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Abstract This article is a critical note on the subject of
Circulating Tumor Cells (CTC). It takes into account the
tumor identity of Circulating Tumor Cells as cancer seeds
in transit from primary to secondary soils, rather than as a
“biomarker”, and considers the help this field could bring
to cancer patients. It is not meant to duplicate information
already available in a large number of reviews, but to
stimulate considerations, further studies and development
helping the clinical use of tumor cells isolated from blood
as a modern personalized, non-invasive, predictive test to
improve cancer patients’ life. The analysis of CTC chal-
lenges, methodological bias and critical issues points out
to the need of referring to tumor cells extracted from
blood without any bias and identified by cytopathological
diagnosis as Circulating Cancer Cells (CCC). Finally, this
article highlights recent developments and identifies burn-
ing questions which should be addressed to improve our
understanding of the domain of CCC and their potential to
change the clinical practice.
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Introduction

Some words bear a deadly meaning. The word “killer”means
«who can kill ». Likewise, the word “tumor cell” means
“potentially tumorigenic”. Killers identification is clearly eas-
ier when they are found on the crime scene, alias the primary
or metastatic tumor, than if they are in the street. These “killers
in the street” are circulating tumor cells (CTC).

Our work and interest in the domain of CTC and the study
of the “CTC literature” has generated the view that the possi-
bility to improve cancer patients’ life using CTC- based tests
is linked to their unbiased isolation and identification without
mistake.

This article is a critical note on CTC which takes into
account the tumor identity of Circulating Tumor Cells as
cancer seeds in transit from the primary to the secondary soils,
and the change that this field could bring to the clinical
practice. It is not meant to duplicate information already
available in a large number of reviews [1–11], but to stimulate
consideration, studies and further development helping the
successful clinical use of CTC, as a modern personalized,
non-invasive, predictive test to improve cancer patients’ life.
Since we focus on a non-invasive test, Disseminated Tumor
Cells (DTC), which are tumor cells located in the bone mar-
row, lymph nodes or distant organs, and angiotropic tumor
cells [12], which are tumor cells migrating along the vessels,
despite their relevance for the appraisal of tumor invasion, are
not in the scope of this article.

CTC Potential for Clinical Benefit and Key Issue

The spontaneous circulation in blood of tumor cells and/or of
tumor microemboli is known to be the hallmark of the tumor’s
“invasive character” [13].
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Tumor invasion and formation of distant metastasis is
known to occur via three major routes: i) blood, ii) lymphatic
vessels, and iii) transcoelomic spread into the pleural, pericar-
dial, and abdominal cavities [14], to which Lugassy and
Barnhill [12] have added the angiotropic tumor cells invasion.
Of these fourth routes, only blood can be exploited to develop
an early and non-invasive detection of tumor invasion, which
could be of clinical help by taking advantage from the slow and
inefficient process leading to metastasis formation [13, 15].

For patients with solid cancer, the sensitive and reliable
detection and enumeration of cancer cells in blood is expected
to provide a powerful diagnostic tool for early detection of
tumor invasion and early assessment of treatment efficacy.
Furthermore, genetic tests targeted to circulating cancer cells
collected without bias and diagnosed without mistake could
allow the kinetic assessment of theranostic/escape DNA mu-
tations in the circulating cancer cell compartment (non-inva-
sive theranostic use of CTC). For subjects at increased risk of
developing solid cancers, the ultrasensitive and diagnostic
detection of cancer cells in blood could provide a tool for
early diagnosis of invasive cancers before they become de-
tectable by imaging. This would be a remarkable step forward
to decrease mortality related to invasive cancers, and would
require not only diagnostic identification of cancer cells in
blood but also characterization analyses to identify the organ
from which the cancer cells have spread.

However, the CTC field is far from these goals. Its critical
analysis shows that, despite more than 15,190 publications
and 270 clinical trials [16], CTC are not really implemented in
clinical practice, are generally not recognized to be of “clinical
utility” [11], and many trials evaluate their impact in metasta-
tic patients, when “it is too late”. Therefore, it is also our
responsibility, as physicians and scientists working in the field
of CTC, to try to understand the causes impairing the energies,
time and money devoted to this topic.

CTC Biological Characteristics and Related Challenges

The challenges that CTC tests developers face in the field of
CTC are not completely disconnected from the challenges that
tumor cells face in their “obstacle course” toward their meta-
static “soil”, while the goals of the two “teams” are, of course,
opposite.

1. Circulating tumor cells are known to be extremely rare, in
the range of 1 per ml of blood, which represents, on
average, one tumor cell mixed with 10 million leukocytes
and 5 billion erythrocytes. This is a challenge for tumor
cells as it has been demonstrated in animals that the
number of circulating tumor cells correlates with the
probability of metastases formation [14, 15, 17]. For
CTC tests developers, this rarity and the fact that the test

sensitivity is directly linked to its potential clinical benefit
at early stages of the disease, is a headache. CTC are not
detectable by the current blood analyses, which only screen
20 to 50μl of blood, a volume under the CTC range. Blood
is a very heterogenous liquid prone to clogging and coag-
ulation, therefore the volume of blood that the test allows to
treat is also an important parameter for the test sensitivity.
One cell mixedwith billions of other cells is a level or rarity
which competes with the popular needle in a haystack and
seems impossible to be faithfully depicted. Furthermore, if
the test's sensitivity is not strictly bound to the test's diag-
nostic specificity, its potential clinical utility for patients is
lost. Consider for example a very sensitive test to detect
tumor cells in the urine in order to follow patients with
bladder cancer. If the test is not also provided with a
diagnostic specificity concerning tumor cells detection its
chances to be of clinical utility are close to zero (Fig. 1).

2. Circulating tumor cells are fragile. Tumor cells in blood are
susceptible to anoikis and exposed to attacks of the immune
system and to damage by rheological conditions [13].
Additionally, they may be undergoing transformation from
an epithelial to a mesenchymal phenotype (EMT) [7, 16],
which is presumably linked to fragility related to massive
structural changes. It is known that a relevant number of
CTC die in blood before landing at distant organs [13, 15].
This is a challenge for tumor cells, and one of the main
causes of their metastatic inefficiency, but is also a challenge
for test developers as those precious cells can easily vanish
during the attempts to extract them from blood. Moreover,
their morphology can be damaged during extraction from
blood preventing further cytopathologic analysis.

3. Circulating tumor cells are very heterogeneous. CTC have
different levels of malignancy and capacity to found

Fig. 1 Expected clinical utility of the field of Circulating Tumor Cells
in subjects at risk of developing solid cancer (blue thick arrows on the
left) and in patients with already diagnosed solid cancer (blue thick
arrows on the right)
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metastases. On the clinical side, this means that if we
would like to use tumor cells in blood to assess more
precisely the patient’s risk of developing metastases, we
would need to quantify, in addition to the number of
tumor cells collected from blood very sensitively without
bias and counted diagnostically, the number of those
cancer cells in transition from epithelial to mesenchymal
phenotype (EMT) [16], those with full mesenchymal
phenotype, those with “stem” characteristics, and the
number of circulating tumor microemboli [8, 16].
Epithelial-to-mesenchymal transition (EMT) of carcino-
ma cells results in reduced expression of epithelial
markers and increasing expression of mesenchymal
markers, such as vimentin, also expressed in leukocytes,
and N-cadherin. EMT and CTC heterogeneity represent a
strong limitation for methods aiming at isolating CTC
using antibodies since specific markers of tumor cells,
i.e. markers expressed by all the tumor cells and not
expressed at all by other blood cells or circulating non-
tumor cells, are unknown at present [16].

Besides N-cadherin and vimentin, markers of EMT in-
clude nuclear localization of β-catenin, and increased ex-
pression of transcription factors such as SNAIL, SLUG,
TWIST, ZEB1, ZEB2 and/or TCF3 inhibiting the produc-
tion of E-cadherin. EMT is associated with an increased cell
capacity for migration and invasion, as well as resistance to
anoikis and apoptosis [18, 19]. Different subsets of circulat-
ing tumor cells may have a range of intermediate pheno-
types, between epithelial and mesenchymal, which could be
a sign of high plasticity and “stem” character [20, 21].. This
plasticity is thought to be linked to genetic and epigenetic
changes of cancer cells [22].

Cancer cells with a stem phenotype (CD44+CD24−/low,
ALDH1+) may also circulate in blood [21, 23]. Some re-
searchers have recently been able to obtain ex vivo culture of
CTC from a minority of breast cancer patients [24]. The
possibility to consistently culture CTC from cancer patients
would provide an extraordinary tool to test in vitro their drug
sensitivity as currently performed with leukemic cells.
However, the majority of CTC are expected to be out of
cycle [13], not susceptible to be cultured or very resistant to
re-enter the cycle. Therefore, the clinical utility of this ap-
proach is linked to the development of an assaywhichwould
1) consistently stimulate CTC proliferation in vitro; 2) assess
if the proliferating cells are really tumor cells (as circulating
non-tumor cells precursors are highly susceptible to prolifer-
ate); 3) assess whether the method which stimulates CTC
proliferation artificially affects, or not, CTC responsiveness
to drugs.

Some authors have demonstrated the existence of “tissue-
competent” CTC for brain metastases (EPCAM− expressing
HER2, EGFR, NOTCH1 and HPSE), i.e. « soil-specific »
seeds, opening the way to the exciting perspective of future

tests predicting the type of upcomingmetastasis [25]. Results
obtained in animals [26] have shown that “stem tumor cells”
are highly concentrated in the blood compartment as com-
pared to the primary tumor site. If studies carried out in
patients could confirm that blood contains the most malig-
nant tumor cells genotypes, the clinical interest of using the
blood tumor cells compartment for theranostic analyses
would be huge. In fact, the study of different samples from
primary tumor tissues has shown extensive intra-tumor ge-
netic heterogeneity [27, 28], which could lead to biased
theranostic tests performed on localized tissue sampling
missing the most malignant genotypes. Cancer stem cells
have also been described to undergo bidirectional transfor-
mation to a differentiated phenotype and vice versa [29], a
character that could be shared by circulating cancer stem
cells and make even more difficult assessing their metastatic
potential.

Another expression of CTC heterogeneity and malignan-
cy is the possible presence in blood of circulating tumor
microemboli (CTM). Originally described in mice studies
[30], then in humans [8, 31–33], CTM are known to have an
increased metastatic capacity. They may include stromal
cells and bring “their own soil” [34]. Recently, it has been
shown in animal studies that they arise from oligoclonal
tumor cells groupings and not from intravascular aggregation
events [35]. Finally, recent studies using a mouse model of
pancreatic cancer and single-cell RNA sequencing have
identified the expression of extracellular matrix genes, in-
cluding SPARC, in CTC, an interesting finding that the
Authors confirmed in CTC from patients with pancreatic
cancer [36]. Such data demonstrate that CTC may be char-
acterized by a very high level of plasticity, which is presum-
ably related to their capacity of creating distant metastases.
These and further studies focused on heterogeneity of tumor
cells in blood should be able to shed more light on the
markers associated with their increased metastatic potential.

From a technical point of view, CTC heterogeneity repre-
sents a challenge for CTC tests developers. In fact, the
optimal CTC test would require the isolation of all types of
CTC without any loss allowing to further perform their
immune-molecular characterization. CTC heterogeneity also
highlights the difficulty of using antibodies or cocktails of
antibodies to isolate/identify all types of CTC as we lack
specific markers expressed in all types of CTC and not
expressed in non-tumor cells [16]. There is a need for a
broad-spectrum specific cocktail of cell surface epithelial
and mesenchymal markers [19] covering all potential CTC
phenotypes. This cocktail, however, could increase the
chance that at least some of these markers cross react with,
or are expressed by, blood cells and/or other circulating non-
tumor cells, which would lead to false-positive results [16].
Concerning tumor-specific markers, melanoma-associated
antigens (MAGE) are specifically expressed in melanoma
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cells. Still, they are generally used as transcripts in RT-PCR
methods to detect CTC, which do not allow counting of the
CTC number nor CTC immunomolecular characterization
[37, 38]. Tissue-specific markers, such as prostate-specific
antigen (PSA) for prostate cancer and mammaglobin for
breast cancer, are not tumor-specific markers as they can be
expressed in non-tumor circulating epithelial cells [39] and be
down regulated during dedifferentiation of tumor cells [16].
Somemarkers, like HER2 and EGFR are expressed at higher
levels in cancer cells as compared with normal cells in certain
tumor types [9]. Since they are not expressed in all the tumor
cells, these markers can be used to characterize CTC and to
guide the use of targeted therapies, but are not useful for the
systematic diagnosis of CTC. In fact, in metastatic breast
cancers, HER2 positivity rates of CTC vary widely, between
27 and 63 %, depending on CTC isolation and characteriza-
tionmethods. Furthermore, up to 49%of patientswithHER2
negative primary tumors have HER2 positive CTCs and
conversely, up to 77 % of patients with HER2 positive
primary tumors have HER2 negative CTCs [9].

