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Abstract

Recent molecular and clinical studies have shown that invasion may occur very early in tumor development, thus
emphasizing the potential importance of specific and sensitive detection of circulating tumor cells (CTC) and circulating
tumor microemboli (CTM). The technical challenge in this field consists of finding “rare” tumor cells (just a few CTCs
mixed with the approximately 10 million leukocytes and 5 billion erythrocytes in 1 ml of blood) and being able to distin-
guish them from epithelial non-tumor cells and leukocytes.

Many recent studies have discussed the clinical impact of detecting CTC/CTM. Although conflicting results have been
obtained, these studies suggest the vast potential of CTC/CTM detection in cancer prognosis and follow up. However, the
variable technical approaches which were used, as well as the number of millilitres of blood analyzed, the quality of sen-
sitivity and specificity tests, the number of patients versus controls and the data interpretation make it very difficult to draw
firm conclusions.

A particularly important recent finding is that invasive tumor cells tend to loose their epithelial antigens by the epithelial
to mesenchymal transition (EMT) process. Furthermore, it is known that non-tumor epithelial cells can also be present in
blood. Thus, it appears that a reliable diagnostic identification of CTC and CTM cannot be based on the expression of
epithelial-specific transcripts or antigens.

Cytopathological examination of CTC/CTM, sensitively enriched from blood, represents a potentially useful alterna-
tive and can now be employed in routine analyses as a specific diagnostic assay, and be tested in large, blind, multicenter
clinical trials. This basic approach can be complemented by immunological and molecular studies for further character-
ization of CTC/CTM and of their malignant potential.

This review is aimed at helping oncologists critically evaluate past and future research work in this field. The interest in
development and assessment of this noninvasive marker should lead to more effective and better tailored anticancer treat-
ments for individual patients, thus resulting in their improved life expectancy.
© 2006 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

The spontaneous circulation of tumor cells and/
or tumor microemboli is the hallmark of the “inva-
sive behaviour” of a proportion of cancer cells.
Their detection is expected to provide a powerful
tool for cancer prognosis, diagnosis of minimal
residual disease, assessment of tumor sensitivity to
anticancer drugs, and personalization of anticancer
therapy [1]. A highly sensitive and specific identifica-
tion of circulating tumor cells (CTC) and circulating
tumor microemboli (CTM) could also help, in the
future, in early diagnosis of invasive cancers.

In order to understand the limits and potential
impact of this new field in oncology, we have sum-
marized (1) the mechanisms regulating the develop-
ment of metastases and (2) the technical issues
determining specificity and sensitivity of CTC detec-
tion. We have then discussed the clinical impact of
these studies. This mini-review, which is not meant
to be exhaustive, is specifically focused on non-inva-
sive detection of CTC/CTM derived from solid can-
cers and on its potential biological significance as a
tumor marker. It aims to attract the interest of
oncologists to this new exciting research field and
help them critically review the wide variety of
reported methods and sometimes conflicting results.

2. Invasion and development of metastasis

Invasion, a military term meaning territorial
occupation, also defines a key cellular process for
life and death [2]. On the one hand, trophoblastic
cell invasion is needed for successful embryo
implantation and morphogenesis [2], yet on the
other hand, acquisition of the invasive capacity by
transformed cells and subsequent formation of
metastases lead to approximately 90% of all deaths
in cancer patients [3].

Although metastasis is the most important event
leading to cancer death, its mechanism is still poorly
understood [4]. We review here the outlines of this
process, highlighting the new findings potentially
relevant for CTC/CTM appraisal and detection.

2.1. Molecular mechanisms of invasion

The process leading to tumorigenesis and metas-
tases involves an active molecular crosstalk within
the tumor microenvironment [4,5], the role of
tumor-associated proteins, like urokinase-type plas-
minogen activator (uPA) and fibrinogen and com-

plex signalling, like Aktl/PKB which modulate
both invasion and apoptosis. It includes the follow-
ing schematic steps: tumor cells growth, angiogene-
sis, tumor cell detachment, epithelial to mesenchymal
transition (EMT), motility, intravasation, survival
in vessels and embolization, possible extravasation,
mesenchymal to epithelial transition (MET), forma-
tion of micrometastases and growth of macrometa-
stases (Fig. 1).

In early tumor expansion, as in embryonic devel-
opment, growing cells rapidly outstrip the supply of
nutrients and oxygen. Actually, virtually all cells are
obliged to reside within 100 pm of a capillary blood
vessel [6]. HIF, which mediates the transcriptional
response to hypoxia, is a strong promoter of tumor
growth and invasion and controls angiogenesis via
two key angiogenic factors (VEGF-A and angio-
poietin-2) which also affect energy metabolism,
pH, necrosis versus cell survival, and cell migration
[6,7].

Necrosis leads to the release of inflammatory
mediators such as cytokines and chemokines which
recruit, among other cells, leukocytes and macro-
phages. These, in turn, stimulate angiogenesis,
extracellular matrix breakdown, tumor motility
and release of nitric oxide synthetase (NOS), giving
rise to nitric oxide (NO) [8]. NO produces free rad-
icals, which have a mutagenic and cytotoxic effect.
Local production of basic fibroblast growth factor
(bFGF), epidermal growth factor (EGF), hepato-
cyte growth factor (HGF) and transforming growth
factor beta (TGF-beta) mediate the control of
tumor cell survival/apoptosis balance and of E-cad-
herin downregulation leading to reduced cell adhe-
sion and increased tumor cell invasiveness [7].

Once the vascular supply has been re-established
by angiogenesis, tumor cells may have acquired
enough genetic mutations to be able to detach and
invade blood vessels. Indeed, in murine cancer mod-
els, hypoxia has been shown to induce an increase of
metastatic potential [9]. Moreover, the presence of
hypoxia and iNOS activity within human tumors
has been associated with increased invasiveness,
vascular density and metastasis formation [7]. Fur-
thermore, recent data show that hypoxia, acting
through LOX induction and Snail activation, leads
to E-cadherin repression [7], a crucial feature of
the “epithelial to mesenchymal transition” (EMT)
[10,11].

EMT is a phenotype switch which characterizes
carcinoma invasion and metastasis. Epithelial cells,
which play a major structural and functional role
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Fig. 1. Main steps leading to development of metastases. (1) Growing tumor cells outstrip oxygen supply and activate angiogenesis.
Downregulation of E-cadherin leads to reduced cell adhesion and early invasiveness of tumor cells resistant to apoptosis. Invading tumor
cells undergo the phenotype switch “epithelial to mesenchymal transition (EMT)”: they progressively lose epithelial antigens, acquire
mesenchymal antigens, and motile propensities (like fibroblasts). (2) After entering blood vessels (intravasation), circulating tumor cells
(CTC) undergo apoptosis or circulate as isolated CTC. They are out of cell cycle and do not proliferate. (3A) CTC extravasate to distant
organs. (4) After extravasation, CTC remain as dormant solitary cells (disseminated tumor cells, DTC), or undergo limited proliferation
(Micrometastases). (5) Unrestrained CTC proliferation gives rise to metastases, via phenotype reversion MET (mesenchymal to epithelial
transition) and angiogenesis. (3B-5) Circulating tumor microemboli (CTM) represent “collective migration’ of tumor cells. They have a
high metastatic potential as they are resistant to apoptosis and keep proliferative capacities. CTM cannot extravasate, but arrest in
capillaries and proliferate, rupturing the capillary walls and giving rise to metastases. Thus, CTM may mediate a shortcut to metastases.

in organs, are mutually and extensively adherent by
cell-to-cell and cell-to-extracellular matrix (ECM)
junctions. Cell-to-cell adhesion molecules include
cadherins, while cell-to-ECM adhesion involves
integrins. Cadherins and integrins rely on the “cyto-
skeleton’, which is a rigid structure formed by actin
and cytokeratin filaments. Thus, in an intact epithe-
lium, cells have a rigid structure and are immobile.
Conversely, mesenchymal cells (like fibroblasts and
leukocytes), have a much more relaxed organiza-
tion, a far lower level of cell junctions and cytoker-
atin molecules, and show motile propensities.

Epithelial to mesenchymal transition, which is
instrumental for rapid morphogenetic changes in
embryos and tumor cell invasion, is induced by
the transcriptional factor Twist [12] and is charac-
terized by degradation of cell-to-cell adhesion,
decrease in E-cadherin expression, decrease of
epithelial (e.g., cytokeratin), and increase of mesen-
chymal (e.g., vimentin) markers. In fact, down-reg-
ulated expression of cytokeratins has been shown
to characterize malignant progression of human
breast cancers [13,14]. It is interesting to note that,
during EMT, Twist may need to activate anti-
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apoptotic programs in order to allow epithelial cells
to convert to a mesenchymal fate while avoiding
anoikis (apoptosis induced by disruption of cell
attachment and cell-matrix interactions) [12]. Mes-
enchymal-like tumor cells exhibit a highly motile
phenotype and can readily intravasate and extrava-
sate by traversing basement membranes, interstitial
spaces and endothelial barriers.

Once the target organ is reached, mesenchymal-
like circulating tumor cells may need to reverse to
epithelial-like tumor cells via mesenchymal to epi-
thelial transition (MET) in order to regain the abil-
ity to proliferate [10,12] (Fig. 1). It has to be noted
that, since cell transition to an aggressive malignant
phenotype is not an ‘““all or nothing” event, but
rather manifests a broad spectrum of phenotypic
changes, epithelial-specific and mesenchymal-specif-
ic antigens may be expressed at variable degree in
invasive cells [10].

The importance of the “collective cells migration™
has been recently stressed [10,15]. In fact, tumor cells
can also invade as multicellular aggregates or clusters
(a process known as ““collective” or “‘cohort” migra-
tion). Multicellular aggregates of epithelial-like
tumor cells, also called circulating tumor microem-
boli (CTM) (Fig. 2), are thought to have potential
advantages for survival, proliferation and establish-
ment of micrometastatic lesions in distant organs
[10]. Actually, it has been shown that CTM may give
rise to metastasis without extravasation, by attaching
to vessel walls of arterioles and capillaries, and pro-
ceeding to cell proliferation within the vasculature,
rupture of capillary walls and formation of micro-
or macro metastases [16](Fig. 1). Thus, it is generally
accepted that the presence of CTM in blood is a
marker of highly metastatic potential [10,16].

The mechanisms involved in the preferential
choice of a target organ for metastatic tumor cells
proliferation (“seed and soil” theory) are still not
completely understood. Organ-specific attractant
molecules (chemokines) can stimulate migrating
tumor cells to invade the walls of blood vessels and
enter specific organs. Tumor-endothelial interaction,
appropriate adhesion molecules expressed by endo-
thelial cells in distant organs and local growth factors
can drive metastatic tumor cell proliferation [17].

2.2. Invasion may be an early process during
tumorigenesis

While conventional theories assume that invasion
and metastases are late events, convergent results

have led to the present knowledge that invasion
can be early and sometimes clinically dormant
[3,18,19]. Tumor-induced neovascularization occurs
in parallel with the transition to invasion and pro-
vides a vascular entry portal for dissemination
which may precede evident primary tumor out-
growth by many years [18]. As mentioned, tumor
hypoxia, which occurs at the very beginning of
tumor development, can be the initiating factor that
sets the tumor on the road to metastases, so that
tumor cells spread may start very early instead of
being a “late” phenomenon due to accumulation
of genetic mutations over time [19].

Indeed: (1) Clinical data concerning breast cancer
indicate that tumor cells spread may start years
before diagnosis [18], and the probability of tumor
cells spreading from small melanoma and breast
cancers has been reported to be high [20]. Among
patients with colon cancers, a significant proportion
(20-30%) has macrometastases at diagnosis, con-
firming the view that some tumors may spread
tumor cells at a very early step of development.
(2) Tumor cells spread into blood vessels may be
linked to tumor cell density and thus to tumor cell
growth [21]. This model suggests that the cellular
determinants for invasion are present before angio-
genesis and that following development of new ves-
sels can provide the final requirement for tumor cell
spread. (3) Recent molecular studies have shown
that the capacity to metastasize may be pre-or-
dained by the spectrum of mutations acquired early
in tumorigenesis, which means that some cancers
start out “on the wrong foot” [22]. In fact, it has
been demonstrated that cancer cells in the primary
tumor may harbor a gene-expression signature
matching that observed in the metastatic colony
and that this signature can be used to predict, with
high accuracy, whether the tumor will remain local-
ized or whether the patient will experience metasta-
ses and disease relapse [23].

