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Circulating tumor cells: finding the needle in the haystack
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Abstract: Localized and metastatic cancers give rise to circulating tumor cells (CTCs) which are detectable in the
bloodstream. Recent studies have highlighted the prognostic significance of the presence and number of CTCs, par-
ticularly in patients with metastatic disease. Future studies are designed not only to detect CTCs, but also to charac-
terize them. This review discusses current and developing methodologies for the isolation and characterization of
CTCs as well as recent studies focusing on the clinical relevance of CTC detection and characterization.

Keywords: Circulating tumor cells, detection technique, enrichment technique, immunomagnetic separation, CTCs,

cell capture and enumeration

Introduction

Despite major advances in research and ther-
apy, cancer continues to be the second cause of
death in the United States, with 1 in 4 deaths
due to cancer [1]. Primary tumors rarely have
deadly consequences, while metastatic disease
accounts for around 90% of the mortality due to
solid tumors [2]. Therefore, the development of
new sensitive methods that allow the detection
of cancer dissemination, most notably in the
common carcinomas, before full blown clinically
detectable gross metastatic deposits are estab-
lished is of tremendous utility to help physicians
in treatment decisions.

During the first stages of the metastatic cas-
cade, cancer cells escape from a primary tumor
mass and intravasate allowing their lympho-
hematogenous dissemination to distant sites of
the body. Most of these “circulating tumor
cells” (CTCs) that depart the primary tumor will
die, whereas as few as 0.01% of CTCs are likely
to give rise to metastases, as suggested by pre-
clinical models [3, 4]. Once cancer cells extrava-
sate in anatomically distant organs, they can be
found as single cells or small number of clus-
tered cells referred to as “disseminated tumor
cells” (DTCs). Although bone marrow (BM) is a
frequent site for DTCs derived from many carci-
nomas metastatic to bone or even other organs

[5], many studies failed to demonstrate an inde-
pendent prognostic value of DTCs in BM [6, 7,
8, 9, 10, 11], while a meta-analysis in early
breast cancer patients has reported its proven
statistical utility [12]. Discrepancies between
different studies could be explained on the ba-
sis of the distinct sensitivity of the assays used
to detect DTCs, or the biological function of
those DTCs that potentially could evolve over
time into overt metastases or remain as indo-
lent or dormant cancer cells. Independent of
the actual clinical significance of DTCs in BM,
their collection involves painful BM aspirates
that usually allow the detection of just a few
DTCs in cancer patients with no evidence of
overt metastases, even with the best validated
techniques available (i.e. immunocytochemistry)
[13]. In view of these obstacles and current ex-
tensive studies showing the prognostic value of
CTCs in patients with metastatic disease, the
analysis of circulating rather than disseminated
cells has been lately proposed as the method of
choice to replace invasive BM sampling for the
detection of occult non-hematologic cancer
cells. CTCs can be easily obtained from periph-
eral blood for which frequent sampling is usually
accepted by patients and their treating physi-
cians, reason by which this now called “liquid
biopsy” holds significant promise in this regard.
Recent studies tend to focus on CTCs in pa-
tients with metastatic disease, in whose blood
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CTCs are present in high numbers, and thus are
easier to identify and characterize. Here, we will
review the most common techniques used to
detect and enrich CTCs, and will summarize
some of the results obtained in clinical studies.

Methods used for CTC detection

The identification of CTCs is achieved through
different techniques that are typically used in
combination with CTC enrichment procedures
(see next section). These methodologies, sum-
marized in recent reviews [14, 15, 16], are es-
sentially constructed on antibody-based or nu-
cleic acid-based approaches.