To summarize, CTC heterogeneity is a biological charac-
teristic ofCTCand a challenge forCTC tests developers,who
have difficulties finding CTC-specific markers. For CTC,
their heterogeneity could limit their metastatic potential in
the blood microenvironment, for instance by “diluting” the
effect of platelets [40, 41] which are know to act as protection
against immune-mediated lysis [42] and as EMT inducers
[43].

4. Circulating Tumor Cells are not the Only Rare Cells in
Blood, nor the Only Cells Derived from Organs. Early
studies of CTC using prostate specific antigen (PSA)-spe-
cific [39] and alpha-fetoprotein (AFP)-specific [44] tran-
scripts as markers in RT-PCR based assays have shown that
non-tumor epithelial cells circulate in blood, for instance in
patients with prostatitis [39] and in patients undergoing
surgical procedures [44]. These studies also demonstrated
that even the AFP transcript, which is considered a tumor-
specific marker, is expressed in liver derived non-tumor
cells [44], raising the issue of the best approach to identify,
without mistake, tumor cells in blood. These observations
prompted us to develop a method allowing the unbiased
identification of CTC by cytopathological analysis [32].
Circulating epithelial non-tumor cells have been detected
in blood of patients with benign colon diseases [45] and in
patients with cancer [46]. They are shed in blood during
inflammation, infections and invasive procedures like sur-
gery and biopsies. Their presence in blood is a source of
false positive confounding results when the CTC test targets
the isolation and identification of tumor cells using epithe-
lial markers. Non-tumor epithelial cells are not the only rare
non-tumor cells circulating in blood. Circulating
Endothelial Cells (CEC) and Circulating Endothelial
Precursors (CEP) may be present in blood, in particular in

cancer patients [47, 48], as well as stem cells of different
types and lineages [49–51]. These circulating non-tumor
cells represent a challenge for the differential diagnostic
identification of circulating cancer cells and circulating
cancer stem cells. Furthermore, functional studies targeting
circulating cancer cells proliferation need to rule out the
selective growth of circulating non-tumor cells.

Overall, these findings demonstrate that the ‘perfect’
CTC marker expressed on all CTC but not expressed on
blood cells, nor on other rare circulating non-tumor cells
(epithelial cells, mesenchymal cells, endothelial cells,
haematopoietic stem cells and mesenchymal stem cells),
and never down regulated during tumor cells circulation
and invasion, does not exist. In such setting, it is difficult to
understand why cytopathology, which is the reference
method in clinical oncology for the diagnostic identification
of tumor cells, is not extensively used for the reliable
detection of cancer cells in blood.

Principal Methods for CTC Enrichment/Detection

Methods Based on Antibodies

Marker-based technologies rely on proteins, detected by anti-
bodies, or transcripts, detected by RT-PCR (reverse
transcriptase-polymerase chain reaction). Despite the fact that
an ideal “marker” or “cocktail of markers” specific to CTC is
unknown at present, the majority of enrichment and detection
methods are based on CTC non-specific “markers”. Epithelial
markers are expressed on normal epithelia and carcinomas
(epithelial tumors) but absent on mesenchymal cells including
leukocytes and have been extensively used to distinguish
epithelial circulating cells from normal blood cells [52, 53].
However, epithelial circulating cells include epithelial tumor
cells, epithelial non-tumor “atypical” cells and epithelial non-
tumor normal cells (Fig. 2). Epithelial cell adhesion molecule
(EpCAM) is the cell membrane marker most frequently used
for positive enrichment of epithelial cells from blood, com-
bined with cytokeratins (CK8, CK18 and CK19), which are
also epithelial cells specific markers. Enrichment of circulat-
ing epithelial cells by immunomagnetic capture is currently
the most widely used approach. The semi-automated
CellSearch® platform (Janssen Diagnostics, Raritan, NJ,
USA) enriches epithelial cells using ferromagnetic beads coat-
ed with epithelial cell adhesion molecule (EpCAM) and has
introduced a CellSearch-related definition of CTC: intact cell
with a round to oval morphology and at least 4 μm in size,
positive for DAPI with nucleus inside the cytoplasm (>50 %)
and a nuclear area smaller than the cytoplasm, positive ex-
pression of cytokeratins and absence of the leukocyte marker
CD45 [52, 53].
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CellSearch® has obtained FDA approval as prognostic
biomarker for metastatic breast, colon and prostate cancer
[54–56]; however, despite its use as “reference test”, it shows
fundamental limitations concerning sensitivity, selection bias,
false positive [45] (epithelial non-tumor cells detected as
tumor cells in patients without cancer and in patients with
cancer) and false negative [46, 57–59] (not detected circulat-
ing mesenchymal tumor cells) results. In fact, its clinical
validity has been debated. The American Society of Clinical
Oncology Tumor Marker Guidelines stated that measurement
of CTC by CellSearch should not be used for diagnosis or
treatment modification in patients with breast cancer [60]. The
large majority of studies showing the prognostic value of
CellSearch are performed in patients with metastatic cancer,
which is not the most appropriate clinical setting to assess the
benefit of the CTC field on patients’ mortality. A large-scale
pooled analysis of thousands of patients with breast cancer
[61] showed a prognostic value of CTC both in M0 and M1
patients. However, in this study, the majority of M0 patients
were analyzed by RT-PCR, and only one out of the 18 studies
performed with CellSearch was performed in M0 patients.
Raimondi et al. [11] have recently provided an extensive
review of the clinical trials carried out and ongoing with
CellSearch after the SWOGS0500 trial has failed to demon-
strate the clinical utility of counting CTC by CellSearch to
assess the effectiveness of frontline chemotherapy in metasta-
tic breast cancer patients. They conclude that the clinical
utility of the CellSearch « concept » is still suspended in «
Limbo », which is not surprising given the test’s technical
limitations. Chinen et al. [62] have published the important
observation that the selective detection of epithelial cells can
skew our assessment of patients response to treatment. By
assessing the CTC number in parallel with an epithelial-
mediated cell capture and with ISET®, which provides unbi-
ased isolation and diagnostic detection of tumor cells, during a
lung cancer patient’s follow up, they have shown the disap-
pearance of epithelial cells upon therapy. However,

simultaneously, ISET® found an increasing number of CTC,
detected by cytopathology, since mesenchymal tumor cells,
resistant to treatment, underwent expansion leading to the
patient’s death.. Clearly, assessing CTC with an incomplete
and non-diagnostic test can introduce a bias in the assessment
of therapeutic efficacy.

EpCAM antibodies can be used to attach epithelial cells to
columns and microposts, which adds a cell selection based on
cell deformability, or to magnetic devices. These alter-
native EpCAM-based enrichment technologies include
microfluidic devices CTC-chip [63], Herringbone chip
[64], iCHIP [65] and IsoFlux [66] and MagSweeper
[67]. GILUPI [68] is a medical wire internally coated
with anti-EpCAM antibodies, which is placed directly
into the antecubital vein for 30 min in order to sample
a large blood volume.

The technologies based on EpCAM-mediated capture
demonstrate limitations which are similar to those of
CellSearch, i.e. false positive and false negative results
and lack of diagnostic assessment of CTC, which are
problematic in the clinical setting. However, some of
them provide living epithelial cells, for further analyses
and in vitro growth.

Methods Based on Transcripts

RT-PCR-based detection of specific transcripts is quite differ-
ent from capture and visualization of intact cells, and low-
level illegitimate expression of the targeted transcript can lead
to false-positive results [13, 69]. RT-PCR based detection
methods are performed on the total RNA extracted from blood
with or without previous separation of leucocytes or after cell
capture. For instance Adnatest [70] “breast” captures cells
with Epcam and MUC1 antibodies then performs transcript
RT-PCR based analysis. These tests however do not allow cell
counting and are not diagnostic. In a study using RT-PCR
specific to Alpha-fetoprotein (AFP) transcripts we have

Circulating Cancer Cells: CCC

Circulating uncertain (atypical) cells

Circulating benign (normal) cells

Types of cir rare cells detected in bloodFig. 2 Types of circulating rare
cells complicating the diagnosis
of presence of tumor cells in
blood. Circulating Cancer Cells
(CCC) may contain tumor cells in
Epithelial to Mesenchymal Tran-
sition (EMT) not expressing epi-
thelial antigens. Circulating atyp-
ical and normal cells from organs
express epithelial antigens but are
not tumor cells
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demonstrated that even a well knowmarker considered to be a
“tumor-specific marker” (AFP) is expressed in non-tumor
circulating liver-derived cells [44].

Methods Based on Functional Tests

Two different in vitro assays have been optimized to detect
viable cells obtained from cancer patients: the EPISPOTassay,
which implies selection with Rosettesep epithelial specific
antibodies and detects cytokeratins 19 [71] secreted during
in vitro culture, and an invasion assay assessing the ability of
cells to digest a fluorescently labelled cell adhesion matrix
[72]. Cells are first isolated using other methods before assays
are applied to examine their function. These methods target
viable cells characterization but are not diagnostic for tumor
cells, due to their use of non-tumor specific markers or func-
tions like phagocytosis, and their sensitivity is decreased by
the need of blood pre-treatment.

More complex functional studies have been performed by
transplantation of circulating cancer cells into immunodefi-
cient mice [21]. The EpCAM negative metastases that were
grown (EPCAMlowMEThighCD47highCD44high phenotype)
were derived from EpCAM negative tumor cells, demonstrat-
ing that, in this study, metastasis-initiator cells are EpCAM
negative [21] and not detectable by EpCAM based tests.
These data are consistent with the increased malignant poten-
tial of tumor cells loosing epithelial antigens during EMTand/
or because of their “stem” character and with the general view
that EpCAM postive cells, currently selectively detected by
the majority of CTC-tests, are not expected to be the
metastasis-initiator cells. Another study, however, showed
that CTC from patients with chemosensi t ive or
chemorefractory small-cell lung cancer were tumorigenic in
immunocompromised mice, and that the CTC-derived ex-
plants mirrored the response of the donor patient to the treat-
ment [73]. In this study, tumour cells were enriched from
blood using the RosetteSep™ enrichment cocktail which is
designed to enrich tumor cells by negative selection.
Therefore, epithelial and non epithelial tumor cells may have
been injected into mice. The Authors underline indirect evi-
dence that tumorigenic cells could be epithelial cells, based on
genetic analyses, correlation of the number of epithelial cells
detected by CellSearch and CTC-derived explants growth rate
and previously established prognostic value of circulating
epithelial cells detected by CellSearch. However, an assess-
ment of epithelial and non epithelial circulating tumor cells in
the patients blood used for the study was not performed
leaving the question of the type of metastasis-initiator cells
unanswered. Although conceptually very interesting, these
in vivo assays require very high numbers of CTC, which limit
their applicability in clinical settings in the absence of efficient
and reproducible methods to culture CTC.