2.3. Formation of metastases is a highly inefficient
process

From model systems, it has been estimated that
around 1 x 10°® tumor cells per gram of tumor tissue
can be introduced daily into the bloodstream [24].
Epithelial cancer cells have very low survival rates
in circulation [25]. The fate of CTC includes a rapid
phase of intravascular cancer cell disappearance
which is completed in less than 5 min and accounts
for 85% of the circulating cancer cells [26,27]. This
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Fig. 2. Detection and characterization of circulating tumor cells (CTC) and circulating tumor microemboli (CTM) enriched by ISET.
CTC (A and B) from a patient with prostate cancer and CTM (C and D) from a patient with kidney cancer, are enriched by filtration in a
highly sensitive manner. The morphology is conserved so that they can be distinguished from non-tumorous epithelial and from non-
epithelial cells. Pores have a calibrated size of 8-pum and thus pass the vast majority of lymphocytes and neutrophils whose diameter is 8—
11 pm and retain fixed cells larger than 11 um. CTC (A and B) here have a diameter of around 40-42 um. They are characterized by high
nucleus/cytoplasmic ratio (0.83), nuclear irregular shape and non-homogeneous texture (hematoxylin & eosin staining, 83x). CTM (C and
D) are large tumor cells aggregates. They are known to be associated to a high risk of metastases (hematoxylin & eosin staining, 83x). (E):
CTC from liver cancer labelled by immunocytochemistry with anti-a-fetoprotein antibody (Hematoxylin couterstaining, 100x). (F) CTC
from cell line (HeLa) labelled by immunofluorescence with anti-cytokeratin antibody (KL1, 40x). (G) apoptotic CTC from prostate cancer
isolated by ISET from peripheral blood and characterized by TUNEL (63x). H: HeLa cells characterized by FISH with probes specific to
chromosome 8 and 1 (100x).
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process has been related to “anoikis™ (see above for
definition). Many cancer cell types with increased
metastatic potential are resistant to anoikis
compared to the parental cells, a tumor cell behav-
iour related to the expression of apoptosis inhibitors
[26].

Animal studies, in which tumor local invasion
and intravasation are bypassed (since they are diffi-
cult to reproduce [12]) and tumor cells are directly
introduced into the systemic circulation, have estab-
lished that around 1/40 CTC give rise to microme-
tastases and only approximately 0.01% proliferate
into macrometastasis [27].

This metastatic inefficiency is principally deter-
mined by: (1) susceptibility of CTC to apoptosis,
(2) failure of solitary cells extravasated in distant
organs to initiate growth and (3) failure of early
micrometastases in distant organs to stimulate angi-
ogenesis and continue growth into macroscopic
tumors [27]. Both solitary cells and micrometastases
may remain in “dormancy” for years [28], being cell
cycle arrested and not undergoing apoptosis. The
immune system [29] and angiogenesis [28] have been
shown to play a role in tumor cell dormancy,
although the mechanisms may be variable in differ-
ent tumors and are not completely understood.
Finally, it has been suggested that any factor that
tips the balance between proliferation and apoptosis
may result in tumor progression or regression.

In conclusion, the appraisal of updated mecha-
nisms involved in the process of metastasis is funda-
mental in order to critically review the issue of
CTC/CTM. Based on this new knowledge: (1) Epi-
thelial antigens are expected to be down-regulated
in the most invasive CTC because of the epithelial
to mesenchymal transition process. Mesenchymal
antigens can be expressed by invasive cells as well
as by mesenchymal non-tumor cells, like leukocytes,
which largely outnumber CTC in blood. Thus, a
reliable assay to identify CTC cannot be based on
antibodies specific to epithelial or to mesenchymal
cells. (2) Circulating tumor microemboli are the
expression of “collective migration”, a phenomenon
linked to high metastatic potential and thus expect-
ed to be clinically important. (3) Invasion may occur
early in tumor development, thus raising the issue of
the potential application of highly sensitive and spe-
cific methods to identify CTC in cancer screening.
(4) The increasing capacity to characterize CTC/
CTM in term of gene mutations and expression pro-
file is expected to complement CTC/CTM-specific
detection and counting, continuously improving

the process of non-invasive identification of those
patients who are at higher risk of relapse and
metastases.

3. Terminology

According to the path followed by tumor cells to
generate metastases (Fig. 1), we propose that the
terms circulating tumor cells (CTC) and circulating
tumor microemboli (CTM) (Fig. 2) be used to spe-
cifically identify tumor cells detected in blood or
lymphatic vessels. CTM represents ‘‘collective
migration” of tumor cells and, as previously pointed
out (see above), carry a highly metastatic potential.

The terms disseminated tumor cells (DTC) and
isolated tumor cells ((ITC) are sometimes used to
indicate both tumor cells in organs and circulating
tumor cells in blood [30,31]. In order to avoid con-
fusion, they should be used only to indicate tumor
cells in organs (bone marrow, lymph nodes or other
organs) [27].

The term micrometastases is also used sometimes
to indicate CTC or DTC [32] , while it should be
used only to define tumor cells in organs which
underwent limited proliferation [27,33]. Microme-
tastases size is generally under 0.2 cm in greatest
dimension and their reliable diagnosis is only possi-
ble by histologic examination [33]. As discussed ear-
lier, ‘“‘micrometastasis” may derive both from
extravasated CTC and from non-extravasated
CTM after limited proliferation and rupture of ves-
sels walls.

4. CTC detection

The challenge of CTC/CTM detection is related
to the requirement of high sensitivity combined with
high specificity. Since invasion can start very early
during tumor development (see above), identifica-
tion and counting of CTC when they are very rare
(few CTC/CTM per 10 ml of blood, which means
few CTC/CTM mixed with approximately 100 mil-
lion leukocytes and 50 billion erythrocytes) could
alert the oncologist about a developing tumor inva-
sion process.

Specificity is also an absolute requirement in this
field. In fact, a wrong identification of “non-tumor
cells” (like epithelial non tumor cells, for instance)
as “tumor cells”, could generate poor clinical and
therapeutical choices having a negative impact on
the quality and/or expectancy of life in patients with
cancer.
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Several recent reviews concerning detection of
CTC are available [1,30,31,34-37]. Many different
methods have been developed and some are com-
mercially available (Fig. 3, Tables 1 and 2). Our
aim here is to critically analyze the advantages
and disadvantages of the different approaches and
suggest criteria to identify reference methods
expected to provide reliable clinical information.

4.1. Indirect methods

Indirect methods do not provide a diagnostic
identification of CTC. They target epithelial cells
and/or use organ-specific markers which identify
cells from specific organs but do not demonstrate
their tumorous nature.

4.1.1. Indirect immuno-mediated methods

Immuno-mediated detection is performed by
immuno-labelling of cells enriched by different
approaches including immunomagnetic separation
[38], and physical methods (density gradient, filtra-
tion) (Tables 1, 2, and Fig. 3).

Enrichment of CTC obtained by commercially
available immunomagnetic methods (MACS sys-
tems, macro-iron beads, magnetic beads, ferrofluid
(colloidal iron)-based systems) ranges from 10* to
2% 10° fold and avoids cell lysis, which characteriz-
es the RT-PCR tests (see below), thus allowing the
counting of target cells. However, since specific anti-
gens characterizing CTC are not known at present
(antigens expressed by all the tumor cells from a sol-
id tumor type and not expressed by leukocytes nor
by other circulating non tumor cells), authors have
used antibodies specific to epithelial antigens to iso-
late CTC (EpCAM, BerEP4, Cytokeratins (CK))
(see Table 1). Epithelial-specific antibodies can label
non-tumor epithelial cells by specific labelling and
non-tumor non-epithelial cells by non-specific label-
ling, thus giving false positive results. The percent-
age of CK positive cells in normal controls ranges

from 0% to 20% [34,39]. Most of these cells are leu-
kocytes. Antibodies against CK or other epithelial-
specific antigens have been reported to bind both
specifically and non-specifically to macrophages,
plasma cells and nucleated hematopoietic cells
precursors. The non-specific binding involves Fc
receptor-bearing leukocytes and monocytes or ille-
gitimate expression of epithelial antigens in normal
hematopoietic cells [38]. However, some of these
positive cells are morphologically difficult to distin-
guish from CTC. Variable numbers of epithelial
cells [34] have been found in peripheral blood of
subjects without malignancy, being related to
benign epithelial proliferative diseases, inflamma-
tion, tissue trauma, semi-surgical and surgical inter-
ventions [39,40]. Organ-specific markers have been
used (antibodies to mammoglobulin, PSA, CEA
and HER-2) to identify CTC. However, false nega-
tive results can occur since these antigens are not
present in all tumor cells. Furthermore, some of
these markers, mammoglobin and HER-2, are not
entirely organ-specific [41]. Actually, no available
antibodies are 100% tumor or tissue-specific [39].

In the immuno-magnetic detection, whole blood
or isolated (by density gradient) mononuclear cells
are put in contact with magnetic particles (beads
or ferrofluids)-bound antibodies. Labelled cells are
then collected by applying a magnetic force while
non labelled cells remain in the supernatant and
are discarded. Since a large number of leucocytes
still remain trapped with the target cells [42], some
methods include a “negative” selection of leucocytes
(e.g., with anti-CD 45) combined with a “positive”
selection with antibodies specific to epithelial cells
(EpCAM, Cytokeratins (CK)) (ex: CellSearch, Veri-
dex) [38]. This procedure gets rid of the majority of
leukocytes but still retains non-malignant epithelial
cells and loses tumor cells which do not express epi-
thelial antigens.

The CellSearch assay (Fig. 3 and Table 1) uses
ferrofluids coated with epithelial cell-specific

>

Fig. 3. Examples of commercially available methods to isolate CTC. (A) Oncoquick. Tumor cells, epithelial cells, platelets and low density
leukocytes are enriched from leukocytes and erythrocytes based on their particular density. They can then be collected for cytopathological
analyses, immunolabelling and molecular studies. (B) CellSearch. Blood cells expressing epithelial antigens (EpCAM) are captured by
EpCAM-bound ferrofluid. They can be recovered for molecular analysis or permeabilized and submitted to a negative selection with CD45
antibody (to capture leukocytes) and to a positive selection with antibodies specific to Cytokeratins 8, 18, 19 bound to ferrofluid. After
washing, cells expressing epithelial antigens are transferred to the MagNest chamber and counted with CellSpotter. (C) ISET (Isolation by
Size of Epithelial Tumor Cells). Cells larger than 11 um, including tumor cells from carcinomas, are enriched from leukocytes
(erythrocytes are lysed). Enriched cells are stained on the filter and CTC are precisely counted after cytopathological evaluation. Enriched
cells can be studied by immunolabelling, FISH, TUNEL and molecular analysis. Molecular analysis can be targeted to the specifically
identified CTC after laser microdissection. The filter can be mounted between slide and coverslip for routine microscope observation and

storage.
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EpCAM antibody (directed to a cell membrane
antigen) to immunomagnetically enrich epithelial
cells. Cells are then permeabilized, prefixed and
labelled with the fluorescent nuclear dye DAPI, a
fluorescent antibody to CD45 specific to leucocytes
and fluorescent antibodies to intracellular cytokera-
tins (CK) 8, 18 and 19 specific to epithelial cells.
Sample analysis is performed by the Cell-Spotter
Analyzer, a four color semi-automated fluorescence
microscope which identifies epithelial cells from
being positive for the CK markers and negative
for the CD45 marker. The advantage of the Cell-
Search assay is that it is more sensitive than the
Oncoquick method [43], semi-automated and reduc-
es trapping of leucocytes with epithelial cells. It also
allows cell counting. However, cell isolation and
detection are performed with antibodies specific to
epithelial cells (EpCAM, Cytokeratins 8, 18 and
19). As mentioned before, epithelial non-tumor cells
can be spread in the peripheral blood, making diffi-
cult to determine, in a given patient having a certain
number of circulating epithelial cells (CEpC), which
is the actual number of tumor cells. This is particu-
larly relevant when CTC counting is performed to
assess the tumor response to the therapy, the risk
of developing tumor recurrence and in cancer
screening protocols. The finding that some CEpC
identified in certain patients are characterized by
aneuploidy [44] does not mean that any CEpC
detected in any patient is actually a CTC. As dis-
cussed previously, the most malignant CTC lose epi-
thelial antigens (by EMT), which means that assays
targeting epithelial cells in blood are susceptible to
missing the detection of the most invasive tumor
cells. As a matter of fact, EpCAM has been found
to be expressed in only 70% of 134 tumors with dif-
ferent histologic type [45]. In one study, Fehm et al.
[44] found that cytokeratin-negative cells with aneu-
somy (tumor cells lacking epitelial antigens), in the
blood of one patient with breast cancer, outnum-
bered cytokeratin-positive cells. Furthermore, CK
8, 18 and 19 were found to be lost in cell lines
derived from disseminated tumor cells [13]. The loss
of cytokeratins (CK) and the ectopic expression of
vimentin, indicating EMT, has been demonstrated
in 2,517 samples of breast cancer to be associated
with a higher tumor grade and mitotic index, and
with negative estrogen/progesterone receptor status
[13]. Finally, CTM cannot be reliably detected by
this approach, as multiple cell labelling and treat-
ments with magnetic particles tend to dissociate
tumor cells aggregates.

