the genuine attraction
of obtaining a liquid biopsy in media and the increase in the
number of publications in this domain and its application
to the real life of our hospitals. Finally, future orientations
should include the cost assessment, the reproducibility
of the results, and the usefulness “patient per patient” of
liquid biopsy in comparison with current “solid biopsy”
performance in lung cancer patients.
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