Methods Based on Negative Selection

Since techniques based on positive-selection using markers
share the common drawback of capturing only a fraction of
the heterogeneous CTC population, and face the unresolved
challenge of the lack of tumor-specific markers, methods
based on negative selection, in which the blood sample is
depleted of leukocytes, have been developed [65] to avoid
loss of the most malignant CTC with high phenotypic plas-
ticity. Using magnetic beads with antibodies against CD45
and/or CD15 that bind to leukocytes, these cells are then
removed by placing the sample in a magnetic field [19, 74,
75]. Some Authors use bi-specific antibodies against antigens
on leukocytes and erythrocytes that induce the formation of
large multicellular rosettes, which can be easily removed from
blood by Ficoll density centrifugation [71]. However, cells
that are positive for both cytokeratins and CD45 have been
detected in the blood of patients with carcinoma. Their signif-
icance is unknown; they could be artifacts related to the
sample’s pre-analytic processing [53, 76] or macrophages
after phagocytosis of epithelial cells [77]. Furthermore, not
all CD45– cells in blood are tumor cells. Circulating endothe-
lial cells [78], non-tumor stem cells and non-tumor epithelial
cells are CD45–. Subsequent diagnostic approaches are need-
ed to increase assay performance and specificity. One concern
for this approach is sensitivity as, due to the huge difference in
number between leucocytes and CTC, leukocytes capture can
drag some unlabelled tumor cells. Finally, the purity of the
recovered samples is low and it is difficult to identify CTC
amongst millions of leukocytes.

Methods Based on Physical Characteristics: Cell Size

ISET® ISET® (Rarecells Paris, France) is the first method
based on blood filtration [32]. Initial studies of CTC using
PSA-specific [39] and alpha-fetoprotein-specific (AFP) [44]
transcripts as markers in RT-PCR based assays had shown that
non-tumor epithelial cells circulate in blood, in patients with
prostatitis [39] and in patients undergoing surgical procedures
[44]. These studies also demonstrated that even the AFP
transcript, which was considered a tumor-specific marker, is
expressed in liver derived non-tumor cells [44], and that
EpCAM is expressed only in a proportion of tumor cells in
tumor tissues [79]. These data prompted the development of
an approach able to isolate tumor cells from blood avoiding
the use of cellular markers. The ISET® (Isolation by Size of
Epithelial Tumor cells) method [32] is based on the principle
that, according to cytopathological criteria [80], tumor cells from
organs are much larger than leucocytes, with nuclei of 24 μm or
larger [80, 81]. They are therefore retained on the ISET® filter,
while the majority of leucocytes are lost through the 8 μmpores.
The acronym ISET® was referred to Isolation by Size
of Epithelial Tumor/Trophoblastic cells when it became clear
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that the method can extract from maternal blood the very rare
circulating trophoblastic cells [82–85]. It became referred to
Isolation by SizE of Tumor/Trophoblastic cells recently since
several scientific teams demonstrated that it also sensitively
isolates non-epithelial tumor cells, including tumor cells in
EMT [33, 57, 58, 86–89], from uveal melanoma [90, 91],
from cutaneous melanoma [92–94] and from sarcoma [95].
The characteristic of ISET® is the very sensitive isolation
from blood of circulating rare cells, keeping them intact, thus
allowing their cytopathological analysis. Blood filtration with
these aims is not trivial: ISET® is based on 30 parameters,
located in the buffer, filter, cartridge and device, which are
tuned to obtain the ISET® technical specifications. Using
ISET® and cytopathology, the team of Dr. Hofman has shown
the possibility to distinguish, on ISET® filters, cells with
malignant phenotype (CTC) from cells having uncertain ma-
lignant phenotype and cells having benign phenotype (Fig. 2)
[46, 80, 81]. These studies not only demonstrated that the
cytopathological analysis of cells extracted from blood by
ISET® is possible, but also that the blood of cancer patients
may contain a mixing of cells from organs which are not all
tumor cells and are thus expected to introduce a bias in results
of CTC tests using epithelial markers. Dr Hofman’s team then
considered the question if the classical cytopathological
criteria used in exfoliative cytology, fine needle biopsy, Pap
test and other cytopathological tests are still valid when ap-
plied to cells isolated from blood using ISET®. This question
was relevant as, before ISET®, only haematological, not
cytopathological, analyses were performed on blood. Dr
Hofman’s team coordinated a study on ISET® filters obtained
from 770 subjects, including 569 patients with cancer and 201
subjects without cancer, including healthy donors and patients
with benign pathologies [80]. Ten pathologists examined
blindly and in parallel the 770 filters, without knowledge of
the patients/subjects clinical data. They accurately identified
tumor cells in patients with cancer and not in patients without
cancer. However, results were consistently wrong for seven
patients with thyroid adenoma and three patients with para-
thyroid adenoma. Since these specific pathologies are known
as not being suitable for cytopathological analysis and this
aspect is universally known, it was concluded that the
cytopathological analysis of cells extracted from blood by
ISET® can rely on the same criteria used by classical cytopa-
thology and that cytopathology on cells from organs isolated
from blood by ISET® is expected to have the same diagnostic
reliability and the same limitations than classical cytopathol-
ogy. These results clearly showed that patients can benefit
from a cytopathological diagnosis of circulating tumor cells. It
has to be highlighted that tumor cells isolated by ISET® and
identified by cytopathology are only in part the same cells
identified by CellSearch [33, 46, 57–59, 86–89], as the
cytopathological reading includes tumor cells in EMT isolated
by ISET® (but not isolated by CellSearch), and excludes

epithelial non-tumor cells (which are counted by
CellSearch). Furthermore, ISET® has been shown to be more
sensitive than CellSearch [57, 59, 86, 88, 89, 94] (Fig. 3). As a
consequence, we will refer to these cells isolated by ISET and
identified by cytopathology as Circulating Cancer Cells
(CCC) in order to distinguish them from CTC. CCC are
cancer cells extracted from blood potentially without loss
and/or bias and diagnostically identified by cytopathology.

It is very difficult to assess the sensitivity of different
methods to isolate CTC based on published non-
comparative data as they rely on variable non-standardized
models and protocols. As an example, Vona et al. published in
2000 the results of a very accurate spiking test showing that
the sensitivity threshold of ISET® is one tumor cells per ml of
blood [32]. This threshold level has been subsequently con-
firmed by several ISET® users [86, 90, 92]. In 2004, Allard
et al. published the sensitivity of CellSearch which was re-
ported to be similar and a little higher: 4/4 cells found in 7,5 ml
of blood [52]. As shown in Fig. 3, subsequent comparatives
studies performed in vivo have established that the sensitivity
of ISET® is consistently higher than the sensitivity obtained
using CellSearch [57, 59, 86, 88, 89, 94]. Furthermore, it is the
combination of sensitivity and diagnostic specificity which is
of clinical value. The current sensitivity threshold of ISET® is
1 cell in 10 ml of blood (Laget S et al., manuscript in prepa-
ration) for isolation of fixed and unfixed cells.

Some Authors [16] question that ISET® may loose “small-
er” (than 8 μm) tumor cells on the basis that the definition of
CTC by CellSearch is a cell of 4 μm or larger [52, 53]. We
think that non diagnostic criteria for tumor cells [52, 53]
should not prevail on cytopathological diagnostic criteria
which have been clinically validated for the diagnosis of
cancer cells over the last century. Breast cancer cells, for
instance, which are considered small tumor cells, have a mean
diameter ranging from 29.8 to 33.9μm [96]. Tumor cells from
“Small Cell Lung Carcinoma” have been reported to be twice
in size as compared to mature lymphocytes [97] (thus 16 μm).
Others hypothesize that ISET® may lose circulating tumor
stem cells (personal communications). This question has to be
answered. However, cells from stem cell lines are on average
12 μm in size (P. Paterlini Bréchot unpublished), and are
sensitively captured by the 8 μm ISET® pores. Consistently,
trophoblastic cells, which size is 12–15 μm, are very sensi-
tively captured by ISET® [82–85],

Other Methods Based on Physical Characteristics Several
different methods have been reported recently which avoid
the use of makers at the isolation step and are currently under
evaluation [8, 16]. Major challenges for these new develop-
ments are cell fragility, especially for chips isolating living
cells, blood tendency to clogging, high blood cellularity and
use of physical properties which are not completely specific
for tumor cells like deformability. Relevant parameters are
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sensitivity, purity (depending on the rate of leucocytes con-
tamination), blood volume which can be analysed, time for
isolation, quality of cell morphology and cell structure for
further morpho-immuno-molecular analyses, and viability
for further culture tests.

A microfluidic spiral biochip (Parsortix) [98] has been
developed in which blood samples are made to flow through
microscopic channels and cells are separated into sub-
populations based on their flow rate. CTC having larger size
and less deformable structure as compared to normal blood
cells are expected to move through these channels at a differ-
ent rate from leucocytes and are extracted from collection
areas. However, such intricate microfluidic devices are typi-
cally affected by blood clots and air bubbles. Furthermore,
CTC capable of undergoing EMTmight also be as deformable
as leukocytes [16].

A new technology currently undergoing clinical validation
is the use of dielectrophoresis (DEP) to isolate CTC [99–101].
Cells including CTC are typically electrical insulators, but
they can be polarised when a specific non-uniform electrical
field is applied on them in a liquid, so they act as ‘dielectric
particles’. In a DEP device, cells in a sample are polarised and
then subtle changes in the strength of electric fields can be
made to make the cells move to a collection center. As CTC
have unique membrane properties and size amongst blood
cells, they can be specifically polarised and moved.

Molecular Characterization of Circulating Tumor Cells

Molecular analyses of CTC are not in the scope of this article.
However, this is a hot and important field to understand the
mechanisms of tumor invasion and explore the impact of
genetic analyses for clinical theranostic use [8, 16, 88, 93,
102]. Most studies use whole-genome amplifications for sin-
gle cell studies targeting the CTC heterogeneity. Other studies
pool CTC from the same patient sample to study the whole
tumor cell population. A key issue for these analyses, from a
clinical point of view, is the tumor nature of the cells which are
the target of molecular analyses. It seems clear that targeting
genetic studies to cells which are not diagnosed as tumor cells
is bound to the risk of obtaining biased results. For instance if
single cells analyses, or pooled cells analyses, are targeted to
cells identified as “tumor cells” only on the basis of their
epithelial antigens, the approach cannot ensure that results
are reliable. This issue is of course highly relevant if targeted
treatments are selected or not based on non-invasive genetic
analyses of circulating tumor cells. We believe that
cytopathological identification of tumor cells extracted from
blood should be performed in order to target molecular anal-
yses to diagnostically validated Circulating Cancer Cells and
follow the same principles of invasive and semi-inva-
sive, (through Fine Needle Aspiration Cytology (FNAC))
theranostics (Fig. 4).

Fig. 3 Summary of comparative studies targeting CTC detection by using ISET and CellSearch
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Key Questions

Can we Diagnostically Identify a Tumor Cell Using
a Different Approach than Cytopathological Analysis?

As previously mentioned, “ideal” specific markers of
tumor cells do not exist [16]. Some markers, like
HER2 and EGFR are expressed at higher levels in
cancer cells as compared with normal cells in certain
tumor types [9], but it remains questionable if a differ-
ent level of expression is, by itself, diagnostic of the
tumor cell nature. Typically, it is considered that the
presence of mutations is a reliable marker of the tumor
nature. However, recent studies have clearly demonstrat-
ed the presence of oncogene mutations in benign pa-
thologies [103, 104]. Tumorigenesis is known to occur
through accumulation of genetic mutations [105]. The
view that “presence of mutation” is, in itself, a “dem-
onstration of the tumor cell nature” has to be critically
assessed. Therefore, up to the moment when other cell
diagnostic criteria will be extensively clinically validated,
only cytopathology is expected to ensure a reliable diagnosis
of tumor cells, including tumor cells derived from solid tu-
mors and present in blood (Fig. 5). Continuous efforts com-
bining cytopathology and molecular analyses are expected to
bring developments to this field.

Can the Study of CCC decrease mortality Cancer Patients?