4.1.2. Indirect molecular methods

RT-PCR based methods analyse the expression
of candidate genes specific to epithelial cells and/
or to the normal tissues from which the tumor cells
originate. [30,31,39,46]. The main advantage of this
approach is its sensitivity which is considered to be
higher than the reported sensitivity of immune-med-
iated detection and immunocytochemistry [30]. RT-
PCR implies the following steps: (a) peripheral
blood collection, (b) optional enrichment of nucleat-
ed cells by physical methods (density gradient)
and/or by immune-mediated or immunomagnetic
enrichment of epithelial cells, (c) RNA extraction,
(d) complementary DNA (cDNA) synthesis, (e)
marker gene cDNA amplification, (f) PCR product
analysis (for instance, by gel electrophoresis). PCR
methods can identify one target cell out of 10°-10’
normal cells which corresponds approximately to
one cell in 0.1 ml—1 ml of blood. An important lim-
itation of RT-PCR is that CTC are destroyed, mak-
ing it impossible to count them or to analyse them
individually. CTM are also undetectable as such
by this approach. Another limitation is that the
choice of the marker RNAs (the transcript(s)
detected by the test and that should indicate the
presence of tumor cells in blood) is difficult. The
“ideal” marker would be a transcript expressed in
all the tumor cells from a given tumor, but not
expressed at all, not even by illegitimate transcrip-
tion [47] (low level, non-specific transcription of
certain genes, for instance, expression of albumin
transcripts in lymphocytes [48]) in peripheral blood
leukocytes (PBL) or in non-tumorous epithelial
cells. Thus, a careful identification of the transcript
and of its pattern of expression is very important.
Finally, the high sensitivity of RT-PCR tests carries
the risk of PCR products carry over which requires
strict negative controls to validate the positive PCR
signals.

Indeed, if the target gene is a typical gene
expressed in epithelial cells (for instance, cytokera-
tins), the signal will be a false positive if the patient
has circulating non-tumorous epithelial cells. CK19
mRNA has been found in the blood of 3.7%
(n=>54) healthy donors as well as in 14.3%
(n = 28) samples from patients with haematological
malignancies and in variable proportions of control
subjects (Tables 2 and 3). Detection of CKI19 in
healthy donors has been attributed to illegitimate
transcription of the CK 19 gene in PBL [49] and/
or to increased secretion of cytokines which can
induce transcription of tissue-specific genes in PBL



Table 1
Characteristics of some available methods used to enrich CTC

Systems Blood Time for Principle of CTC Method of detection Type of enriched cells Sensitivity Reported detection of
volume per  enrichment enrichment threshold (cell  circulating tumor
test (ml) (min) per blood) microemboli (CTM)

Oncoquick 15-35 45 Cellular density Immunolabelling, possible Low density cells 1 cell/4.5 pl* No

cytopathological analyses

MACS 5-15 120 Capture of epithelial ~Immunolabelling, molecular Cells expressing epithelial 1 cell/0.3 mI® No

cells by analyses antigens
immunobeads
CellSearch 7.5 40 Capture of epithelial ~ Negative selection by CD-45 Cells expressing epithelial 1 cell/0.5 mlI® No
cells (EpCAM (leukocytes) Positive selection antigens
positive) by by CK-8,18,19 (epithelial cells)
ferrofluid
ISET 10 15 Cellular size Cytopathological analysis, Cells larger than leukocytes: 1 cell/ml? Yes¢

immunolabelling

epithelial cells, tumor cells
(and others ““rare” cells)®

% R. Gertler Recent Results Cancer Res. (2003).

® C. Griwatz, J. Immunol. Methods (1995).

¢ M. Kagan, J. Clin. Ligand Assay, (2002).

4 Vona et al. 2000.

¢ “rare” circulating cells: trophoblastic, endothelial and stem cells.
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Table 2

Sensibility and specificity of different methods used to detect CTCs

Type of enrichment method Type of detection method® Cancer type Sensitivity®  No. No. References
Density Immuno- Filtration RT-PCR qRT-PCR Immuno-mediated (cell line) hea!thy p e}tlents
: : . . . subjects (%  with
gradient magnetic (transcript) (transcript) detection o .
g e o of positive)  benign
separation (antibodies) )
(antibodies) disease
(% of
positive)
Ficoll — — — nCK-20 Colon (HT 1-10 cells/ 150 (0) ND G. Giribaldi G, J
29) Breast 3ml Mol Diagn
(MCF-7) (2006)
Ficoll — CK20 — — Colon (HT 1 cell/ml 60 (0) 9 (0) M. Koch, Int. J.
29) Colorectal Dis,
2006; J. Weitz,
Clin Cancer Res,
1998
Ficoll IMS (Ber- CEA Colon 1 cell/ml 10 (0) ND J. Guo, J. Mol.
EP4/CD-45) (LS174T) Med. (2004)
Ficoll Yes — — ICC (CK-8) Breast 1 cell/ml 20 (0) ND H. J. Kahn,
(MCF-7) Breast Cancer
Res. Treat (2004)
Ficoll plB, PS2, Breast ND 96 (0) ND A.J. Bosma,
CK19, (MCF-7) Clin. Cancer Res.
EGP2 (2002)
Ficoll — Nested CK- — — Breast 1 cell/0.1 ml 54 (3.7) ND A. Stathopoulou,
19 (MCF-7) J. Clin. Oncol.
(2002)
Ficoll MACS (CD- — — — ICC (pan-CK) Renal (Caki- 1/ml° 16 (0) U. Bilkenroth,
45, CK-7-8 1) Int. J. Cancer
or HEA) (2001)
Ficoll — — Nested PSA  — — Prostate 1/ml 31 (0) 50 (0) A. Mejean, J.
(LNCaP) 115 (2) Urol. (2000)
Ficoll — — Nested AFP  — — Liver (Hep 1/ml 37 (0) 65 (0) Louha M,
QG2) Hepatology,
1997
MACS Multiplex Colon 1 cell/0.1 ml 41 (0) 32 (0) R. Douard, Clin.
(HEA-125) CEA, (HT29) Chem. Lab.
CGM2 Med. (2005)
DG MACS (CK) — — — ICC (HER-2) Breast ND 15 (0) 17 (0) P. Wulfing, Clin.
Cancer Res.

(2006)
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Lymphoprep

Lymphoprep

Ficoll

Oncoquick

Erythr lysis

Erythr lysis

Ficoll

Ferrofluid
(EpCAM)?

Dynabeads
(Epithelial
antibodies)

IMS
(BerEP4)

ISET

ISET

Nested CK-
19, CEA

Nested —
SCCA
Nested
PSMA

Telomerase-PCR-ELISA

Cytopathological analysis

CEA —

hMAM —

membrane array assay

Semi —
quantitative
AFP

IF (CD45\CKS,
CK18, CK19)

ICC (KL1)

ICC
(CDA45\CK3,18,19)

Breast
(SKBR-3)

Colon

Oesofageous
(KYSE-273)
Prostate
(LNCap)

Breast
(MCF-7)

Liver
(HepG2)

Breast
(MCF-7)
Breast
(MCF-7)

Colon (HT
115)

Breast
(SKBRY)
NSCLC
(H358)
Liver
(HepG2)

1 cell/
0.5 ml®

ND

Icell /0.1 ml

Icell /ml

1.23 /ml

1/ml

1 cell/ml

1/72 )
microliters'

1 cell/ml

1cell/0.1-
1 ml
1cell/0.2 ml

1 cell/
0.6 ml

145 (0.1)

25

(CEA =4)
(CK-
1=20)

19 (0)

ND

9(0)

46 (0)

40 (0)

25 (8)

70 (2.9)

27 (0)
100 (6)

ND

200 (0.1)

ND

3(0)

71 (2.8)

ND

69 (0)

ND

ND

ND

41 (5)

47 (17)

10 (0)

M. Cristofanilli,
N Engl J.Med.
(2004); W. J.
Allard, Clin.
Cancer Res.
(2004)

J. M. Silva, Gut
(2002)

J. Kaganoi, Br. J
Surg. (2004)

N. Hara, Clin
Cancer Res.
(2002)

Soria J C, Clin
Cancer Res
(1999)

G. Vona,
Hepatology
(2004); G. Vona,
Am. J. Pathol.
(2000)

P. Pinzani, Hum.
Pathol. (2006)
V. Muller, Clin.
Cancer Res.
(2005)
R.Q.Wharton ,
Clin Cancer
(1999); S. Jonas,
Gut (1996)

0. Zach J. Clin.
Oncol. (1999)
C.C.Sheu, Int. J.
Cancer (2006)
I.LH. Wong, Clin.
Cancer Res.
(1999)

(continued on next page)
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Table 2 (continued)

Type of enrichment method Type of detection method® Cancer type Sensitivity® No. No. References

Density Immuno- Filtration RT-PCR qRT-PCR Immuno-mediated (cell line) hea?thy pa}tlents
subjects (%  with

gradient magnetic (transcript) (transcript) detection f oositi beni
separation (antibodies) of positive) enign
oo disease
(antibodies)
(% of
positive)
— — — CEA — — Colon (SW- 1 cell/0.2ml  30(0) ND J.Y. Wang,
480) World J. Surg.
(2006)
Erythr Lysis — — — IF (HEA) (LSC) Breast leell/ 2 ul 100(3) 25(0)2 K. Pachmann,
(MCEF7) Breast Cancer

Res. (2005); K.
Pachmann, Clin
Chem. Lab.
Med. (2005)

Ab, antibodies; AFP, a-fetoprotein; CEA, carcinoembryonic antigen adhesion molecule 5 (CEACAMS); CGM2, carcinoembryonic antigen adhesion molecule 7 (CEACAM?7); CK,
cytokeratin; Erythr Lysis, Erythrocyte lysis; HER-2, proto-oncogen product; HEA, human epithelial antigen; hMAM, mammaglobin; ICC, immunocytochemistry; IF, immuno-
fluorescence; IMD, immunomediated detection; IMS, immunomediated separation; ISET, isolation by size of epithelial tumor cells; LCS, laser scanning cytometry; MACS, magnetic-
activated cell separation; ND, non-determined; No., number; PSA, prostate-specific antigen; PSMA, prostate-specific membrane antigen; SCCA, squamous cell carcinoma antigen;
NSCLC, non-small cell lung cancer; RT-PCR, reverse transcription-polymerase chain reaction, qRT-PCR, quantitative RT-PCR.

# Original methods are in box.

® Sensitivity threshold, presented as cell per maximum volume of blood still giving a signal.

¢ Recovery rate 84%.

4 CellSearch.

¢ Recovery rate 85%.