In the first case, antibodies targeted to epithe-
lial-specific antigens (e.g., epithelial cell adhe-
sion molecule [EpCAM], or cytokeratins [CKs]),
tissue-specific antigens (e.g., prostate specific
antigen [PSA] in prostate cancer), or tumor-
associated antigens (e.g., mammaglobin in
breast cancer, or carcinoembryonic antigen
[CEA] in colon cancer) are employed, since tu-
mor-specific antigens have not been identified
in most cancers. As a consequence of this, anti-
body-based techniques usually have low speci-
ficity, and anti-CD45 antibodies are frequently
used to distinguish potentially contaminating
leukocytes. One of the advantages of these
techniques is that they do not require cell lysis,
allowing morphological characterization, enu-
meration, and molecular characterization (e.g.,
fluorescent in situ hybridization [FISH]) of CTCs.
However, these methods are hampered by the
low concentration of CTCs in blood. Despite this
drawback, flow cytometry and laser scanning
cytometry (LSC®, Compucyte Corporation, Cam-
bridge, MA) are currently being used to detect
CTCs, since these methods are rapid, quantita-
tive, can simultaneously analyze multiple pa-
rameters, such as size, DNA content, and spe-
cific antigens, and identify viable from non-
viable cells [17, 18, 19]. Despite their high
specificity, and the advantage of LSC® over flow
cytometry in allowing morphological analysis
through automated fluorescence microscopy,
both methods have low sensitivity, requiring
large sample volumes to detect a few CTCs if no
previous enrichment is done. The fiber-optic
array scanning technology (FAST) is an ultra-
speed technology that can scan up to 3x10%
cells per second and can detect CTCs with fluo-
rescently labeled antibodies directly on a slide,
without CTC enrichment required [20].
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Another antibody-based method potentially use-
ful for CTC detection is EPISPOT (epithelial im-
munospot), an assay based on the enzyme-
linked immunosorbent spot (ELISPOT) assay,
which is a common method for monitoring im-
mune responses. EPISPOT is based on the iden-
tification of specific soluble proteins secreted by
single viable epithelial tumor cells, such as
cathepsin D and mucin-1 in breast cancer [21],
and full-length CK19 in different cancers [22].
This assay is usually used with enrichments
methods, and allows the indirect identification
of viable epithelial cancer cells cultured for up
to 48 hours via specific immunocapture of the
proteins released by unlabeled antibodies im-
mobilized on the bottom of the well, and then by
addition of biotinylated or fluorochrome-
conjugated antibodies. Each immunospot de-
tected by either immunohistochemistry or im-
munofluorescence, is considered the fingerprint
left only by one viable cancer cell releasing the
protein under analysis [23] (Figure 1). Despite
being the only assay available that can detect
cancer cells on the basis of secreted/shed pro-
teins, it has not been tested until now in large
clinical trials.

Figure 1. Identification of RANKL-shedding cells in
SAOS-2 cells transfected with MT1-MMP using the
ELISPOT assay. Each immunospot identifies single
viable cells shedding RANKL.

Nucleic acid-based methods are considered to
be more sensitive than cytometry and immuno-
cytochemistry methods [24, 25], achieving
specificity through oligonucleotide primers de-
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signed for detection of genes of interest. Al-
though polymerase chain reaction (PCR) can be
used for CTC detection, free DNA from dying
cancer cells can be found in peripheral blood,
thus affecting the accuracy of this method. Con-
sequently, the more unstable mRNA, which is
rapidly degraded in blood, is currently consid-
ered as a better target for detection of CTCs
using reverse-transcriptase PCR (RT-PCR) or real
-time RT-PCR. A variety of epithelium-specific or
more cancer-specific transcripts, such as CK19,
mammaglobin, mucin 1, or CEA, have been
used to amplify mRNA by RT-PCR techniques
and distinguish the presence of CTCs from other
blood elements [26, 27]. However, despite the
high sensitivity of RT-PCR, this technique has
low specificity due to expression of some of the
transcripts in normal blood cells, leading to
false positives. This obstacle could be circum-
vent using combined real-time RT-PCR for more
than one single transcript, which results in en-
hanced specificity and sensitivity and allows
relative quantification of message levels [28,
29, 30]. The major drawback of PCR-based
techniques is the need of cell lysis, which im-
pedes morphological analysis and enumeration
of CTCs.

CTC enrichment methods

The existence of CTCs was first reported in
1869 by the Australian pathologist Thomas
Ashworth in the peripheral blood a patient who
died of cancer [31]. These rare cells, found at a
concentration of about 1 in about 5x10° eryth-
rocytes and 107 leukocytes per milliliter of blood
in advanced cancer patients [32, 33], were de-
tected in the 1990s using RT-PCR aimed at
identifying tissue-specific genes in prostate can-
cer and melanoma patients [34, 35]. To date,
cell enrichment techniques have emerged
mainly based on physical properties or antigenic
characteristics that distinguish CTCs from nor-
mal blood cells.

Enrichment methods based on physical proper-
ties

Based on their lower buoyant density with re-
spect to most blood cells (with a density >1.077
g/ml), CTCs can be enriched through gradient
centrifugation using Ficoll-Hypaque or other
similar density gradient media. However, de-
spite being easy and economical, this technique
has low CTC recovery and specificity, as other
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low density mononuclear cells such as mono-
cytes and lymphocytes, and platelets, are lay-
ered together with CTCs. OncoQuick® (Greiner
Bio-One, Frickenhausen, Germany), a density
gradient-based method that adds a porous
membrane that prevents cross contamination of
the mononuclear fraction by blood cells with
higher buoyant density, has shown to reduce
the number of co-enriched mononuclear cells
without compromising CTC recovery rate [36].