The study of Circulating Cancer Cells, i.e. tumor cells which
have been isolated from blood without loss and/or bias and
which have been identified diagnostically by cytopathological
analysis, brings the hope of reducing cancer mortality through
early diagnosis of tumor invasion, early detection of
treatment efficacy/failure and, possibly, early diagnosis
of invasive cancers. Clinical trials have now to be
implemented to assess the clinical potential and benefit
of CCC detection, counting and characterization. In
parallel, many aspects of the CCC field should be
further investigated to expand our understanding of tu-
mor invasion. These aspects include the circadian
rhythms of CCC circulation, the role of physical activity
and/or changes in the blood flow rate (as in postprandial
times) on CCC circulation. We also do not know if and
how CCC spreading may vary according to the tumor
growth rate, the tumor angiogenesis, or both factors
combined. Seemingly, it is unknown if CCC spreading
proceeds by “waves” or occurs continuously and which is the
impact on CCC circulation of disease-related (stage, histolog-
ical type, etc..) and patient-related (general conditions, im-
mune response efficiency/impairment, etc..) factors.. Finally,
we do not know which is the life span of CCC in blood and if
it is related to the tumor tissue type/subtype and/or to their
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Molecular diagnostics to guide 
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Invasive Non-Invasive

CCC: Circulating Cancer Cells         

Cytopathology
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Fig. 4 Invasive, semi-invasive
and non-invasive theranostic
analyses rely on pathological and
cytopathological identification of
tumor cells
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phenotypic and genotypic characteristics. These relevant is-
sues should be investigated by future studies to help the
clinical application of the CCC field.

Can CCC Allow Early Diagnosis of Solid Tumors?

In 1995 Kohn and Liotta [106] published data showing that in
situ breast cancer is a clonal precursor of breast carcinoma and
that tumor invasion starts 5 to 10 years before cancer diagno-
sis. This raised the possibility, and hope, to detect cancer at a
pre-diagnostic step through the very sensitive and diagnostic
detection of “sentinel” cancer cells in blood. It is known that
early diagnosis of cancer gives the best chance to obtain its
eradication, as demonstrated by Pap-test and early diagnosis
of cervical cancer; therefore, this route represents a clear hope
to reduce cancer-related mortality. In 1992 Rhim et al. [26]
published results obtained in a mouse model of pancreatic
cancer showing that tumor cells can circulate in blood when
the primary tumor is still undetectable. However, detection of
cancer cells in blood at a so early stage was never demonstrat-
ed in humans before the recent study of Ilie M et al. [107].
These Authors followed a cohort of patients with COPD
(Chronic Obstructive Pulmonary Disease), a pathology carry-
ing an increased risk to progress to lung cancer, with yearly
CT-scan and ISET® analysis searching for CCC. Five out of
168 COPD patients showed CCC while the CT-scan

performed in parallel did not show any nodule. A lung nodule
was found by CT-scan 1 to 4 years after the detection of CCC
by ISET® and the five patients underwent prompt surgical
resection of the nodule. The pathological analysis of the
removed nodule confirmed the presence of a lung cancer: all
the patients were diagnosed at stage 1A. The 16 months
follow up of these five patients did not show any sign of
cancer - nodule, lymph nodes, CCC- allowing to hope that
lung cancer, detected and treated at a very early stage, had
been eradicated. Clearly larger multicenter studies are now
needed to expand this study. However, both the specificity and
sensitivity of the study were 100 % as no patient without CCC
nor patient in the control cohort developed cancer. This study
is therefore a proof of principle that a very sensitive and
diagnostic approach to detect tumor cells in blood (CCC
identified by cytopathological analysis) could reduce mortal-
ity through the very early diagnosis of invasive cancers. This
study also demonstrates that the ISET® test’s characteristics of
sensitivity and diagnostic specificity are closely linked to its
potential clinical utility.

It is thought that tumors which are detectable by current
imaging analyses usually contain more than 109 tumor cells
[16]. If the tumor is invasive enough to spread cancer cells, we
can take advantage from them as the tumor’s “Achilles heel”
to set up a close surveillance and remove the tumor as soon as
it becomes detectable by imaging. An important issue
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Fig. 5 Different possible perceptions of “what is a Circulating Tumor Cell” according to “CTC test developers” and “CTC test users”
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concerning lung cancer screening is that CT-scan has been
shown to detect lung nodules with 96 % false positive results
[108]. Since biopsy of lung is not devoid of morbidity, doctors
often prefer to wait and repeat the CT-scan after months
looking for changes in the nodule shape and/or size further
suggesting the presence of lung cancer. However, this strategy
allows lung cancer to progress. In this setting, it would be
important for patients with a nodule in the lung to benefit from
a sensitive blood test, able to reliably detect CCC, as the
presence of cancer cells in blood, combined with the detection
of a nodule by CT-scan, increases the probability that the
nodule is a small cancer and allowing its early surgical
resection.

The “natural history” of early CCC spread in the blood of
patients with different types of cancer is not known and is
awaiting further studies. It should be investigated whether
tumors consistently start diffusing CCC at early steps of their
development and how this process proceeds over time during
tumor growth. These studies could explain why not all the
patients diagnosed with cancer have detectable CCC.
Furthermore, the genotypic and phenotypic characteristics of
these CCC detected in blood at a very early stage are unknown.
Could we envisage early targeted treatments or treatments spe-
cific to cancer stem cells at a very early stage of cancer devel-
opment? Our limited knowledge of this field limits our under-
standing and the possible clinical use of CCC for early diagnosis
of solid cancers. However, these preliminary results should foster
more fundamental investigations and clinical trials.

Shedding Some Light on the Fog

Circulating Tumor Cells are Cells, but they are generally
referred to as « Biomarkers »

It is difficult to understand why « CTC » are considered a «
biomarker » while they are cells. A biomarker is generally a
molecule, like PSA or AFP, and defined as “any substance,
structure, or process that can be measured in the body or its
products and influence or predict the incidence or outcome of
disease” [109]. Cells are generally not considered biomarkers
and cytology is rather compared with biomarkers [110].
“Biomarkers” have cut off, which is not the case of cytopa-
thology, which is diagnostic. It is noteworthy that, considering
the biological characteristics of tumor cells in blood, including
their heterogeneity and complexity, a cut off for their clinical
significance is surprising. In particular, a cut off related to
epithelial (EpCAM positive) cells in blood, which do not
include the most malignant tumor cells in EMT and which
may include epithelial non-tumor cells, for instance after
surgical interventions or during inflammation, seems to be a
very imprecise and limited parameter.

The Term Circulating Tumor Cells for Tests Based
on Epithelial Markers Introduces a Terminological Bias

In 2002, Fehm and al. published a paper [111] using the
Immunicon’s Epcam based test for Circulating Epithelial
Cells (CEC), which further became the CellSearch test, with
title: « Cytogenetic evidence that circulating epithelial cells in
patients with carcinoma are malignant ». The Authors found
genetic abnormalities in CEC isolated from some patients and
claimed that this is the proof of the tumor nature of CEC.
However, these findings do not demonstrate that all CEC are
malignant. In fact, further studies demonstrated that “CTC”
detected by CellSearch may be non-tumor CEC, i.e. false
CTC [45]. If we would apply the same principle to mesenchy-
mal cells in blood, we would state that genetic abnormalities
have been identified in circulating mesenchymal cells [88];
however, this would not demonstrate that all the circulating
mesenchymal cells are tumor cells. Nevertheless, starting from
2002, the CEC detected byCellSearch became « CTC ». « CTC
» detected with CellSearch or other tests based on epithelial
antigen detection, are CEC, including possibly circulating epi-
thelial tumor cells, possibly circulating non-tumor atypical and
normal epithelial cells and excluding circulating EMT and
mesenchymal tumor cells [13]. This observation, combined
with a critical view of “cut off” numbers related to CEC
detected by CellSearch, could explain why the concept of
clinical utility of CellSearch is presently suspended in Limbo,
as pointed out by Raimondi et al., [11]. However, our strong
belief is that a lack of stringency in the terminology related to
the detection of tumor cells in blood is susceptible to hinder the
work of scientists and clinicians, in particular concerning the
assessment of the clinical utility of detection of tumor cells in
blood. In other words, it creates a fog which impairs the
objective interpretation of results. A particular concern is relat-
ed to molecular analyses targeted to “CEC” called CTCwithout
proof that the analyses are addressed to diagnosed tumor cells
collected from blood without bias. In this setting, if the propor-
tion of epithelial non-tumor cells is increased in blood for
whatever reason (inflammation, previous surgery etc..), the
result of genetic analyses targeted to CEC could be incorrect
an lead to awrong choice of treatment. Asmentioned, amixture
of non-tumor epithelial cells may be present in blood [46, 80]
and its variable proportion versus epithelial tumor cells may
have an impact on genetic results. Furthermore, the most ma-
lignant mesenchymal tumor cells, including the circulating
stem tumor cells, are not detected by tests using epithelial
markers, so that their genome is not included in the genetic
profiling of circulating epithelial cells, called CTC. Therefore, a
non-diagnostic and partial detection of cancer cells in blood
may be source of relevant clinical bias with possible adverse
effects on the health of cancer patients.

In conclusion, we have underlined technical and termino-
logical issues related to the presence of tumor cells in blood
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which are susceptible to hinder the use of this field to improve
cancer patients diagnosis, follow up and treatment. In order to
progress, the term Circulating Cancer Cells (CCC) should be
used to designate tumor cells extracted from blood without
bias and identified diagnostically by cytopathological analy-
sis. CCC are to be distinguished from CTC, as this term is
applied to epithelial cells extracted from blood, including
tumor but also non-tumor epithelial cells and excluding circu-
lating non epithelial tumor cells in EMTand stem tumor cells.
We think and hope that this shift could help as, up to now,
much time, energy and money have been spent in the last
15 years on studies targeting CTC and yet the “killer” cancer
cells keep on running in the street and killing patients.

Acknowledgments The Author thanks the “Fondation Lefort-
Beaumont de l’Institut de France” for its financial support, and Dr S.
Laget for help with bibliography.

Competing Interest The Author is inventor or co-inventor of ISET
patents, which belong to University Paris Descartes, INSERM and AP-
HP founder of the company Rarecells.

Open Access This article is distributed under the terms of the Creative
Commons Attribution License which permits any use, distribution, and
reproduction in any medium, provided the original author(s) and the
source are credited.

References

1. Yap TA, Lorente D, Omlin A, Olmos D, de Bono JS (2014)
Circulating tumor cells: a multifunctional biomarker. Clin Cancer
Res: Off J Am Assoc Cancer Res 20(10):2553–2568. doi:10.1158/
1078-0432.CCR-13-2664

2. Tinhofer I, Saki M, Niehr F, Keilholz U, Budach V (2014) Cancer
stem cell characteristics of circulating tumor cells. Int J Radiat Biol
90(8):622–627. doi:10.3109/09553002.2014.886798

3. Rodic S, Mihalcioiu C, Saleh RR (2014) Detection methods of
circulating tumor cells in cutaneous melanoma: a systematic review.
Crit Rev Oncol Hematol 91(1):74–92. doi:10.1016/j.critrevonc.
2014.01.007

4. Mateo J, Gerlinger M, Rodrigues D, de Bono JS (2014) The
promise of circulating tumor cell analysis in cancer management.
Genome Biol 15(8):448. doi:10.1186/s13059-014-0448-5

5. Lowes LE, Allan AL (2014) Recent advances in the molecular
characterization of circulating tumor cells. Cancer 6(1):595–624.
doi:10.3390/cancers6010595

6. LorenteD,Mateo J, de Bono JS (2014)Molecular characterization and
clinical utility of circulating tumor cells in the treatment of prostate
cancer. Am Soc Clin Oncol Ed Book / ASCO Am Soc Clin Oncol
Meet:e197–203. doi 10.14694/EdBook_AM.2014.34.e197

7. Liu H, Zhang X, Li J, Sun B, Qian H, Yin Z (2014) The biological
and clinical importance of epithelial-mesenchymal transition in
circulating tumor cells. J Cancer Res Clin Oncol. doi:10.1007/
s00432-014-1752-x