T Recovery rate 70.6%.

€ Prostatitis.

b Non-epithelial haematological malignancies.

[\
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Table 3

Studies reporting assessment of the clinical impact of CTC

Type of cancer ~ Method* No. ml No. patients® Positive patients No. controls®  Clinical impact® References
blood (% positivity)
Colon Ficoll & qRT-PCR 10 99 22% 150 h.s. (0) No association with ~ G. Giribaldi, J. Mol. Diagn. (2006)
CK-20 metastasis
Colon MACS/HEA-125 & 10 45 Stage I11- 63% CEA and/or 32 others (0);  Association with R. Douard, Clin. Chem. Lab. Med.
mRT-PCR/CEA/ IV; 39 stage -  CGM; 238% CEA and 41 h.s. (0) disseminated (2005)
CGM2 I CGM2 tumors
Colon Erythr lysis & RT- 144 100 (50M+) 48% CEA; 34% CK-20 70 (4.3) No association with ~ R.Q. Wharton, Clin. Cancer, (1999)
PCR/ CEA, CK-20 metastasis
Colon nRT-PCR/ CGM2 10 121 48% ND No prognostic R. Douard, Surgery (2006)
information
Rectal Ficoll & RT-PCR / 10 45 [median f-up  38% before and after 60 h.s. (0); 9 Trend of worse M. Koch, Int. J. Colorectal Dis.
CK-20 51] endorectal u-sound others (0) prognosis if positive  (2006)
24% only after after endorectal u-
endorectal u-sound sound
Colorectal RT-PCR/ CEA 4 72 [median f-up  72.2% 30 h.s.(0) Association with J.Y. Wang, World J. Surg. (2006)
28] risk of postoperative
metastasis
Lung Erythr lysis & IF/ 1 37 89% 100 h.s.(3) Association with K. Pachmann, Clin. Chem. Lab.
HEA (LSC) metastasis Med. (2005)
Breast Erythr lysis & IF/ 1 63 94% breast 100 h.s.(3) Association with K. Pachmann, Clin. Chem. Lab.
HEA (LSC) metastasis Med. (2005)
Breast Erythr lysis & RT- 5 114 25% 27 h.s. (0); 41  Association with O. Zach, J. Clin. Oncol. (1999)
PCR/hMAM others (4.8) clinical stage
Breast Ficoll & qRT-PCR/ 10 167 N- [median  21,6% ND Association with N. Xenidis, J. Clin. Oncol., (2006)
CK-19 f-up 32] shorter PFS and OS
Breast Ficoll & qRT-PCR/ 10 110 29% 150 h.s.2 (0)  Association with G.. Giribaldi, J. Mol. Diagn. (2006)
CK-20 metastases
Breast Ficoll + Filtration & 54 131 (51 M+) 71% M+; 20 h.s. Association with H.J. Kahn, Breast Cancer Res.
ICC® /CK-8 39% N—; 47% N+ disease stage, N+ Treat. (2004)
and with metastasis
Breast Ficoll &nRT-PCR/ 10 161 M- 27.3% 28 others Mild association N. Xenidis, Ann. Oncol. (2003)
CK-19 [median f-up (14.3); 54 h.s.  with decreased PFS
29] (3.7)
Breast Ficoll &qRT-PCR/ 1(6x 10° 94 M+ [median  31% 96 (0) Association with B. Weigelt, Br. J. Cancer (2003);
CK-19, plB, PS2 and PBMCs) f-up 15] shorter PFS and OS  A.J. Bosma, Clin. Cancer Res.,
EGP2 (2002)
Breast DG + IMS &ICC/ 50 42 (7 100% M+ 48.6% M— 15 h.s. (0); 17 Association with P. Wulfing, Clin. Cancer Res. (2006)
HER-2 M+)[median f- others (0) decreased PFS and
up 95] (O]
Breast Ficoll &qRT-PCR/ 10 253 stage I-11; 12% M—; 21% M + ND Association with J. Souglakos, Breast Cancer Res.

CK-19

239 stage I11-
v

CNS relapse

(2006)

(continued on next page)
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Table 3 (continued)

Type of cancer ~ Method?® No. ml No. patients® Positive patients No. controls®  Clinical impact® References
blood (% positivity)
Breast IMS EpCAM 7.5 177 M+ 61 % (cut off: >5 CTCs) 145 hus. Association with M. Cristofanilli, N. Engl. J Med.
&CD45, CK- 8,18,19 (0,1 £0.9) shorter PFS and OS  (2004); M. Cristofanilli, J. Clin.
(CellSearch) 200 others Oncol. (2005); D.F. Hayes, Clin.
(0,1£0.2) Cancer Res. (2006)
Breast Ficoll & cytospin 7-14 10° 75 M— 39 M+ 16% M-; 41% M+ ND Association with J.Y. Pierga, Clin. Cancer Res.
ICC/CK-8,18,19 MNCs [median f-up metastatic disease (2004)
28]
Breast Ficoll &nRT- 10 148 M-; 50 M+ 29.7% M—; 42% M+ 59 others Independent A. Stathopoulou, J. Clin. Oncol.
PCRCK-19 [median f-up (8.5); 54 hus. prognostic value in (2002)
28] 3.7) M- patients
Breast nRT-PCR 20 10IM- [median  13.9% 30 h.s. (0); 40 Association with F. A. Vlems, M. Ntoulia , Clin.
Mammaglobin f-up 24] others (0) shorter PFS Biochem. (2006)
Breast Oncoquick & ICC/ 10 60 M—; 63 M+ 8.3% M-; 39.7% M+ 25 h.s.(8) Association with V. Muller, Clin. Cancer Res. (2005)
CD45/CK [median f-up disease progression
28]
Ovarian Lymphoprep &IMD/ 40 90 [median f-up  12% ND No association with ~ C. Marth, Cancer, (2002)
MOC-31 25] poor prognosis
Kidney DG & RT-PCR/MN/ 8 37 (9 M+) 49% 5 others (0); No association with ~ J.M. McKiernan, Cancer, (1999)
CA-9 54 tumor grade
controls (1.8);
Kidney Ficoll +MACS(CD- 8 59 32% 16 h.s. (0); Association with U. Bilkenroth, Int. J. Cancer (2001)
45/CK-7-8 or HEA) 16 others (50)  tumor grading
& ICC/pan-CK
(5,6,8,17,19)
Squamous Lymhoprep &nRT- 10 70 33% 19 h.s.(0) 3; Association with J. Kaganoi, Br. J. Surg. (2004)
Oesophageal PCR/SCCA others (0) poor outcome
cancer
Liver Ficoll &nRT-PCR/ 15 84 33.3% 37 h.s. (0); 65  Association with Louha, M. Hepatology (1997)
AFP others (0) risk of metastasis
Liver ISET 3 44 M— 52% 38 h.s. (0); 69  Association of CTC ~ G. Vona, Hepatology (2004)
&cytopathological others (0) number with shorter
analysis survival
Prostate IMS EpCAM 7.5 37 M+ 62% ND Association with J.G.. Moreno, Urology (2005)
&CD45CK- 8,18,19 shorter survival
(Cell Search)
Prostate Ficoll & RT-PCR 3 46 M— 22% 145 others No predictive value ~ N. Thiounn, Urology, (1997)
PSA (12)
Prostate Ficoll &nRT-PCR/ 15 99 (2 M+) 33% 31 h.s. (0); 50 Association with A. Megjean, J. Urol. (2000)
PSA others (0); 11 risk of tumor
prostatitis (2);  reccurence
Prostate DG & RT-PCR/PSA 5 227 27% 65 others (0) Association with R.D. Ennis, Cancer (1997)

pathological stage
(multivariate
analysis)

Y61
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Pancreas Ficoll & nRT-PCR/ 20 154 (64M+) 33.8% (37,1%) 54 controls Association with E. Soeth , J. Cancer Res. Clin.
CK20 [median f-up (16,7); 20 h.s.  pathological stage Oncol. (2005)
11] (0,5) and with survival
Pancreas DG & cytospin/ICC 3 102 ( 31M+) 26% (39% M+) 60 controls Association with K. Z’Graggen, Surgery (2001)
(CK7, CK19, CK20) [median f-up (1.6); 6 h.s. tumor stage No
27] (0) association with
survival
Gastric DG & nRT-PCR/ S from 57 M+ [median ~ 36.8% 15 controls Iatrogenic diffusion ~ F. Miyazono, Ann. Surg. (2001)
CEA portal vein  f-up 15] (0); 15 h.s. (0)  of tumor cells
Association with
metastasis
Colorectal IMS/Ber-EP4 &RT- 10 94 [median f-up  20% 64 others(11);  Association with Hardingham, Int. J. Cancer (2000)
PCR/MUCI,MUC2 15] 20 h.s.(0) shorter PFS and OS
CK19,CK20
Colorectal Ficoll & RT-PCR/ 20 95 (20 M+) M-+ 60%; M— 36% ND No association with ~ X. Bessa , Gastroenterology (2001)
CEA [median f-up prognosis
41]
Colorectal Ficoll & RT-PCR/ 10 9 M+; 44 M- M+ 67%; M— 36% 32 h.s.(0) Association with T. Taniguchi Cancer, (2000)
CEA [median f-up shorter PFS
19]
Colorectal Ficoll & nRT-PCR/ 10 52 (9) CEA (38,4%); 10 controls No association with K. Yamaguchi, Ann. Surg. (2000)

(CEA,CK20)

CK20(36,5%)

(0); 10 h.s.(0)

tumor stage

AFP, a-foetoprotein; CEA, carcinoembryonic antigen , CGM2, carcinoembryonic antigen adhesion molecule 7; CK, cytokeratin; CNS, central nervous system; CTCs, circulating
tumor cells; DFS, disease free survival; DG, density gradient; Erythr Lysis, erythrocyte lysis; f-up, follow-up; HER-2/neu, proto-oncogen product; HEA, human epithelial antigen;
hMAM, mammaglobin; h.s., healthy subject; ICC, immunocytochemistry; IF, immunofluorescence; IMD, immunomediated detection; IMS, immunomediated separation; IMS/Ber-
EP4; epithelial enrich Ber-EP4-coated microsize immunobeads (Dynal Biotech, success, NY); ISET, isolation by size of epithelial tumor cells; LSC, laser scanning cytometer
(Computer Corporation, Cambridge, MA, USA); M+, patients with metastasis; M—, patients without metastasis; N—, lymph node negative; mRT-PCR, multiple RT-PCR; MACS,
magnetic cell sorting; M+, with metastases; M—, without metastases; median f-up, median follow-up; MUC1/MUC2, oncoprotein; nRT-PCR, nested RT-PCR; ND, nondetermined;
No., number; N—, lymph node-negative; N+, lymph node positive; OS, overall survival; PBMC, peripheral blood mononuclear cells; PFS, progression free survival; PSA, prostate-
specific antigen; qRT-PCR, quantitative RT-PCR; nRT-PCR, nested RT-PCR; SCCA, squamous cell carcinoma antigen; u-sound, ultra sound.

# The symbol & is placed in between the enrichment and the detection method, its absence indicates that any enrichment method has been performed.

® The number of patients with metastasis is in parenthesis (M+), median follow-up is in months.

¢ h.s., healthy subjects; others, patients with other cancers or benign diseases.

4 Multiple sampling.

¢ According to statistical analysis.

f Tested after surgery.
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[47,50]. Conflicting results have also been published
for CK20. CK20 mRNA was detected in the blood
of a variable number of healthy donors and controls
(Table 3).

Organ-specific marker genes like PSA/KLK3, a
prostate-specific antigen, are expressed in all pros-
tatic cells, thus they can give false positive results
if non-tumorous prostate cells are spread in blood
by inflammation [51], invasive diagnostic proce-
dures (e.g., biopsy) and/or surgery [40,52]. Mammo-
globin mRNA, a breast-specific transcript, has
reportedly been induced in non cancerous patients
by several cytokines [53], while its expression has
never been reported in healthy donors [30] (Tables
2 and 3). MUC-1, which is expressed in normal
breast, bronchial, pancreatic, uterine, salivary,
intestinal and other glandular cells, has been repeat-
edly shown to be expressed in leukocytes and blood
samples from healthy donors and controls. In one
study, it was reported to be expressed in 70%
(n =40) blood samples from normal subjects and
73% (n = 15) of patients with haematological malig-
nancies [30].