8. Krebs MG, Metcalf RL, Carter L, Brady G, Blackhall FH, Dive C
(2014) Molecular analysis of circulating tumour cells-biology and
biomarkers. Nat Rev Clin Oncol 11(3):129–144. doi:10.1038/
nrclinonc.2013.253

9. Castle J, Shaker H, Morris K, Tugwood JD, Kirwan CC (2014) The
significance of circulating tumour cells in breast cancer: a review.
Breast 23(5):552–560. doi:10.1016/j.breast.2014.07.002

10. Becker TM, Caixeiro NJ, Lim SH, Tognela A, Kienzle N, Scott KF,
SpringKJ, de Souza P (2014)New frontiers in circulating tumor cell
analysis: a reference guide for biomolecular profiling toward trans-
lational clinical use. Int J Cancer J Int Cancer 134(11):2523–2533.
doi:10.1002/ijc.28516

11. Raimondi C, Gradilone A, Naso G, Cortesi E, Gazzaniga P (2014)
Clinical utility of circulating tumor cell counting through cell search
((R)): the dilemma of a concept suspended in Limbo. Oncol Targets
Ther 7:619–625. doi:10.2147/OTT.S46200

12. Lugassy C (2014) Angiotropism, pericytic mimicry and extravas-
cular migratory metastasis in melanoma: an alternative to intravas-
cular cancer dissemination. Cancer Microenviron

13. Paterlini-Brechot P, Benali NL (2007) Circulating tumor cells
(CTC) detection: clinical impact and future directions. Cancer Lett
253(2):180–204. doi:10.1016/j.canlet.2006.12.014

14. Fidler IJ (1978) Tumor heterogeneity and the biology of cancer
invasion and metastasis. Cancer Res 38(9):2651–2660

15. Luzzi KJ, MacDonald IC, Schmidt EE, Kerkvliet N, Morris VL,
Chambers AF, Groom AC (1998) Multistep nature of metastatic
inefficiency: dormancy of solitary cells after successful extravasa-
tion and limited survival of early micrometastases. Am J Pathol
153(3):865–873. doi:10.1016/S0002-9440(10)65628-3

16. Alix-Panabieres C, Pantel K (2014) Challenges in circulating tumour
cell research. Nat Rev Cancer 14(9):623–631. doi:10.1038/nrc3820

17. Glaves D (1983) Correlation between circulating cancer cells and
incidence of metastases. Br J Cancer 48(5):665–673

18. Lee JM, Dedhar S, Kalluri R, Thompson EW (2006) The epithelial-
mesenchymal transition: new insights in signaling, development, and
disease. J Cell Biol 172(7):973–981. doi:10.1083/jcb.200601018

19. YuM,BardiaA,Wittner BS, Stott SL, SmasME, TingDT, Isakoff SJ,
Ciciliano JC, Wells MN, Shah AM, Concannon KF, Donaldson MC,
Sequist LV, Brachtel E, Sgroi D, Baselga J, Ramaswamy S, Toner M,
Haber DA, Maheswaran S (2013) Circulating breast tumor cells
exhibit dynamic changes in epithelial and mesenchymal composition.
Science 339(6119):580–584. doi:10.1126/science.1228522

20. Tam WL, Weinberg RA (2013) The epigenetics of epithelial-
mesenchymal plasticity in cancer. Nat Med 19(11):1438–1449.
doi:10.1038/nm.3336

21. Baccelli I, Schneeweiss A, Riethdorf S, Stenzinger A, Schillert A,
Vogel V, Klein C, Saini M, Bauerle T, Wallwiener M, Holland-Letz
T, Hofner T, Sprick M, Scharpff M, Marme F, Sinn HP, Pantel K,
Weichert W, Trumpp A (2013) Identification of a population of
blood circulating tumor cells from breast cancer patients that initi-
ates metastasis in a xenograft assay. Nat Biotechnol 31(6):539–544.
doi:10.1038/nbt.2576

22. Easwaran H, Tsai HC, Baylin SB (2014) Cancer epigenetics: tumor
heterogeneity, plasticity of stem-like states, and drug resistance. Mol
Cell 54(5):716–727. doi:10.1016/j.molcel.2014.05.015

23. Giordano A, Gao H, Anfossi S, Cohen E, Mego M, Lee BN, Tin S,
De Laurentiis M, Parker CA, Alvarez RH, Valero V, Ueno NT, De
Placido S, Mani SA, Esteva FJ, Cristofanilli M, Reuben JM (2012)
Epithelial-mesenchymal transition and stem cell markers in patients
with HER2-positive metastatic breast cancer. Mol Cancer Ther
11(11):2526–2534. doi:10.1158/1535-7163.MCT-12-0460

24. YuM, Bardia A, Aceto N, Bersani F, MaddenMW, DonaldsonMC,
Desai R, Zhu H, Comaills V, Zheng Z, Wittner BS, Stojanov P,
Brachtel E, Sgroi D, Kapur R, Shioda T, Ting DT, Ramaswamy S,
Getz G, Iafrate AJ, Benes C, Toner M, Maheswaran S, Haber DA
(2014) Cancer therapy. Ex vivo culture of circulating breast tumor
cells for individualized testing of drug susceptibility. Science
345(6193):216–220. doi:10.1126/science.1253533

25. Zhang L, Ridgway LD, Wetzel MD, Ngo J, Yin W, Kumar D,
Goodman JC, Groves MD, Marchetti D (2013) The identification

172 P. Paterlini-Bréchot

http://dx.doi.org/10.1158/1078-0432.CCR-13-2664
http://dx.doi.org/10.1158/1078-0432.CCR-13-2664
http://dx.doi.org/10.3109/09553002.2014.886798
http://dx.doi.org/10.1016/j.critrevonc.2014.01.007
http://dx.doi.org/10.1016/j.critrevonc.2014.01.007
http://dx.doi.org/10.1186/s13059-014-0448-5
http://dx.doi.org/10.3390/cancers6010595
http://dx.doi.org/10.14694/EdBook_AM.2014.34.e197
http://dx.doi.org/10.1007/s00432-014-1752-x
http://dx.doi.org/10.1007/s00432-014-1752-x
http://dx.doi.org/10.1038/nrclinonc.2013.253
http://dx.doi.org/10.1038/nrclinonc.2013.253
http://dx.doi.org/10.1016/j.breast.2014.07.002
http://dx.doi.org/10.1002/ijc.28516
http://dx.doi.org/10.2147/OTT.S46200
http://dx.doi.org/10.1016/j.canlet.2006.12.014
http://dx.doi.org/10.1016/S0002-9440(10)65628-3
http://dx.doi.org/10.1038/nrc3820
http://dx.doi.org/10.1083/jcb.200601018
http://dx.doi.org/10.1126/science.1228522
http://dx.doi.org/10.1038/nm.3336
http://dx.doi.org/10.1038/nbt.2576
http://dx.doi.org/10.1016/j.molcel.2014.05.015
http://dx.doi.org/10.1158/1535-7163.MCT-12-0460
http://dx.doi.org/10.1126/science.1253533


and characterization of breast cancer CTCs competent for brain
metastasis. Sci Transl Med 5(180):180ra148. doi:10.1126/
scitranslmed.3005109

26. Rhim AD, Mirek ET, Aiello NM, Maitra A, Bailey JM, McAllister
F, Reichert M, Beatty GL, Rustgi AK, Vonderheide RH, Leach SD,
Stanger BZ (2012) EMT and dissemination precede pancreatic
tumor formation. Cell 148(1–2):349–361. doi:10.1016/j.cell.2011.
11.025

27. Gerlinger M, Rowan AJ, Horswell S, Larkin J, Endesfelder D,
Gronroos E, Martinez P, Matthews N, Stewart A, Tarpey P, Varela
I, Phillimore B, Begum S,McDonald NQ, Butler A, Jones D, Raine
K, Latimer C, Santos CR, Nohadani M, Eklund AC, Spencer-Dene
B, ClarkG, Pickering L, StampG,GoreM, Szallasi Z, Downward J,
Futreal PA, Swanton C (2012) Intratumor heterogeneity and
branched evolution revealed by multiregion sequencing. N Engl J
Med 366(10):883–892. doi:10.1056/NEJMoa1113205

28. Yap TA, Gerlinger M, Futreal PA, Pusztai L, Swanton C (2012)
Intratumor heterogeneity: seeing the wood for the trees. Sci Transl
Med 4(127):127ps110. doi:10.1126/scitranslmed.3003854

29. Vlashi E, Pajonk F (2014) Cancer stem cells, cancer cell plasticity
and radiation therapy. Semin Cancer Biol. doi:10.1016/j.semcancer.
2014.07.001

30. Fidler IJ (1970) Metastasis: guantitative analysis of distribution and
fate of tumor embolilabeled with 125 I-5-iodo-2’-deoxyuridine. J
Natl Cancer Inst 45(4):773–782

31. Brandt B, Junker R, Griwatz C, Heidl S, Brinkmann O, Semjonow
A, Assmann G, Zanker KS (1996) Isolation of prostate-derived
single cells and cell clusters from human peripheral blood. Cancer
Res 56(20):4556–4561

32. Vona G, Sabile A, Louha M, Sitruk V, Romana S, Schutze K,
Capron F, Franco D, Pazzagli M, Vekemans M, Lacour B,
Brechot C, Paterlini-Brechot P (2000) Isolation by size of epithelial
tumor cells : a new method for the immunomorphological and
molecular characterization of circulatingtumor cells. Am J Pathol
156(1):57–63. doi:10.1016/S0002-9440(10)64706-2

33. Hou JM, Krebs M, Ward T, Sloane R, Priest L, Hughes A, Clack G,
Ranson M, Blackhall F, Dive C (2011) Circulating tumor cells as a
window on metastasis biology in lung cancer. Am J Pathol 178(3):
989–996. doi:10.1016/j.ajpath.2010.12.003

34. Duda DG, Duyverman AM, Kohno M, Snuderl M, Steller EJ,
Fukumura D, Jain RK (2010) Malignant cells facilitate lung metas-
tasis by bringing their own soil. Proc Natl Acad Sci U S A 107(50):
21677–21682. doi:10.1073/pnas.1016234107

35. Aceto N, Bardia A, Miyamoto DT, Donaldson MC, Wittner BS,
Spencer JA, Yu M, Pely A, Engstrom A, Zhu H, Brannigan BW,
Kapur R, Stott SL, Shioda T, Ramaswamy S, Ting DT, Lin CP,
Toner M, Haber DA, Maheswaran S (2014) Circulating tumor cell
clusters are oligoclonal precursors of breast cancer metastasis. Cell
158(5):1110–1122. doi:10.1016/j.cell.2014.07.013

36. Ting DT, Wittner BS, Ligorio M, Vincent Jordan N, Shah AM,
Miyamoto DT, Aceto N, Bersani F, Brannigan BW, Xega K,
Ciciliano JC, Zhu H, MacKenzie OC, Trautwein J, Arora KS,
Shahid M, Ellis HL, Qu N, Bardeesy N, Rivera MN, Deshpande
V, Ferrone CR, Kapur R, Ramaswamy S, Shioda T, Toner M,
Maheswaran S, Haber DA (2014) Single-cell RNA sequencing
identifies extracellular matrix gene expression by pancreatic circu-
lating tumor cells. Cell Rep 8(6):1905–1918. doi:10.1016/j.celrep.
2014.08.029

37. Hoshimoto S, Shingai T, Morton DL, Kuo C, Faries MB, Chong K,
Elashoff D, Wang HJ, Elashoff RM, Hoon DS (2012) Association
between circulating tumor cells and prognosis in patients with stage
III melanoma with sentinel lymph node metastasis in a phase III
international multicenter trial. J Clin Oncol: Off J Am Soc Clin
Oncol 30(31):3819–3826. doi:10.1200/JCO.2011.40.0887

38. Kiyohara E, Hata K, Lam S, Hoon DS (2014) Circulating tumor
cells as prognostic biomarkers in cutaneous melanoma patients.

Methods Mol Biol 1102:513–522. doi:10.1007/978-1-62703-727-
3_27

39. Mejean A, Vona G, Nalpas B, Damotte D, Brousse N, Chretien Y,
Dufour B, Lacour B, Brechot C, Paterlini-Brechot P (2000)
Detection of circulating prostate derived cells in patients with pros-
tate adenocarcinoma is an independent risk factor for tumor recur-
rence. J Urol 163(6):2022–2029

40. Sharma D, Brummel-Ziedins KE, Bouchard BA, Holmes CE
(2014) Platelets in tumor progression: a host factor that offers
multiple potential targets in the treatment of cancer. J Cell Physiol
229(8):1005–1015. doi:10.1002/jcp.24539

41. Erpenbeck L, Schon MP (2010) Deadly allies: the fatal interplay
between platelets and metastasizing cancer cells. Blood 115(17):
3427–3436. doi:10.1182/blood-2009-10-247296

42. Amo L, Tamayo-Orbegozo E, Maruri N, Eguizabal C, Zenarruzabeitia
O, Rinon M, Arrieta A, Santos S, Monge J, Vesga MA, Borrego F,
Larrucea S (2014) Involvement of platelet-tumor cell interaction in
immune evasion. Potential role of podocalyxin-like protein 1. Front
Oncol 4:245. doi:10.3389/fonc.2014.00245

43. Lou XL, Deng J, Deng H, Ting Y, Zhou L, Liu YH, Hu JP, Huang
XF, Qi XQ (2014) Aspirin inhibit platelet-induced epithelial-to-
mesenchymal transition of circulating tumor cells (Review).
Biomed Rep 2(3):331–334. doi:10.3892/br.2014.242

44. Louha M, Nicolet J, Zylberberg H, Sabile A, Vons C, Vona G,
Poussin K, Tournebize M, Capron F, Pol S, Franco D, Lacour B,
Brechot C, Paterlini-Brechot P (1999) Liver resection and needle
liver biopsy cause hematogenous dissemination of liver cells.
Hepatology 29(3):879–882. doi:10.1002/hep.510290348

45. Pantel K, Deneve E, Nocca D, Coffy A, Vendrell JP, Maudelonde T,
Riethdorf S, Alix-Panabieres C (2012) Circulating epithelial cells in
patients with benign colon diseases. Clin Chem 58(5):936–940. doi:
10.1373/clinchem.2011.175570

46. Hofman V, Bonnetaud C, Ilie MI, Vielh P, Vignaud JM, Flejou JF,
Lantuejoul S, Piaton E, Mourad N, Butori C, Selva E, Poudenx M,
Sibon S, Kelhef S, Venissac N, Jais JP, Mouroux J, Molina TJ,
Hofman P (2011) Preoperative circulating tumor cell detection
using the isolation by size of epithelial tumor cell method for
patients with lung cancer is a new prognostic biomarker. Clin
Cancer Res: Off J Am Assoc Cancer Res 17(4):827–835. doi:10.
1158/1078-0432.CCR-10-0445

47. Bertolini F, Mancuso P, Benayoun L, Gingis-Velitski S, Shaked Y
(2012) Evaluation of circulating endothelial precursor cells in can-
cer patients. Methods Mol Biol 904:165–172. doi:10.1007/978-1-
61779-943-3_14

48. Mancuso P, Calleri A, Bertolini F (2012) Circulating endothelial
cells and circulating endothelial progenitors. Recent Res Cancer Res
Fortschr Krebsforschung Prog Rech Cancer 195:163–170. doi:10.
1007/978-3-642-28160-0_14

49. Pang WW, Price EA, Sahoo D, Beerman I, Maloney WJ, Rossi DJ,
Schrier SL, Weissman IL (2011) Human bone marrow hematopoi-
etic stem cells are increased in frequency and myeloid-biased with
age. Proc Natl Acad Sci U S A 108(50):20012–20017. doi:10.1073/
pnas.1116110108

50. WuWC, Sun HW, Chen HT, Liang J, Yu XJ,Wu C,Wang Z, Zheng
L (2014) Circulating hematopoietic stem and progenitor cells are
myeloid-biased in cancer patients. Proc Natl Acad Sci U S A
111(11):4221–4226. doi:10.1073/pnas.1320753111

51. Teo GS, Yang Z, Carman CV, Karp JM, Lin CP (2014) Intravital
imaging of mesenchymal stem cell trafficking and association with
platelets and neutrophils. Stem Cells. doi:10.1002/stem.1848

52. AllardWJ, Matera J, Miller MC, Repollet M, Connelly MC, Rao C,
Tibbe AG, Uhr JW, Terstappen LW (2004) Tumor cells circulate in
the peripheral blood of all major carcinomas but not in healthy
subjects or patients with nonmalignant diseases. Clin Cancer Res:
Off J Am Assoc Cancer Res 10(20):6897–6904. doi:10.1158/1078-
0432.CCR-04-0378

Circulating Tumor Cells: Who is the Killer? 173

http://dx.doi.org/10.1126/scitranslmed.3005109
http://dx.doi.org/10.1126/scitranslmed.3005109
http://dx.doi.org/10.1016/j.cell.2011.11.025
http://dx.doi.org/10.1016/j.cell.2011.11.025
http://dx.doi.org/10.1056/NEJMoa1113205
http://dx.doi.org/10.1126/scitranslmed.3003854
http://dx.doi.org/10.1016/j.semcancer.2014.07.001
http://dx.doi.org/10.1016/j.semcancer.2014.07.001
http://dx.doi.org/10.1016/S0002-9440(10)64706-2
http://dx.doi.org/10.1016/j.ajpath.2010.12.003
http://dx.doi.org/10.1073/pnas.1016234107
http://dx.doi.org/10.1016/j.cell.2014.07.013
http://dx.doi.org/10.1016/j.celrep.2014.08.029
http://dx.doi.org/10.1016/j.celrep.2014.08.029
http://dx.doi.org/10.1200/JCO.2011.40.0887
http://dx.doi.org/10.1007/978-1-62703-727-3_27
http://dx.doi.org/10.1007/978-1-62703-727-3_27
http://dx.doi.org/10.1002/jcp.24539
http://dx.doi.org/10.1182/blood-2009-10-247296
http://dx.doi.org/10.3389/fonc.2014.00245
http://dx.doi.org/10.3892/br.2014.242
http://dx.doi.org/10.1002/hep.510290348
http://dx.doi.org/10.1373/clinchem.2011.175570
http://dx.doi.org/10.1158/1078-0432.CCR-10-0445
http://dx.doi.org/10.1158/1078-0432.CCR-10-0445
http://dx.doi.org/10.1007/978-1-61779-943-3_14
http://dx.doi.org/10.1007/978-1-61779-943-3_14
http://dx.doi.org/10.1007/978-3-642-28160-0_14
http://dx.doi.org/10.1007/978-3-642-28160-0_14
http://dx.doi.org/10.1073/pnas.1116110108
http://dx.doi.org/10.1073/pnas.1116110108
http://dx.doi.org/10.1073/pnas.1320753111
http://dx.doi.org/10.1002/stem.1848
http://dx.doi.org/10.1158/1078-0432.CCR-04-0378
http://dx.doi.org/10.1158/1078-0432.CCR-04-0378


53. Riethdorf S, Fritsche H, Muller V, Rau T, Schindlbeck C, Rack B,
Janni W, Coith C, Beck K, Janicke F, Jackson S, Gornet T,
Cristofanilli M, Pantel K (2007) Detection of circulating tumor cells
in peripheral blood of patients with metastatic breast cancer: a
validation study of the Cell Search system. Clin Cancer Res: Off J
Am Assoc Cancer Res 13(3):920–928. doi:10.1158/1078-0432.
CCR-06-1695

54. Cristofanilli M, Budd GT, Ellis MJ, Stopeck A, Matera J, Miller
MC, Reuben JM, Doyle GV, Allard WJ, Terstappen LW, Hayes DF
(2004) Circulating tumor cells, disease progression, and survival in
metastatic breast cancer. N Engl J Med 351(8):781–791. doi:10.
1056/NEJMoa040766

55. de Bono JS, Scher HI, Montgomery RB, Parker C, Miller MC,
Tissing H, Doyle GV, Terstappen LW, Pienta KJ, Raghavan D
(2008) Circulating tumor cells predict survival benefit from treat-
ment in metastatic castration-resistant prostate cancer. Clin Cancer
Res: Off J Am Assoc Cancer Res 14(19):6302–6309. doi:10.1158/
1078-0432.CCR-08-0872

56. Cohen SJ, Punt CJ, Iannotti N, Saidman BH, Sabbath KD, Gabrail
NY, Picus J,MorseM,Mitchell E,MillerMC,Doyle GV, TissingH,
Terstappen LW, Meropol NJ (2008) Relationship of circulating
tumor cells to tumor response, progression-free survival, and overall
survival in patients with metastatic colorectal cancer. J Clin Oncol:
Off J Am Soc Clin Oncol 26(19):3213–3221. doi:10.1200/JCO.
2007.15.8923

57. Khoja L, Backen A, Sloane R, Menasce L, Ryder D, Krebs M,
Board R, Clack G, Hughes A, Blackhall F, Valle JW, Dive C (2012)
A pilot study to explore circulating tumour cells in pancreatic cancer
as a novel biomarker. Br J Cancer 106(3):508–516. doi:10.1038/bjc.
2011.545

58. Hou JM, KrebsMG, Lancashire L, Sloane R, Backen A, Swain RK,
Priest LJ, Greystoke A, Zhou C, Morris K, Ward T, Blackhall FH,
Dive C (2012) Clinical significance and molecular characteristics of
circulating tumor cells and circulating tumor microemboli in pa-
tients with small-cell lung cancer. J Clin Oncol: Off J Am Soc Clin
Oncol 30(5):525–532. doi:10.1200/JCO.2010.33.3716

59. Farace F, Massard C, Vimond N, Drusch F, Jacques N, Billiot F,
Laplanche A, Chauchereau A, Lacroix L, Planchard D, Le Moulec
S, Andre F, Fizazi K, Soria JC, Vielh P (2011) A direct comparison
of cell search and ISET for circulating tumour-cell detection in
patients with metastatic carcinomas. Br J Cancer 105(6):847–853.
doi:10.1038/bjc.2011.294

60. Harris L, Fritsche H, Mennel R, Norton L, Ravdin P, Taube S,
Somerfield MR, Hayes DF, Bast RC Jr, American Society of
Clinical O (2007) American society of clinical oncology 2007
update of recommendations for the use of tumor markers in breast
cancer. J Clin Oncol: Off J Am Soc Clin Oncol 25(33):5287–5312.
doi:10.1200/JCO.2007.14.2364

61. Zhang L, Riethdorf S,WuG,Wang T, YangK, PengG, Liu J, Pantel
K (2012) Meta-analysis of the prognostic value of circulating tumor
cells in breast cancer. Clin Cancer Res: Off J AmAssoc Cancer Res
18(20):5701–5710. doi:10.1158/1078-0432.CCR-12-1587

62. Chinen LT, de Carvalho FM, Rocha BM, Aguiar CM, Abdallah EA,
Campanha D, Mingues NB, de Oliveira TB, Maciel MS, Cervantes
GM, Dettino AL, Soares FA, Paterlini-Brechot P, Fanelli MF (2013)
Cytokeratin-based CTC counting unrelated to clinical follow up. J
Thorac Dis 5(5):593–599. doi:10.3978/j.issn. 2072-1439.2013.09.
18

63. Nagrath S, Sequist LV, Maheswaran S, Bell DW, Irimia D, Ulkus L,
Smith MR, Kwak EL, Digumarthy S, Muzikansky A, Ryan P, Balis
UJ, Tompkins RG, Haber DA, Toner M (2007) Isolation of rare
circulating tumour cells in cancer patients by microchip technology.
Nature 450(7173):1235–1239. doi:10.1038/nature06385

64. Stott SL, Hsu CH, Tsukrov DI, YuM, Miyamoto DT, Waltman BA,
Rothenberg SM, Shah AM, Smas ME, Korir GK, Floyd FP Jr,
Gilman AJ, Lord JB, Winokur D, Springer S, Irimia D, Nagrath S,