Tumor-specific markers may also be expressed in
non-tumorous cells. Alpha Fetoprotein, for
instance, is expressed in non-tumorous liver-derived
cells [52] and CEA transcripts have been detected in
the blood of healthy donors and in patients with
inflammatory bowel diseases [30]. EGFR has been
shown to be expressed in 9% (n = 22) of subjects
without tumor and in 10.5% (n = 38) of healthy
donors [54,55]. HER-2 mRNA was found to be
expressed in the blood of 10% (n = 20) of healthy
women and in most blood samples from healthy
donors [30]. Actually, EGFR, mammoglobulin,
small breast epithelial mucin and squamous-cell car-
cinoma antigen were shown to be expressed in pro-
liferating, but not resting peripheral blood
leukocytes [56]. Telomerase, a specific polymerase
expressed in approximately 85% of malignant
tumors, can be expressed in some non-neoplastic tis-
sues and in some lymphoid cells [30]; however it has
never been reported to be expressed in healthy
donors and control samples, although tested in
small number [30].

Quantitative RT-PCR (q-PCR) and nested real-
time RT-PCR [31,46] assays have been used to
improve the specificity of RT-PCR. Quantitative
RT-PCR tests are based on the attempt to define a
cut-off value of a given transcript marker, compared
to a reference marker expressed in any cell, which
would be indicative of the presence of tumor cells

in blood. The advantage of qRT-PCR tests over
conventional RT-PCR assays is that they use inter-
nal probes (between primers) that specifically
hybridize to the amplified sequence, increasing the
PCR specificity. However the proportion of tumor
cells in blood may be highly variable and the RT
step introduces significant variability making it
problematic to define a relevant quantitative “‘cut-
off”” point [46]. Schuster R et al. [57] for instance,
were not able to set a definite cut-off value to differ-
entiate, by quantitative real time PCR, mRNA from
tumor cells and those from illegitimate transcription
in PBL. Practically, since it is impossible to predict
the number of normal and of tumor cells expressing
the different types of transcripts, cut-off thresholds
can be generally valid but not adapted to individual
cases.

4.2. Direct methods

Direct methods are meant to provide a diagnos-
tic identification of CTC. Given the important
limitations of immune-labelling and RT-PCR
assays, direct diagnosis of CTC/CTM can only be
obtained by cytopathological analysis of the isolat-
ed cells [39] and/or by the analysis of their genome
providing clues to the tumorous nature of the cell
[34,44]. Cytopathological analysis can be carried
out in a routine manner, provided that CTC
enrichment does not damage cell morphology. In
contrast, genome analyses (FISH, CGH, mutation
analysis) have not been applied routinely, for tech-
nical reasons, to the detection of CTC, but rather
to their characterization [42,44,58]. In fact, FISH
probes generally do not label all the target cells
(which is a limitation when testing rare cells), the
interpretation of the signal can be difficult and
some cells can be tumorous without a detectable
aneuploidy. Comparative genomic hybridization
(CGH) and mutation analyses are expensive and
time consuming procedures which, to be informa-
tive, have to be directed, by laser microdissection,
to individual cells [58]. Furthermore, very few
“marker” mutations or translocations (present in
any tumor cell of a given tumor type) are known
to characterize solid tumors, in contrast with hema-
tologic malignancies.

Thus, there is a strong argument to be made that
cytopathological analysis should be the reference
diagnostic method, and be used to identify CTC
and CTM, just as it is in other oncological diagnos-
tic settings (PAP-test, cytopathological analysis of
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tumor biopsies and aspirates of biological liquids
(ascites, urine, cephalo-rachidien liquid)). Further-
more, cytopathological study of enriched cells from
blood allows the identification of CTM, which are
the expression of “collective migration” and carry
a higher risk of development of metastases (see Sec-
tion 2.1). Cytopathological analysis could be used as
a reference basic approach to recognize CTC/CTM,
applying additional techniques (immunolabelling,
FISH, RNA/DNA analysis) to better characterize
their malignant nature and their invasive potential.

In the past, the classical technique of blood
smears has been applied to perform cytopathologi-
cal analysis of CTC. However, this is not feasible
in a routine manner, for in order to find one CTC
in 1 ml of blood, the analysis of 100 smears (10 pl
per smear) must be performed. Automatic instru-
ments, routinely used for PBL counting, analyze
blood samples of 50 pl, and are thus unsuitable for
detecting “rare cells”.

Enrichment approaches aimed at isolating CTC
independently from their antigens and avoiding
damage to cell morphology are based on physical
properties of CTC: density and size. After cytologi-
cal staining (May-Grunwald Giemsa, Hematoxylin
& Eosin, etc...), cytoplasmic and nuclear details
become available to observation and thus allow
cytopathological diagnosis of CTC/CTM.

Density gradient separation of mononucleated cells
from blood (including CTC), is obtained by using
Ficoll (Amersham, Upsala, Sweden), Lymphoprep
(Nycomed, Oslo, Norway) or other similar density
gradient liquids. Whole blood is directly layered
on the density gradient. After centrifugation, from
bottom to top are found: erythrocytes, neutrophils,
density gradient, mononuclear cells (lymphocytes,
monocytes, epithelial cells, tumor cells), and plasma
which is the upper layer. Tumor cells can also
migrate in the plasma fraction. However, whole
blood rapidly starts to mix with the density gradient
if it is not immediately centrifuged, preventing opti-
mal cell separation. OncoQuick (Greiner, Fricken-
hausen, Germany) (Fig. 3 and Table 1) consists of
50 ml tubes containing the density gradient placed
under a porous barrier. It has been designed to iso-
late mononuclear cells with low density cells and
particles (low density leukocytes, epithelial cells,
tumor cells, platelets) from neutrophils and lympho-
cytes. The tubes permit the layering of whole blood
(15-35 mL) on the porous barrier, thus avoiding its
mixing with the density gradient before centrifuga-
tion. In tumor cells spiking assays, although the

tumor cells recovery rate has been shown to be sim-
ilar for Ficoll and Oncoquick, the last method
obtains a greater enrichment of tumor cells from
leukocytes, which simplifies further analyses [59] as
cell staining, immunolabelling, and molecular stud-
ies. The limiting problem of OncoQuick is that rare
CTC can be lost during the isolation step as they
can migrate in the plasma fraction or are trapped
among erythrocytes and neutrophils [34,59], so that
the system has very low and variable sensitivity
depending on tumor cell characteristics, centrifuge
time, temperature etc... In spiking assays, Onco-
quick sensitivity was lower than that of CellSearch
[43].

Direct enrichment of epithelial cells by filtration
has been first described by Vona et al. in 2000
[58,60]. Isolation by size of Epithelial Tumor cells
(ISET)(Metagenex, Paris France; www.metage-
nex.fr) (Figs. 2, 3 and Table 1) is based on the obser-
vation that the vast majority of peripheral blood
leukocytes (lymphocytes and neutrophils) are the
smallest cells in the body, having a size ranging from
8 to 11 um. They can thus be massively eliminated
by blood filtration through polycarbonate mem-
brane with calibrated pores of 8 um.

The simplicity of the assay avoids losing rare cells
in multiple steps of isolation. Peripheral blood is
collected on EDTA, diluted with the ISET buffer
(which fixates cells), let to stand 10 min, then loaded
into the Metablock and filtrated by the ISET device
(2-3 min). Filtration takes place through distinct
spots on the filter according to the blood volume,
so that every spot will show the retained “large”
cells which were, before filtration, in 1 ml of blood.
This permits the precise counting of the number of
CTC per millilitre of blood independently from
the blood volume treated. Enriched cells can be
stained with cytological stainings (i.e., May-Grun-
wald Giemsa, Hematoxylin & Eosin, etc...), and/
or characterized by immunolabelling, FISH, or
TUNEL assays in order to analyse their antigens,
aneuploidy and rate of apoptotic cells (Fig. 2).
Interestingly, circulating tumor microemboli
(CTM), which are thought to carry a high metastat-
ic potential, are also sensitively enriched and can be
reliably counted (Fig. 2). Molecular analyses, specif-
ically focused on cytopathologically identified
tumor cells, can be carried out after laser CTC/
CTM microdissection [58]. Pinzani et al. [61] (Table
2) demonstrated the feasibility of studying the
HER2 DNA amplification in tumor cells microdis-
sected after enrichment by ISET. Enrichment by
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direct filtration is very sensitive since fixed cells larg-
er than 11 pm in at least one diameter cannot pass
through the 8-um pores. Furthermore, this direct
method avoids multiple steps and cell damage,
which both contribute to enrichment sensitivity. In
repeated analyses, the system has been shown to iso-
late one single tumor cell added by micropipetting
to 1 ml of blood [60].

Meng et al. [62] report that the mean diameter of
tumor cells in blood from patients with breast can-
cer ranges from 29.8 to 33.9 um. These cells are iso-
lated by ISET without difficulty since the pore size is
8 microns. Moreover, ISET enriches smaller and
larger cells with clear cytopathological features of
CTC. Since the cell morphology is conserved, it is
easy to distinguish epithelial non-tumor cells from
tumor cells by cytological staining and cytopatho-
logical examination, complemented if required by
immunolabelling. A limited number of leukocytes
are also retained on the filter, but they are easy to
recognize without any additional labelling [60].
Images of CTC/CTM can provide oncologists with
a visual aspect of this new marker and its evolution
during follow up (modification of CTC morphology
toward more malignant traits, appearance of CTM,
apoptotic cells, etc...) (Fig. 2).

Zabaglo et al. [63] used filtration of whole
blood through polycarbonate membrane with 8-
microns calibrated pores and found the recovery
of 85-100% MCF7 and T47D breast cancer cells
with about 0.1% leukocytes remaining on the filter
(approximately 10,000 PBL per millilitre of
blood). Thus, the enrichment power of this
method is lower than that of ISET, which retains
from 0.0002% to a maximum of 0.02% PBL (thus
less than 2000 PBL per millilitre of blood) [60].
The approach of Zabaglo et al., which is less com-
plex and less expensive than immunomagnetic
methods, has been associated with automatic anal-
ysis of CK-positive cells. This method could still
give false positive and false negative results, unless
manual re-staining of CK positive cells by H&E
and cytopathological analysis is performed. Com-
parison of filtration (Zabaglo et al. method),
immunomagnetic separation and multimarker
real-time RT-PCR showed that RT-PCR is more
sensitive than the two other approaches in detect-
ing circulating epithelial cells [64]; however, a
stringent detection of circulating tumor cells by
cytopathological analyses, required to specifically
count the number of CTC/CTM, has not been
assessed in this work.

Kahn et al (Table 2) isolated mononuclear cells
by Ficoll, before fixing and filtering them several
times through a polycarbonate filter with 8-pum
diameter pores mounted onto a syringe. Recovered
cells were then transferred to a glass slide and
immunostained with anti-CK 8 antibody. This
method demonstrated an average recovery of 63%
of MCF7 cells in spiking assays. This low sensitivity
is consistent with the multiple steps (including Ficoll
and multiple filtrations) which cause tumor cell
damage and loss.

5. When are we certain that tumor cells are in blood?

From a clinical point of view, we expect that
informative and reliable results are obtained in pro-
portion to the specificity and sensitivity of the assay
designed to identify CTC. But when are we sure that
CTC are in blood?

Due to the lack of truly reliable “marker’ genes,
RT-PCR analyses generally use epithelial- or organ-
specific markers without any proof that the test reli-
ably identifies tumor cells in blood. Even tumor-re-
lated markers (for instance, Alpha-fetoprotein,
CEA, etc...) can be expressed in non tumor cells
without providing the proof that tumor cells are
reliably detected. So, for a large majority of these
tests the result is still in terms of “probability”.