Sequist LV, Lee RJ, Isselbacher KJ, Maheswaran S, Haber DA,
Toner M (2010) Isolation of circulating tumor cells using a
microvortex-generating herringbone-chip. Proc Natl Acad Sci U S
A 107(43):18392–18397. doi:10.1073/pnas.1012539107

65. Ozkumur E, Shah AM, Ciciliano JC, Emmink BL, Miyamoto DT,
Brachtel E, Yu M, Chen PI, Morgan B, Trautwein J, Kimura A,
Sengupta S, Stott SL, Karabacak NM, Barber TA, Walsh JR, Smith
K, Spuhler PS, Sullivan JP, Lee RJ, Ting DT, Luo X, Shaw AT,
Bardia A, Sequist LV, Louis DN, Maheswaran S, Kapur R, Haber
DA, Toner M (2013) Inertial focusing for tumor antigen-dependent
and -independent sorting of rare circulating tumor cells. Sci Transl
Med 5(179):179ra147. doi:10.1126/scitranslmed.3005616

66. Harb W, Fan A, Tran T, Danila DC, Keys D, Schwartz M, Ionescu-
Zanetti C (2013) Mutational analysis of circulating tumor cells
using a novel microfluidic collection device and qPCR assay.
Transl Oncol 6(5):528–538

67. Talasaz AH, Powell AA, Huber DE, Berbee JG, Roh KH, Yu W,
Xiao W, Davis MM, Pease RF, Mindrinos MN, Jeffrey SS, Davis
RW (2009) Isolating highly enriched populations of circulating
epithelial cells and other rare cells from blood using a magnetic
sweeper device. Proc Natl Acad Sci U S A 106(10):3970–3975. doi:
10.1073/pnas.0813188106

68. Saucedo-Zeni N, Mewes S, Niestroj R, Gasiorowski L, Murawa D,
Nowaczyk P, Tomasi T, Weber E, Dworacki G, Morgenthaler NG,
Jansen H, Propping C, Sterzynska K, Dyszkiewicz W, Zabel M,
Kiechle M, Reuning U, Schmitt M, Lucke K (2012) A novel method
for the in vivo isolation of circulating tumor cells from peripheral blood
of cancer patients using a functionalized and structured medical wire.
Int J Oncol 41(4):1241–1250. doi:10.3892/ijo.2012.1557

69. Zippelius A, Kufer P, Honold G, Kollermann MW, Oberneder R,
SchlimokG, Riethmuller G, Pantel K (1997) Limitations of reverse-
transcriptase polymerase chain reaction analyses for detection of
micrometastatic epithelial cancer cells in bone marrow. J Clin
Oncol: Off J Am Soc Clin Oncol 15(7):2701–2708

70. Demel U, Tilz GP, Foeldes-Papp Z, Gutierrez B, Albert WH,
Bocher O (2004) Detection of tumour cells in the peripheral blood
of patients with breast cancer. Development of a new sensitive and
specific immunomolecular assay. J Exp Clin Cancer Res: CR 23(3):
465–468

71. Ramirez JM, Fehm T, Orsini M, Cayrefourcq L, Maudelonde T,
Pantel K, Alix-Panabieres C (2014) Prognostic relevance of viable
circulating tumor cells detected by EPISPOT in metastatic breast
cancer patients. Clin Chem 60(1):214–221. doi:10.1373/clinchem.
2013.215079

72. Friedlander TW, Ngo VT, Dong H, Premasekharan G, Weinberg V,
Doty S, Zhao Q, Gilbert EG, Ryan CJ, Chen WT, Paris PL (2014)
Detection and characterization of invasive circulating tumor cells
derived from men with metastatic castration-resistant prostate can-
cer. Int J Cancer J Int Cancer 134(10):2284–2293. doi:10.1002/ijc.
28561

73. Hodgkinson CL, Morrow CJ, Li Y, Metcalf RL, Rothwell DG,
Trapani F, Polanski R, Burt DJ, Simpson KL, Morris K, Pepper
SD, Nonaka D, Greystoke A, Kelly P, Bola B, Krebs MG,
Antonello J, Ayub M, Faulkner S, Priest L, Carter L, Tate C,
Miller CJ, Blackhall F, Brady G, Dive C (2014) Tumorigenicity
and genetic profiling of circulating tumor cells in small-cell lung
cancer. Nat Med 20(8):897–903. doi:10.1038/nm.3600

74. Yang L, Lang JC, Balasubramanian P, Jatana KR, Schuller D,
Agrawal A, Zborowski M, Chalmers JJ (2009) Optimization of an
enrichment process for circulating tumor cells from the blood of
head and neck cancer patients through depletion of normal cells.
Biotechnol Bioeng 102(2):521–534. doi:10.1002/bit.22066

75. Shibata K, Mori M, Kitano S, Akiyoshi T (1998) Detection of ras
gene mutations in peripheral blood of carcinoma patients using
CD45 immunomagnetic separation and nested mutant allele specific
amplification. Int J Oncol 12(6):1333–1338

174 P. Paterlini-Bréchot

http://dx.doi.org/10.1158/1078-0432.CCR-06-1695
http://dx.doi.org/10.1158/1078-0432.CCR-06-1695
http://dx.doi.org/10.1056/NEJMoa040766
http://dx.doi.org/10.1056/NEJMoa040766
http://dx.doi.org/10.1158/1078-0432.CCR-08-0872
http://dx.doi.org/10.1158/1078-0432.CCR-08-0872
http://dx.doi.org/10.1200/JCO.2007.15.8923
http://dx.doi.org/10.1200/JCO.2007.15.8923
http://dx.doi.org/10.1038/bjc.2011.545
http://dx.doi.org/10.1038/bjc.2011.545
http://dx.doi.org/10.1200/JCO.2010.33.3716
http://dx.doi.org/10.1038/bjc.2011.294
http://dx.doi.org/10.1200/JCO.2007.14.2364
http://dx.doi.org/10.1158/1078-0432.CCR-12-1587
http://dx.doi.org/10.3978/j.issn.%202072-1439.2013.09.18
http://dx.doi.org/10.3978/j.issn.%202072-1439.2013.09.18
http://dx.doi.org/10.1038/nature06385
http://dx.doi.org/10.1073/pnas.1012539107
http://dx.doi.org/10.1126/scitranslmed.3005616
http://dx.doi.org/10.1073/pnas.0813188106
http://dx.doi.org/10.3892/ijo.2012.1557
http://dx.doi.org/10.1373/clinchem.2013.215079
http://dx.doi.org/10.1373/clinchem.2013.215079
http://dx.doi.org/10.1002/ijc.28561
http://dx.doi.org/10.1002/ijc.28561
http://dx.doi.org/10.1038/nm.3600
http://dx.doi.org/10.1002/bit.22066


76. Coumans FA, van Dalum G, Beck M, Terstappen LW (2013) Filter
characteristics influencing circulating tumor cell enrichment from
whole blood. PLoS ONE 8(4):e61770. doi:10.1371/journal.pone.
0061770

77. Lustberg MB, Balasubramanian P, Miller B, Garcia-Villa A,
Deighan C, Wu Y, Carothers S, Berger M, Ramaswamy B,
Macrae ER, Wesolowski R, Layman RM, Mrozek E, Pan X,
Summers TA, Shapiro CL, Chalmers JJ (2014) Heterogeneous
atypical cell populations are present in blood of metastatic breast
cancer patients. Breast Cancer Res: BCR 16(2):R23. doi:10.1186/
bcr3622

78. IlieM, Long E, HofmanV, Selva E, BonnetaudC, Boyer J, Venissac
N, Sanfiorenzo C, Ferrua B, Marquette CH, Mouroux J, Hofman P
(2014) Clinical value of circulating endothelial cells and of soluble
CD146 levels in patients undergoing surgery for non-small cell lung
cancer. Br J Cancer 110(5):1236–1243. doi:10.1038/bjc.2014.11

79. Sabile A, Louha M, Bonte E, Poussin K, Vona G, Mejean A,
Chretien Y, Bougas L, Lacour B, Capron F, Roseto A, Brechot C,
Paterlini-Brechot P (1999) Efficiency of Ber-EP4 antibody for
isolating circulating epithelial tumor cells before RT-PCR detection.
Am J Clin Pathol 112(2):171–178

80. Hofman VJ, Ilie MI, Bonnetaud C, Selva E, Long E, Molina T,
Vignaud JM, Flejou JF, Lantuejoul S, Piaton E, Butori C, Mourad
N, Poudenx M, Bahadoran P, Sibon S, Guevara N, Santini J,
Venissac N, Mouroux J, Vielh P, Hofman PM (2011)
Cytopathologic detection of circulating tumor cells using the isola-
tion by size of epithelial tumor cell method: promises and pitfalls.
Am J C l i n Pa t ho l 1 35 ( 1 ) : 146–156 . do i : 1 0 . 1309 /
AJCP9X8OZBEIQVVI

81. Hofman V, Long E, Ilie M, Bonnetaud C, Vignaud JM, Flejou JF,
Lantuejoul S, Piaton E, Mourad N, Butori C, Selva E, Marquette
CH, PoudenxM, Sibon S, Kelhef S, Venissac N, Jais JP,Mouroux J,
Molina TJ, Vielh P, Hofman P (2011) Morphological analysis of
circulating tumour cells in patients undergoing surgery for non-
small cell lung carcinoma using the isolation by size of epithelial
tumour cell (ISET) method. Cytopathology. doi:10.1111/j.1365-
2303.2010.00835.x

82. Vona G, Beroud C, Benachi A, Quenette A, Bonnefont JP, Romana
S, Dumez Y, Lacour B, Paterlini-Brechot P (2002) Enrichment,
immunomorphological, and genetic characterization of fetal cells
circulating in maternal blood. Am J Pathol 160(1):51–58. doi:10.
1016/S0002-9440(10)64348-9

83. Beroud C, Karliova M, Bonnefont JP, Benachi A, Munnich A,
Dumez Y, Lacour B, Paterlini-Brechot P (2003) Prenatal diagnosis
of spinal muscular atrophy by genetic analysis of circulating fetal
cells. Lancet 361(9362):1013–1014

84. Saker A, Benachi A, Bonnefont JP, Munnich A, Dumez Y, Lacour
B, Paterlini-Brechot P (2006) Genetic characterisation of circulating
fetal cells allows non-invasive prenatal diagnosis of cystic fibrosis.
Prenat Diagn 26(10):906–916. doi:10.1002/pd.1524

85. Mouawia H, Saker A, Jais JP, Benachi A, Bussieres L, Lacour B,
Bonnefont JP, Frydman R, Simpson JL, Paterlini-Brechot P (2012)
Circulating trophoblastic cells provide genetic diagnosis in 63 fe-
tuses at risk for cystic fibrosis or spinal muscular atrophy. Reprod
Biomed Online 25(5):508–520. doi:10.1016/j.rbmo.2012.08.002

86. Krebs MG, Hou JM, Sloane R, Lancashire L, Priest L, Nonaka D,
Ward TH, Backen A, Clack G, Hughes A, RansonM, Blackhall FH,
Dive C (2012) Analysis of circulating tumor cells in patients with
non-small cell lung cancer using epithelial marker-dependent and -
independent approaches. J Thorac Oncol: Off Publ Int Assoc Stud
Lung Cancer 7(2):306–315. doi:10.1097/JTO.0b013e31823c5c16

87. Lecharpentier A, Vielh P, Perez-Moreno P, Planchard D, Soria JC,
Farace F (2011) Detection of circulating tumour cells with a hybrid
(epithelial/mesenchymal) phenotype in patients with metastatic
non-small cell lung cancer. Br J Cancer 105(9):1338–1341. doi:
10.1038/bjc.2011.405

88. Pailler E, Adam J, Barthelemy A, Oulhen M, Auger N, Valent A,
Borget I, Planchard D, Taylor M, Andre F, Soria JC, Vielh P, Besse
B, Farace F (2013) Detection of circulating tumor cells harboring a
unique ALK rearrangement in ALK-positive non-small-cell lung
cancer. J Clin Oncol: Off J Am Soc Clin Oncol 31(18):2273–2281.
doi:10.1200/JCO.2012.44.5932

89. Hofman V, Ilie MI, Long E, Selva E, Bonnetaud C, Molina T,
Venissac N, Mouroux J, Vielh P, Hofman P (2011) Detection of
circulating tumor cells as a prognostic factor in patients undergoing
radical surgery for non-small cell lung carcinoma: comparison of
the efficacy of the cell search assay and the isolation by size of
epithelial tumor cell method. Int J Cancer J Int Cancer. doi:10.1002/
ijc.25819

90. Pinzani P, Mazzini C, Salvianti F, Massi D, Grifoni R, Paoletti C,
Ucci F, Molinara E, Orlando C, Pazzagli M, Neri B (2010)
Tyrosinase mRNA levels in the blood of uveal melanoma patients:
correlation with the number of circulating tumor cells and tumor
progression. Melanoma Res 20(4):303–310. doi:10.1097/CMR.
0b013e32833906e3

91. Mazzini C, Pinzani P, Salvianti F, Scatena C, Paglierani M, Ucci F,
Pazzagli M, Massi D (2014) Circulating tumor cells detection and
counting in uveal melanomas by a filtration-based method. Cancer
6(1):323–332. doi:10.3390/cancers6010323

92. De Giorgi V, Pinzani P, Salvianti F, Panelos J, Paglierani M,
Janowska A, Grazzini M, Wechsler J, Orlando C, Santucci M,
Lotti T, Pazzagli M, Massi D (2010) Application of a filtration-
and isolation-by-size technique for the detection of circulating
tumor cells in cutaneous melanoma. J Investig Dermatol 130(10):
2440–2447. doi:10.1038/jid.2010.141

93. Hofman V, Ilie M, Long-Mira E, Giacchero D, Butori C, Dadone B,
Selva E, Tanga V, Passeron T, Poissonnet G, Emile JF, Lacour JP,
Bahadoran P, Hofman P (2013) Usefulness of immunocytochemis-
try for the detection of the BRAF (V600E) mutation in circulating
tumor cells from metastatic melanoma patients. J Investig Dermatol
133(5):1378–1381. doi:10.1038/jid.2012.485

94. Khoja L, Shenjere P, Hodgson C, Hodgetts J, Clack G, Hughes A,
Lorigan P, Dive C (2014) Prevalence and heterogeneity of circulat-
ing tumour cells in metastatic cutaneous melanoma. Melanoma Res
24(1):40–46. doi:10.1097/CMR.0000000000000025

95. Chinen LMC, Abdallah EA, Ocea LMM, Buim ME, Breve NM,
Gasparini JL Jr, Fanelli MF, Paterlini-Bréchot P (2014) Isolation,
detection, and immunomorphological characterization of circulating
tumor cells (CTCs) from patients with diffrent types of sarcoma
using isolation by size of tumor cells: a window on sarcoma-cell
invasion. Oncol Targets Ther 7:1609–1617

96. Meng S, Tripathy D, Frenkel EP, Shete S, Naftalis EZ, Huth JF,
Beitsch PD, Leitch M, Hoover S, Euhus D, Haley B, Morrison L,
Fleming TP, Herlyn D, Terstappen LW, FehmT, Tucker TF, Lane N,
Wang J, Uhr JW (2004) Circulating tumor cells in patients with
breast cancer dormancy. Clin Cancer Res: Off J Am Assoc Cancer
Res 10(24):8152–8162. doi:10.1158/1078-0432.CCR-04-1110

97. Lee TK, Esinhart JD, Blackburn LD, Silverman JF (1992) The size
of small cell lung carcinoma cells. Ratio to lymphocytes and corre-
lation with specimen size and crush artifact. Anal Quant Cytol
Histol Int Acad Cytol Am Soc Cytol 14(1):32–34

98. Hou HW, Warkiani ME, Khoo BL, Li ZR, Soo RA, Tan DS, Lim
WT, Han J, Bhagat AA, Lim CT (2013) Isolation and retrieval of
circulating tumor cells using centrifugal forces. Sci Rep 3:1259. doi:
10.1038/srep01259

99. Moon HS, Kwon K, Kim SI, Han H, Sohn J, Lee S, Jung HI (2011)
Continuous separation of breast cancer cells from blood samples
usingmulti-orifice flow fractionation (MOFF) and dielectrophoresis
(DEP). Lab Chip 11(6):1118–1125. doi:10.1039/c0lc00345j

100. Gascoyne PR, Noshari J, Anderson TJ, Becker FF (2009) Isolation
of rare cells from cell mixtures by dielectrophoresis. Electrophoresis
30(8):1388–1398. doi:10.1002/elps.200800373

Circulating Tumor Cells: Who is the Killer? 175

http://dx.doi.org/10.1371/journal.pone.0061770
http://dx.doi.org/10.1371/journal.pone.0061770
http://dx.doi.org/10.1186/bcr3622
http://dx.doi.org/10.1186/bcr3622
http://dx.doi.org/10.1038/bjc.2014.11
http://dx.doi.org/10.1309/AJCP9X8OZBEIQVVI
http://dx.doi.org/10.1309/AJCP9X8OZBEIQVVI
http://dx.doi.org/10.1111/j.1365-2303.2010.00835.x
http://dx.doi.org/10.1111/j.1365-2303.2010.00835.x
http://dx.doi.org/10.1016/S0002-9440(10)64348-9
http://dx.doi.org/10.1016/S0002-9440(10)64348-9
http://dx.doi.org/10.1002/pd.1524
http://dx.doi.org/10.1016/j.rbmo.2012.08.002
http://dx.doi.org/10.1097/JTO.0b013e31823c5c16
http://dx.doi.org/10.1038/bjc.2011.405
http://dx.doi.org/10.1200/JCO.2012.44.5932
http://dx.doi.org/10.1002/ijc.25819
http://dx.doi.org/10.1002/ijc.25819
http://dx.doi.org/10.1097/CMR.0b013e32833906e3
http://dx.doi.org/10.1097/CMR.0b013e32833906e3
http://dx.doi.org/10.3390/cancers6010323
http://dx.doi.org/10.1038/jid.2010.141
http://dx.doi.org/10.1038/jid.2012.485
http://dx.doi.org/10.1097/CMR.0000000000000025
http://dx.doi.org/10.1158/1078-0432.CCR-04-1110
http://dx.doi.org/10.1038/srep01259
http://dx.doi.org/10.1039/c0lc00345j
http://dx.doi.org/10.1002/elps.200800373


101. Fabbri F, Carloni S, Zoli W, Ulivi P, Gallerani G, Fici P, Chiadini E,
Passardi A, Frassineti GL, Ragazzini A, Amadori D (2013) Detection
and recovery of circulating colon cancer cells using a dielectrophoresis-
based device: KRASmutation status in pure CTCs. Cancer Lett 335(1):
225–231. doi:10.1016/j.canlet.2013.02.015

102. Ilie M, Long E, Butori C, Hofman V, Coelle C, Mauro V, Zahaf K,
Marquette CH, Mouroux J, Paterlini-Brechot P, Hofman P (2012)
ALK-gene rearrangement: a comparative analysis on circulating
tumour cells and tumour tissue from patients with lung adenocarci-
noma. Ann Oncol: Off J Eur Soc Med Oncol ESMO 23(11):2907–
2913. doi:10.1093/annonc/mds137

103. Groesser L, Herschberger E, Landthaler M, Hafner C (2012)
FGFR3, PIK3CA and RASmutations in benign lichenoid keratosis.
Br J dermatol 166(4):784–788. doi:10.1111/j.1365-2133.2011.
10788.x

104. Hafner C, Toll A, Fernandez-Casado A, Earl J, Marques M,
Acquadro F, Mendez-Pertuz M, Urioste M, Malats N, Burns JE,
Knowles MA, Cigudosa JC, Hartmann A, Vogt T, Landthaler M,
Pujol RM, Real FX (2010) Multiple oncogenic mutations and
clonal relationship in spatially distinct benign human epidermal
tumors. Proc Natl Acad Sci U S A 107(48):20780–20785. doi:10.
1073/pnas.1008365107

105. Vogelstein B, Papadopoulos N, Velculescu VE, Zhou S, Diaz LA Jr,
Kinzler KW (2013) Cancer genome landscapes. Science 339(6127):
1546–1558. doi:10.1126/science.1235122

106. KohnEC, Liotta LA (1995)Molecular insights into cancer invasion:
strategies for prevention and intervention. Cancer Res 55(9):1856–
1862

107. Ilie M, Hofman V, Long-Mira E, Selva E, Vignaud JM, Padovani B,
Mouroux J, Marquette CH, Hofman P (2014) “Sentinel” circulating
tumor cells allow early diagnosis of lung cancer in patients with
chronic obstructive pulmonary disease. PLoS ONE 9(10):e111597.
doi:10.1371/journal.pone.0111597

108. National Lung Screening Trial Research T, Aberle DR, Adams AM,
Berg CD, Black WC, Clapp JD, Fagerstrom RM, Gareen IF,
Gatsonis C, Marcus PM, Sicks JD (2011) Reduced lung-cancer
mortality with low-dose computed tomographic screening. N Engl
J Med 365(5):395–409. doi:10.1056/NEJMoa1102873

109. Strimbu K, Tavel JA (2010) What are biomarkers? Curr Opin HIV
AIDS 5(6):463–466. doi:10.1097/COH.0b013e32833ed177

110. Schroeder GL, Lorenzo-Gomez MF, Hautmann SH, Friedrich MG,
Ekici S, Huland H, Lokeshwar V (2004) A side by side comparison
of cytology and biomarkers for bladder cancer detection. J Urol
172(3):1123–1126. doi:10.1097/01.ju.0000134347.14643.ab

111. Fehm T, Sagalowsky A, Clifford E, Beitsch P, Saboorian H, Euhus
D, Meng S, Morrison L, Tucker T, Lane N, Ghadimi BM,
Heselmeyer-Haddad K, Ried T, Rao C, Uhr J (2002) Cytogenetic
evidence that circulating epithelial cells in patients with carcinoma
are malignant. Clin Cancer Res: Off J Am Assoc Cancer Res 8(7):
2073–2084

176 P. Paterlini-Bréchot

http://dx.doi.org/10.1016/j.canlet.2013.02.015
http://dx.doi.org/10.1093/annonc/mds137
http://dx.doi.org/10.1111/j.1365-2133.2011.10788.x
http://dx.doi.org/10.1111/j.1365-2133.2011.10788.x
http://dx.doi.org/10.1073/pnas.1008365107
http://dx.doi.org/10.1073/pnas.1008365107
http://dx.doi.org/10.1126/science.1235122
http://dx.doi.org/10.1371/journal.pone.0111597
http://dx.doi.org/10.1056/NEJMoa1102873
http://dx.doi.org/10.1097/COH.0b013e32833ed177
http://dx.doi.org/10.1097/01.ju.0000134347.14643.ab

	Circulating Tumor Cells: Who is the Killer?
	Abstract
	Introduction
	CTC Potential for Clinical Benefit and Key Issue
	CTC Biological Characteristics and Related Challenges
	Principal Methods for CTC Enrichment/Detection
	Methods Based on Antibodies
	Methods Based on Transcripts
	Methods Based on Functional Tests
	Methods Based on Negative Selection
	Methods Based on Physical Characteristics: Cell Size

	Molecular Characterization of Circulating Tumor Cells
	Key Questions
	Can we Diagnostically Identify a Tumor Cell Using a Different Approach than Cytopathological Analysis?
	Can the Study of CCC decrease mortality Cancer Patients?
	Can CCC Allow Early Diagnosis of Solid Tumors?

	Shedding Some Light on the Fog
	Circulating Tumor Cells are Cells, but they are generally referred to as « Biomarkers »
	The Term Circulating Tumor Cells for Tests Based on Epithelial Markers Introduces a Terminological Bias

	References