Identification of epithelial cells in blood by
immune-mediated assays is also associated with
the “probability” of identifying CTC and does not
allow their precise identification and counting. In
1999, standardized immunocytochemical criteria
for detection of cancer cells in bone marrow were
reported [65] and tumor cells were defined according
to “pathognomonic signs of epithelial tumor cell
(TC)-nature, i.e. a clearly enlarged nucleus, high
nucleus/cytoplasmic ratio and/or clusters of =/>2
immunopositive cells”. However, epithelial cells
found in the bone-marrow are supposed to be
extravasated cells, thus more susceptible to be
tumor cells than epithelial cells found in blood,
where they can be in transit after spreading from
organs. Moreover, this standardization criteria
had been proposed in 1999, when expression of epi-
thelial antigens was seen as a fundamental and con-
stant characteristic of tumor cells derived from
carcinoma, while we know now that this is not true
(see above, epithelial to mesenchymal transition).
Also, the concept that “epithelial cells do not circu-
late, unless they become tumorous” was widely
accepted and not yet challenged by later studies.
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As mentioned, evidence has been provided, in the
last years, that malignant tumor cells from carci-
noma tend to lose their epithelial antigens (EMT)
and that normal epithelial cells may be spread in
the blood circulation.

So, when are we certain that tumor cells are in
blood? The possibility of analyzing the nuclear
and cytoplasmic characteristics in great detail pro-
vides a major diagnostic element. The cytopatholo-
gist currently identifies tumor cells in other
oncological settings and can provide a cytopatho-
logical assessment of the cell nature. Expression of
organ-specific markers (e.g., PSA in cells from pros-
tate cancer) or epithelial-specific markers (e.g., CK)
on circulating cells having a clear tumor cell mor-
phology can assist the pathologist in the differential
diagnosis with circulating micromegakaryocytes.
However, as reported in the literature, “epithelial
antigens are not always expressed on tumor cells”.
Occurrence in blood of micromegakaryocytes is
the sign of a pathological condition, as these imma-
ture cells are found in myeloproliferative syndromes
like the myeloid splenomegaly, in the AML7 (acute
megakaryoblastic myeloid leukemia) and rarely in
other myelodisplastic syndromes. Micromegakaryo-
cytes are thus exceptional in patients with solid can-
cer and can be identified by specific labeling with the
CD61 and CD42 antibodies. Thus, cells found in
blood and having a tumor-like feature can be specif-
ically identified as CTC on the basis of their cyto-
pathological analysis and be further characterized
by immunolabelling and/or molecular analyses.

We would like to stress the potential consequences
of the confusing terminology related to technical
approaches having low specificity : “The criteria
for an object to be defined as a Circulating Tumor
Cell include round to oval morphology, a visible
nucleus (DAPI positive), positive staining for
cytokeratins and negative staining for CD45” [38].
These criteria cannot distinguish between epithelial
non tumor cells and tumor cells. The issue is partic-
ularly relevant when a CTC count is required. How
can we be sure that we strictly count tumor cells if
we target epithelial cells? A confused terminology
would hinder rather than help scientific advances.
The statement “CTCs are rarely present in patients
with non-neoplastic diseases” [38], for instance,
should stimulate researches to understand why
CTC are present in patients without cancer and
what is their fate and clinical relevance. However,
the test applied in this setting may detect circulating
epithelial cells, not tumor cells. Thus, we still have

to prove that tumor cells circulate in the blood of
patients without a neoplastic disease. Another
drawback of a confusing terminology relies on
molecular analyses aimed at characterizing CTC.
The application of gene expression profiling assays
[42] to cells enriched by immuno-labelling which
are defined as CTC but are, in fact, circulating epi-
thelial cells (CEpC), needs appropriate interpreta-
tion of results. Markers identified by studying
CEpC will not be able to distinguish circulating
tumor cells from circulating epithelial non tumor
cells. Since the most malignant tumor cells, as dis-
cussed before, lose their ‘“‘epithelial-specific anti-
gens” (EMT, see above), defining CTC those cells
which express epithelial antigens may carry impor-
tant interpretation bias.

6. Characterization of CTC

It is important to characterize CTC to obtain fur-
ther proof of their malignant nature and to assess
the invasive potential of individual CTCs. We know
from animal studies that approximately 1 out of
10,000 CTC is able to found a metastasis [27]. Even
though this figure may differ in the case of human
pathology and will be dependent on tumor variabil-
ity, it is clear that research must be performed to
identify, among CTCs, those having the highest
metastatic potential [36].

Genotyping of CTC can be performed by FISH
(fluorescence in situ hybridization) [44,60,62,66] or
by CGH (comparative genomic hybridization)
directed to single tumor cells or pools of tumor cells
[67]. Analyses of oncogene amplifications (ex
HER?2) can be performed by FISH and/or by quanti-
tative PCR after laser microdissection of CTC [61].
Oncogene mutations can be recognized in cytopatho-
logically validated CTC after laser microdissection
[58]. Immunolabelling is an interesting approach to
characterize the invasive potential of CTC by
assessing the expression of tumor markers (for
instance, HER-2, metalloproteinases, EGFR, uPAR,
alpha-fetoprotein) on enriched cells. New markers
are expected from gene-expression profiling studies
of human tumors [68] to be used to explore the invasive
potential of CTC and orient anti-cancer treatment.

However, assays aimed at characterizing CTC
have to be developed using strict criteria of specific-
ity and applied with appropriated controls. FISH
results have to be interpreted carefully according
to rigorous criteria [34] in parallel with results
obtained on normal blood cells. Immunological
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staining may have a certain rate of non-specific
labeling.

It has been reported that a relevant number of
epithelial cells detected in blood of patients with
breast cancer can be identified as apoptotic cells
by CK staining and TUNEL (TdT-uridine nick
end labeling) analysis [69]. Detection of apoptotic
cells is relevant; however, we have to take into
account that the method used to prepare the cells
for analysis may induce apoptotic cell death, in cells
made fragile by blood storage with conservative
agents, through multiple manipulations and contact
with magnetic particles [70]. If cell enrichment is
performed without damage to the cell morphology,
typical cellular features characterizing cell apopto-
sis, such as cell shrinkage, nuclear condensation,
pyknotic nucleus, plasma membrane blebbing and
apoptotic bodies can be recognized at the cytomor-
phological analysis. In addition, the TUNEL assay
can demonstrate the typical DNA breaks. Detection
and counting circulating apoptotic cells may be
highly relevant before and after anticancer therapy,
in order to assess the pro-apoptotic effect of thera-
peutic programs. However, once modification of cell
morphology has started as a result of apoptotic cell
death, it is difficult to distinguish non-tumorous
apoptotic cells from tumorous apoptotic cells.

7. Clinical impact of CTC detection

Despite the large number of studies focused on
detection of CTC, we still do not have a clear view
about the clinical impact of these tests. This is
because a substantial number of studies do not meet
essential criteria for quality assurance and many
reported works seem to overestimate the impor-
tance of findings.

Variation of technical details likely causes varia-
tion in the final results (Tables 2 and 3). In some,
but not in all studies, the first milliliters of collected
blood are discarded, with the intention of eliminat-
ing epidermal cells that could generate false positive
results if markers (RNA or antigens) specific to epi-
thelial cells are being used. This step is not necessary
if CTC are detected by cytopathological analysis as
the morphology of epidermal cells is easy to distin-
guish from that of tumor cells.

In RT-PCR studies, previous enrichment of
mononuclear cells is sometimes, but not always
done, while it is known to be effective in reducing
the background noise due to PBL. As discussed,
RT-PCR tests cannot allow counting of CTCs and

give a positive/negative response which depends
on the sensitivity of the test and on the number of
ml of blood tested. However, this parameter is often
not reported. Some authors report the amount of
RNA tested in micrograms, or the number of mono-
nuclear cells from which they extract the RNA, but
these parameters do not specify the volume of blood
tested. After mononuclear cell enrichment, some
authors use very small amounts of cells to reduce
the background, so reducing the sensitivity of the
test. Others have proposed to decrease the sensitiv-
ity of the PCR test in order to reduce the back-
ground [71], which does not seem a good way to
obtain specificity. In RT-PCR and quantitative
RT-PCR tests, specificity relies on the relative pro-
portion of tumor cells and blood cells, which num-
ber may be highly variable among different patients.

Conflicting results, concerning specificity and
sensitivity, have been reported about several mark-
ers, both RNAs and antigens, making interpretation
of results extremely difficult, even for researchers
aware of the methodology. Actually, it has been
shown that activated leukocytes, whose number is
higher in patients with cancer than in controls,
may express markers used to detect CTC [50,56].
Furthermore, it has been pointed out that false posi-
tive rates obtained with immunolabelling range
from 22% to 61% and can be variable according
to the antibody and the staining methodology [35],
thus introducing a bias in the interpretation of
results. This is particularly true when the technical
approach to identify CTC uses several steps which
can be performed differently in different laborato-
ries. For this problem, commercial methods offering
automated solutions may be useful, provided that
the technical approach does not create bias on spec-
ificity and sensitivity.

Besides non-specific results that can originate
from the use of primers and antibodies with limited
specificity, a major source of bias in establishing the
clinical impact of results concerns the time when the
blood sample is collected. Very few studies report if
blood samples have been obtained before any semi-
surgical (biopsy) or surgical procedure. This is a
very important point as epithelial cells can be spread
in blood by iatrogenic procedures, thus increasing
the number of epithelial cells detected by epitheli-
al-specific markers. Cytopathological methods dis-
tinguish epithelial non-tumor from tumor -cells,
and thus allows specific counting of tumor cells.
However, even when using cytopathological detec-
tion of CTC, it is important to know if the CTC
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count represent the number of tumor cells which cir-
culate spontaneously or if it also includes iatrogenic
CTC spread. Determination of the time epithelial
cells and tumor cells remain in the blood after iatro-
genic spreading is important and difficult. With
respect to tumor cells, it can be variable according
to different tumor cells origin and characteristics.
Animal studies have reported that CTC may remain
for 3—4 weeks [72]. In humans, studies have been
performed with methods unable to distinguish
tumor cells from epithelial non-tumor cells [62,73],
preventing a clear answer to the question.

Using a test which detects epithelial cells by anti-
epithelial antibodies, Patchmann et al. [73] found a
1000-fold increase in epithelial cells during the first
3 days after surgery, with a large part of these cells
disappearing after another 2-4 days. On the other
hand, Meng et al. [62] found that the majority of
epithelial cells disappear 1-2.5h after surgery of
the primary tumor. As these authors use the term
“circulating tumor cells” to indicate cells detected
using antibodies specific to epithelial antigens, they
conclude that “CTC” have a very rapid turnover
and that a remote tumor must be feeding these cells
into the circulation. However, since they in fact
detect circulating epithelial cells (CEpC), and that
these cells are known to be massively spread by sur-
gery, and eliminated thereafter, their results only
indicate CEpC spreading without helping in clarify-
ing the issue of circulating tumor cells turnover.
Studies using cytopathological detection of tumor
cells performed before and at different times after
surgery will provide specific data on this issue.

A crucial and still unresolved issue regards the
optimal number of assays (simple or duplicate or
triplicate) required to demonstrate whether a blood
sample is positive for CTC [1]. Some studies, using
RT-PCR or immunolabelling have shown that the
rate of positive patients increases when they are test-
ed several times instead of only once. While this is
plausible, we have to admit our complete ignorance
about the factors which regulate the spontaneous
circulation of CTC. Are they spread during 24 h
at the same rate or can spreading be increased by
factors such as physical exercise, digestion (for
intestinal cancers), hyperventilation (for lung can-
cer) etc.? For these studies we need a diagnostic
cytopathological detection of CTC and collection
of specific data.

Despite all these difficulties and despite conflict-
ing results, a general trend in the literature shows
increasing rates of CTC in patients having more dif-

fuse cancers, higher risk of relapse and poor prog-
nosis (see Table 3).

However, we still lack data helping oncologists to
individualize treatment based on the individual risk
of harboring CTC. A large clinical study performed
on a cohort of 177 patients with metastatic breast
cancer has been performed using immunomagnetic
isolation, detection and counting of CEpC. Using
a cut-off limit of 5 CEpC per 7.5 ml of blood, results
show that patients under the cut-off have a signifi-
cant longer overall survival and progression free
survival as compared with patients whose CEpC
number is over the cut-off limit [74,75] (Tables 2
and 3). The authors detected a range of CEpC from
0 to 23,618 [75]; thus, at the level of individual
patients, should the oncologist treat with the same
protocol patients with 6 CEpC and those with
23,000 CEpC, while treating differently patients
with 5 CEpC? How can the oncologist decide to
apply a more aggressive treatment if the actual num-
ber of CTC in blood is not reliably obtained? How
the efficacy of the therapy can be assessed without
precisely counting the number of CTC in blood?

The field of circulating tumor cells has experi-
enced important advances during the last few years
and patients themselves are becoming increasingly
aware of the impact of these studies on their treat-
ment and follow up. Nevertheless, many questions
remain unanswered and need improved specific
approaches. Criteria for translation of new prognos-
tic/predictive markers into clinical routine have
been defined. However, for detection of tumor cells
in blood, a gold standard assay has not been identi-
fied yet.

8. Concluding remarks

In conclusion, this new field of oncology seems
likely to bring valuable new information about
tumor invasion, progression and response to thera-
py. The definition of a standardized, uniform, cyto-
logic method to specifically and sensitively detect
CTC/CTM is now crucial to perform large clinical
trials focused on patients with different types of sol-
id cancers at different clinical stage. These trials are
expected to generate reliable results and provide
guidelines to use the new marker in Clinical
Oncology.

Technical progress, focusing routine molecular
studies to rare circulating cells, combined with the
discovery of new tumor markers, will bring new
tools for CTC characterization. These advances
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are expected to expand our knowledge of the inva-
sion process and to generate new CTC data aimed
at improving the patient’s quality and expectancy
of life.

Acknowledgments

This work has been supported by grants from:
INSERM, AP-HP, Université Paris 5, Metagenex.
N. Benali contributed to Figures and Tables. J.
Guandafa helped in preparation of References and
Tables. We thank C. Brechot for critical reading
of the manuscript and W. Goldsmith for helpful
suggestions in manuscript writing.

References

[1] S. Mocellin, U. Keilholz, C.R. Rossi, D. Nitti, Circulating
tumor cells: the ‘leukemic phase’ of solid cancers, Trends
Mol. Med. 12 (2006) 130-139.

[2] F.C. Kelleher, D. Fennelly, M. Rafferty, Common critical
pathways in embryogenesis and cancer, Acta Oncol. 45
(2006) 375-388.

[3] C. Wittekind, M. Neid, Cancer invasion and metastasis,
Oncology 69 (Suppl. 1) (2005) 14-16.

[4] L. Kopfstein, G. Christofori, Metastasis: cell-autonomous
mechanisms versus contributions by the tumor microenvi-
ronment, Cell. Mol. Life Sci. 63 (2006) 449-468.

[5S] L. Derycke, V. Van Marck, H. Depypere, M. Bracke,
Molecular targets of growth, differentiation, tissue integrity,
and ectopic cell death in cancer cells, Cancer Biother.
Radiopharm. 20 (2005) 579-588.

[6] D. Hanahan, R.A. Weinberg, The hallmarks of cancer, Cell
100 (2000) 57-70.

[7] J. Pouyssegur, F. Dayan, N.M. Mazure, Hypoxia signalling
in cancer and approaches to enforce tumour regression,
Nature 441 (2006) 437-443.

[8] J. Condeelis, J.W. Pollard, Macrophages: obligate partners
for tumor cell migration, invasion, and metastasis, Cell 124
(2006) 263-266.

[9] S.D. Young, R.S. Marshall, R.P. Hill, Hypoxia induces
DNA overreplication and enhances metastatic potential of
murine tumor cells, Proc. Natl. Acad. Sci. USA 85 (1988)
9533-9537.

[10] J.J. Christiansen, A.K. Rajasekaran, Reassessing epithelial
to mesenchymal transition as a prerequisite for carcinoma
invasion and metastasis, Cancer Res. 66 (2006) 8319-8326.

[11] J.P. Thiery, J.P. Sleeman, Complex networks orchestrate
epithelial-mesenchymal transitions, Nat. Rev. Mol. Cell.
Biol. 7 (2006) 131-142.

[12]J. Yang, S.A. Mani, R.A. Weinberg, Exploring a new twist
on tumor metastasis, Cancer Res. 66 (2006) 4549-4552.

[13] B. Willipinski-Stapelfeldt, S. Riethdorf, V. Assmann, U.
Woelfle, T. Rau, G. Sauter, J. Heukeshoven, K. Pantel,
Changes in cytoskeletal protein composition indicative of an
epithelial-mesenchymal transition in human micrometastatic
and primary breast carcinoma cells, Clin. Cancer Res. 11
(2005) 8006-8014.

[14] I. Hedenfalk, D. Duggan, Y. Chen, M. Radmacher, M.
Bittner, R. Simon, P. Meltzer, B. Gusterson, M. Esteller,
O.P. Kallioniemi, B. Wilfond, A. Borg, J. Trent, Gene-
expression profiles in hereditary breast cancer, N. Engl. J.
Med. 344 (2001) 539-548.

[15] P. Friedl, K. Wolf, Tumour-cell invasion and migration:
diversity and escape mechanisms, Nat. Rev. Cancer 3 (2003)
362-374.

[16] A.B. Al-Mehdi, K. Tozawa, A.B. Fisher, L. Shientag, A.
Lee, R.J. Muschel, Intravascular origin of metastasis from
the proliferation of endothelium-attached tumor cells: a new
model for metastasis, Nat. Med. 6 (2000) 100-102.

[17] 1J. Fidler, The pathogenesis of cancer metastasis: the ‘seed
and soil’ hypothesis revisited, Nat. Rev. Cancer 3 (2003)
453-458.

[18] E.C. Kohn, L.A. Liotta, Molecular insights into cancer
invasion: strategies for prevention and intervention, Cancer
Res. 55 (1995) 1856-1862.

[19] JW. Gray, Evidence emerges for early metastasis and
parallel evolution of primary and metastatic tumors, Cancer
Cell 4 (2003) 4-6.

[20] J.S. Michaelson, J.A. Cheongsiatmoy, F. Dewey, M.J.
Silverstein, D. Sgroi, B. Smith, K.K. Tanabe, Spread of
human cancer cells occurs with probabilities indicative of
a nongenetic mechanism, Br. J. Cancer 93 (2005) 1244
1249.

[21] T.S. Deisboeck, Y. Mansury, C. Guiot, P.G. Degiorgis, P.P.
Delsanto, Insights from a novel tumor model: Indications for
a quantitative link between tumor growth and invasion,
Med. Hypotheses 65 (2005) 785-790.

[22] R. Bernards, R.A. Weinberg, A progression puzzle, Nature
418 (2002) 823.

[23] S. Ramaswamy, K.N. Ross, E.S. Lander, T.R. Golub, A
molecular signature of metastasis in primary solid tumors,
Nat. Genet. 33 (2003) 49-54.

[24] Y.S. Chang, E. di Tomaso, D.M. McDonald, R. Jones, R.K.
Jain, L.L. Munn, Mosaic blood vessels in tumors: frequency
of cancer cells in contact with flowing blood, Proc. Natl.
Acad. Sci. USA 97 (2000) 14608-14613.

[25] V.V. Glinsky, G.V. Glinsky, O.V. Glinskii, V.H. Huxley,
J.R. Turk, V.V. Mossine, S.L. Deutscher, K.J. Pienta, T.P.
Quinn, Intravascular metastatic cancer cell homotypic
aggregation at the sites of primary attachment to the
endothelium, Cancer Res. 63 (2003) 3805-3811.

[26] O. Berezovskaya, A.D. Schimmer, A.B. Glinskii, C.
Pinilla, R.M. Hoffman, J.C. Reed, G.V. Glinsky,
Increased expression of apoptosis inhibitor protein XIAP
contributes to anoikis resistance of circulating human
prostate cancer metastasis precursor cells, Cancer Res. 65
(2005) 2378-2386.

[27] K.J. Luzzi, 1.C. MacDonald, E.E. Schmidt, N. Kerkvliet,
V.L. Morris, A.F. Chambers, A.C. Groom, Multistep nature
of metastatic inefficiency: dormancy of solitary cells after
successful extravasation and limited survival of early
micrometastases, Am. J. Pathol. 153 (1998) 865-873.

[28] L. Holmgren, M.S. O’Reilly, J. Folkman, Dormancy of
micrometastases: balanced proliferation and apoptosis in the
presence of angiogenesis suppression, Nat. Med. 1 (1995)
149-153.

[29] V. Schirrmacher, T-cell immunity in the induction and
maintenance of a tumour dormant state, Semin. Cancer Biol.
11 (2001) 285-295.



P. Paterlini-Brechot, N.L. Benali | Cancer Letters 253 (2007) 180-204 203

[30] V. Zieglschmid, C. Hollmann, O. Bocher, Detection of
disseminated tumor cells in peripheral blood, Crit. Rev. Clin.
Lab. Sci. 42 (2005) 155-196.

[31] F. Schuler, G. Dolken, Detection and monitoring of minimal
residual disease by quantitative real-time PCR, Clin. Chim.
Acta 363 (2006) 147-156.

[32] S. Braun, F.D. Vogl, B. Naume, W. Janni, M.P. Osborne,
R.C. Coombes, G. Schlimok, I.J. Diel, B. Gerber, G.
Gebauer, J.Y. Pierga, C. Marth, D. Oruzio, G. Wiedswang,
E.F. Solomayer, G. Kundt, B. Strobl, T. Fehm, G.Y. Wong,
J. Bliss, A. Vincent-Salomon, K. Pantel, A pooled analysis of
bone marrow micrometastasis in breast cancer, N. Engl. J.
Med. 353 (2005) 793-802.

[33] P. Hermanek, R.V. Hutter, L.H. Sobin, C. Wittekind,
International Union Against Cancer. Classification of iso-
lated tumor cells and micrometastasis, Cancer. 86 (1999)
2668-2673.

[34] T. Fehm, E.F. Solomayer, S. Meng, T. Tucker, N. Lane, J.
Wang, G. Gebauer, Methods for isolating circulating
epithelial cells and criteria for their classification as carci-
noma cells, Cytotherapy 7 (2005) 171-185.

[35] J.B. Smerage, D.F. Hayes, The measurement and therapeutic
implications of circulating tumour cells in breast cancer, Br.
J. Cancer 94 (2006) 8-12.

[36] K. Pantel, U. Woelfle, Detection and molecular character-
isation of disseminated tumour cells: implications for anti-
cancer therapy, Biochim. Biophys. Acta 1756 (2005) 53-64.

[37]1 A. Ring, L.E. Smith, M. Dowsett, Circulating tumour cells in
breast cancer, Lancet Oncol. 5 (2004) 79-88.

[38] W.J. Allard, J. Matera, M.C. Miller, M. Repollet, M.C.
Connelly, C. Rao, A.G. Tibbe, J.W. Uhr, L.W. Terstappen,
Tumor cells circulate in the peripheral blood of all major
carcinomas but not in healthy subjects or patients with
nonmalignant diseases, Clin. Cancer Res. 10 (2004) 6897—
6904.

[39] J.C. Goeminne, T. Guillaume, M. Symann, Pitfalls in the
detection of disseminated non-hematological tumor cells,
Ann. Oncol. 11 (2000) 785-792.

[40] D. Crisan, D.S. Ruark, D.A. Decker, A.M. Drevon, R.G.
Dicarlo, Detection of circulating epithelial cells after surgery
for benign breast disease, Mol. Diagn. 5 (2000) 33-38.

[41] E. Half, R. Broaddus, K.D. Danenberg, P.V. Danenberg,
G.D. Ayers, F.A. Sinicrope, HER-2 receptor expression,
localization, and activation in colorectal cancer cell lines and
human tumors, Int. J. Cancer 108 (2004) 540-548.

[42] D.A. Smirnov, D.R. Zweitzig, B.W. Foulk, M.C. Miller,
G.V. Doyle, K.J. Pienta, N.J. Meropol, L.M. Weiner, S.J.
Cohen, J.G. Moreno, M.C. Connelly, L.W. Terstappen,
S.M. O’Hara, Global gene expression profiling of circulating
tumor cells, Cancer Res. 65 (2005) 4993-4997.

[43] M. Balic, N. Dandachi, G. Hofmann, H. Samonigg, H.
Loibner, A. Obwaller, A. van der Kooi, A.G. Tibbe, G.V.
Doyle, L.W. Terstappen, T. Bauernhofer, Comparison of
two methods for enumerating circulating tumor cells in
carcinoma patients, Cytometry B Clin. Cytom. 68 (2005) 25—
30.

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

[45] P.T. Went, A. Lugli, S. Meier, M. Bundi, M. Mirlacher, G.
Sauter, S. Dirnhofer, Frequent EpCam protein expression in
human carcinomas, Hum. Pathol. 35 (2004) 122-128.

[46] S.A. Bustin, R. Mueller, Real-time reverse transcription
PCR (qRT-PCR) and its potential use in clinical diagnosis,
Clin. Sci. (Lond.) 109 (2005) 365-379.

[47] J. Chelly, J.P. Concordet, J.C. Kaplan, A. Kahn, Illegitimate
transcription: transcription of any gene in any cell type,
Proc. Natl. Acad. Sci. USA 86 (1989) 2617-2621.

[48] H.C. Chou, J.C. Sheu, G.T. Huang, J.T. Wang, D.S. Chen,
Albumin messenger RNA is not specific for circulating
hepatoma cells, Gastroenterology 107 (1994) 630-631.

[49] M. Novaes, 1. Bendit, B. Garicochea, A. del Giglio, Reverse
transcriptase-polymerase chain reaction analysis of cytoker-
atin 19 expression in the peripheral blood mononuclear cells
of normal female blood donors, Mol. Pathol. 50 (1997) 209—
211.

[50] R. Jung, W. Kruger, S. Hosch, M. Holweg, N. Kroger, K.
Gutensohn, C. Wagener, M. Neumaier, A.R. Zander,
Specificity of reverse transcriptase polymerase chain reaction
assays designed for the detection of circulating cancer cells is
influenced by cytokines in vivo and in vitro, Br. J. Cancer 78
(1998) 1194-1198.

[51] A. Mejean, G. Vona, B. Nalpas, D. Damotte, N. Brousse, Y.
Chretien, B. Dufour, B. Lacour, C. Bréchot, P. Paterlini-
Bréchot, Detection of circulating prostate derived cells in
patients with prostate adenocarcinoma is an independent
risk factor for tumor recurrence, J. Urol. 163 (2000) 2022
2029.

[52] M. Louha, K. Poussin, N. Ganne, H. Zylberberg, B. Nalpas,
J. Nicolet, F. Capron, O. Soubrane, C. Vons, S. Pol, M.
Beaugrand, P. Berthelot, D. Franco, J.C. Trinchet, C.
Brechot, P. Paterlini-Bréchot, Spontaneous and iatrogenic
spreading of liver-derived cells into peripheral blood of
patients with primary liver cancer, Hepatology 26 (1997)
996-1005.

[53] W.H. Kruger, R. Jung, B. Detlefsen, S. Mumme, A.
Badbaran, J. Brandner, H. Renges, N. Kroger, A.R. Zander,
Interference of cytokeratin-20 and mammaglobin-reverse-
transcriptase polymerase chain assays designed for the
detection of disseminated cancer cells, Med. Oncol. 18
(2001) 33-38.

[54] K. Grunewald, M. Haun, M. Urbanek, M. Fiegl, E. Muller-
Holzner, E. Gunsilius, M. Dunser, C. Marth, G. Gastl,
Mammaglobin gene expression: a superior marker of breast
cancer cells in peripheral blood in comparison to epidermal-
growth-factor receptor and cytokeratin-19, Lab. Invest. 80
(2000) 1071-1077.

[55] P. Corradini, C. Voena, M. Astolfi, S. Delloro, S. Pilotti, G.
Arrigoni, M. Bregni, A. Pileri, A.M. Gianni, Maspin and
mammaglobin genes are specific markers for RT-PCR
detection of minimal residual disease in patients with breast
cancer, Ann. Oncol. 12 (2001) 1693-1698.

[56] M. Kowalewska, M. Chechlinska, S. Markowicz, P. Kober,
R. Nowak, The relevance of RT-PCR detection of dissem-
inated tumour cells is hampered by the expression of markers
regarded as tumour-specific in activated lymphocytes, Eur. J.
Cancer (2006).

[57] R. Schuster, N. Max, B. Mann, K. Heufelder, F. Thilo, J.
Grone, F. Rokos, H.J. Buhr, E. Thiel, U. Keilholz, Quan-
titative real-time RT-PCR for detection of disseminated
tumor cells in peripheral blood of patients with colorectal



204 P. Paterlini-Brechot, N.L. Benali | Cancer Letters 253 (2007) 180-204

cancer using different mRNA markers, Int. J. Cancer 108
(2004) 219-227.

[58] G. Vona, L. Estepa, C. Beroud, D. Damotte, F. Capron, B.
Nalpas, A. Mineur, D. Franco, B. Lacour, S. Pol, C.
Brechot, P. Paterlini-Brechot, Impact of cytomorphological
detection of circulating tumor cells in patients with liver
cancer, Hepatology 39 (2004) 792-797.

[59] R. Rosenberg, R. Gertler, J. Friederichs, K. Fuehrer, M.
Dahm, R. Phelps, S. Thorban, H. Nekarda, J.R. Siewert,
Comparison of two density gradient centrifugation systems
for the enrichment of disseminated tumor cells in blood,
Cytometry 49 (2002) 150-158.

[60] G. Vona, A. Sabile, M. Louha, V. Sitruk, S. Romana, K.
Schutze, F. Capron, D. Franco, M. Pazzagli, M. Vekemans,
B. Lacour, C. Brechot, P. Paterlini-Brechot, Isolation by size
of epithelial tumor cells : a new method for the immuno-
morphological and molecular characterization of circulating
tumor cells, Am. J. Pathol. 156 (2000) 57-63.

[61] P. Pinzani, B. Salvadori, L. Simi, S. Bianchi, V. Distante, L.
Cataliotti, M. Pazzagli, C. Orlando, Isolation by size of
epithelial tumor cells in peripheral blood of patients with
breast cancer: correlation with real-time reverse transcrip-
tase-polymerase chain reaction results and feasibility of
molecular analysis by laser microdissection, Hum. Pathol. 37
(2006) 711-718.

[62] S. Meng, D. Tripathy, E.P. Frenkel, S. Shete, E.Z. Naftalis,
J.F. Huth, P.D. Beitsch, M. Leitch, S. Hoover, D. Euhus, B.
Haley, L. Morrison, T.P. Fleming, D. Herlyn, L.W. Terst-
appen, T. Fehm, T.F. Tucker, N. Lane, J. Wang, J.W. Uhr,
Circulating tumor cells in patients with breast cancer
dormancy, Clin. Cancer Res. 10 (2004) 8152-8162.

[63] L. Zabaglo, M.G. Ormerod, M. Parton, A. Ring, .E. Smith,
M. Dowsett, Cell filtration-laser scanning cytometry for the
characterisation of circulating breast cancer cells, Cytometry
A 55(2003) 102-108.

[64] A.E. Ring, L. Zabaglo, M.G. Ormerod, I.E. Smith, M.
Dowsett, Detection of circulating epithelial cells in the blood
of patients with breast cancer: comparison of three tech-
niques, Br. J. Cancer 92 (2005) 906-912.

[65] E. Borgen, B. Naume, J.M. Nesland, G. Kvalheim, K.
Beiske, O. Fodstad, I. Diel, E.-F. Solomayer, P. Theoch-
arous, R.C. Coombes, B.M. Smith, E. Wunder, J.-P.
Marolleau, J. Garcia, K. Pantel, Standardisation of the
immunocytochemical detection of cancer cells in bone
marrow and blood: I. Establishment of objective criteria
for the evaluation of immunostained cells, Cytotherapy 1
(1999) 377-388.

[66] S. Meng, D. Tripathy, S. Shete, R. Ashfaq, B. Haley, S.
Perkins, P. Beitsch, A. Khan, D. Euhus, C. Osborne, E.

Frenkel, S. Hoover, M. Leitch, E. Clifford, E. Vitetta, L.
Morrison, D. Herlyn, L.W. Terstappen, T. Fleming, T.
Fehm, T. Tucker, N. Lane, J. Wang, J. Uhr, HER-2 gene
amplification can be acquired as breast cancer progresses,
Proc. Natl. Acad. Sci. USA 101 (2004) 9393-9398.

[67] O. Schmidt-Kittler, T. Ragg, A. Daskalakis, M. Granzow,
A. Ahr, T.J. Blankenstein, M. Kaufmann, J. Diebold, H.
Arnholdt, P. Muller, J. Bischoff, D. Harich, G. Schlimok, G.
Riethmuller, R. Eils, C.A. Klein, From latent disseminated
cells to overt metastasis: genetic analysis of systemic breast
cancer progression, Proc. Natl. Acad. Sci. USA 100 (2003)
7737-7742.

[68] C. Fan, D.S. Oh, L. Wessels, B. Weigelt, D.S. Nuyten, A.B.
Nobel, L.J. van’t Veer, C.M. Perou, Concordance among
gene-expression-based predictors for breast cancer, N. Engl.
J. Med. 355 (2006) 560-569.

[69] G. Mehes, A. Witt, E. Kubista, P.F. Ambros, Circulating
breast cancer cells are frequently apoptotic, Am. J. Pathol.
159 (2001) 17-20.

[70] CJ. Larson, J.G. Moreno, K.J. Pienta, S. Gross, M.
Repollet, M. O’Hara S, T. Russell, L.W. Terstappen,
Apoptosis of circulating tumor cells in prostate cancer
patients, Cytometry A 62 (2004) 46-53.

[71] J.L. Gala, M. Heusterspreute, S. Loric, F. Hanon, B.
Tombal, P. Van Cangh, P. De Nayer, M. Philippe, Expres-
sion of prostate-specific antigen and prostate-specific mem-
brane antigen transcripts in blood cells: implications for the
detection of hematogenous prostate cells and standardiza-
tion, Clin. Chem. 44 (1998) 472-481.

[72] A. Barrier, N. Olaya, F. Chiappini, F. Roser, O. Scatton, C.
Artus, B. Franc, S. Dudoit, A. Flahault, B. Debuire, D.
Azoulay, A. Lemoine, Ischemic preconditioning modulates
the expression of several genes, leading to the overproduc-
tion of IL-1Ra, iNOS, and Bcl-2 in a human model of liver
ischemia-reperfusion, FASEB J. 19 (2005) 1617-1626.

[73] K. Pachmann, Longtime recirculating tumor cells in breast
cancer patients, Clin. Cancer Res. 11 (2005) 5657, author
reply, 5657-5658.

[74] M. Cristofanilli, G.T. Budd, M.J. Ellis, A. Stopeck, J.
Matera, M.C. Miller, J.M. Reuben, G.V. Doyle, W.J.
Allard, L.W. Terstappen, D.F. Hayes, Circulating tumor
cells, disease progression, and survival in metastatic breast
cancer, N. Engl. J. Med. 351 (2004) 781-791.

[75] D.F. Hayes, M. Cristofanilli, G.T. Budd, M.J. Ellis, A.
Stopeck, M.C. Miller, J. Matera, W.J. Allard, G.V. Doyle,
LW.W.M. Terstappen, Circulating tumor cells at each
follow up time point during therapy of metastatic breast
cancer patients predict progression-free and overal survival,
Clin. Cancer Res. 12 (2006) 4218-4224.



	Circulating tumor cells (CTC) detection: Clinical impact  and future directions
	Introduction
	Invasion and development of metastasis
	Molecular mechanisms of invasion
	Invasion may be an early process during tumorigenesis
	Formation of metastases is a highly inefficient process

	Terminology
	CTC detection
	Indirect methods
	Indirect immuno-mediated methods
	Indirect molecular methods

	Direct methods

	When are we certain that tumor cells are in blood?
	Characterization of CTC
	Clinical impact of CTC detection
	Concluding remarks
	Acknowledgments
	References