Other CTC enrichment methods rely on the
small diameter of the majority of blood cells,
ranging from 8 to 11 ym, and the assumption
that, in general, tumor cells have relative larger
size (e.g., around 30 um in breast cancer cells)
[37]. Based on these physical characteristics,
CTCs can be enriched by filtration of blood
through polycarbonate membranes with 8 ym-
pores. The first filter-based method described
was ISET® (Isolation by Size of Epithelial Tumor
cells) (Rarecells, Paris, France), which allows
the separation of fixed tumor cells using a dis-
posable block containing the pored membrane
in an automated filtration device [38]. Although
it has been reported that an average of
0.0002% of leukocytes from blood are retained
in the pored membrane [38], we must be aware
that this represents about 2,000 leukocytes per
ml of blood [39], diminishing the specificity of
ISET® for CTC enrichment. Fortunately, CTCs
enriched through this rapid and simple method
can be easily identified using cytological stain-
ing or immunolabeling [38, 39]. Recently, the
ScreenCell® filtration device (ScreenCell, Paris,
France) was developed based on the same prin-
ciple than ISET®, with the added advantage that
can be used to retrieve live CTCs for cell culture
needs in addition to the traditional use for stain-
ing, cell enumeration, immunolabeling, and mo-
lecular biology techniques [40], and no auto-
mated filtration machine is needed. In experi-
ments in which 2 or 5 cultured tumor cells were
spiked in whole peripheral blood, 74 and 91%
recovery of the cancer cells was achieved re-
spectively [40], confirming the high sensitivity of
this methodology.

Antibody-based enrichment methods

The differential expression of specific antigens
on the surface of epithelial cancer and mononu-
clear peripheral blood cells is used for CTC en-
richment methods using either positive or nega-
tive selection. Most of the antibody-based tech-
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niques used to enrich CTCs employ antibodies
that target epithelial markers (positive selec-
tion) of hematopietic cell markers (negative se-
lection) and are coupled to magnetic particles
(beads or ferrofluids). The most commonly used
antigen to directly isolate epithelial CTCs is Ep-
CAM [41], while the depletion of leukocytes is
usually achieved targeting CD45 [42].

In the magnetic activated cell sorting system
MACS® (Miltenyi Biotec GmbH, Bergisch-
Gladbach, Germany) epithelial tumor cells are
usually separated from blood components by
incubation with ferromagnetic microbeads cou-
pled to anti-EpCAM antibodies, followed by
transferring to a column placed in a strong mag-
netic field. Using this system, cells not recog-
nized by antibody-coated ferromagnetic mi-
crobeads flow through, whereas cells express-
ing EpCAM remain trapped within the column
and are then recovered by removing the mag-
netic field. A similar methodology involves the
use of Dynabeads® (Invitrogen, Carlsbad, CA),
which also depends on the attraction by a mag-
netic field of cells recognized by antibodies cou-
pled to ferromagnetic beads, but does not re-
quire a separation column [43]. Studies using
either positive or negative sorting of CTCs has
been described, but the cell recovery rates are
inconsistent, diminishing the value of these
techniques for CTC enrichment [5]. In general,
negative selection using these methods leads to
low purity due to deficient removal of interfering
cells [44].

The CellSearch® semiautomated system
(Veridex, Raritan, NJ) has become the most
popular method for CTC enrichment and detec-
tion. This technology combines positive selec-
tion of cells with epithelial markers and nega-
tive selection of leukocytes, and is the only cur-
rently US Food and Drug Administration (FDA)-
approved system for the detection of CTCs in
patients with metastatic breast, prostate, and
colorectal cancer [33, 45, 46, 47, 48]. In the
CellSearch®system, after an automated separa-
tion of cells from plasma obtained from 7.5 ml
of blood, CTCs are magnetically captured trough
a ferrofluid-coupled antibody against EpCAM,
and then sequentially permeabilized, fixed, and
labeled with the fluorescent nuclear dye DAPI
and fluorescent antibodies to the leukocyte
marker CD45 and to epithelial markers cy-
tokeratins (CK) 8, 18, and 19. The treated sam-
ple is then loaded into a cartridge where a
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strong magnetic force attracts the immunomag-
netically-labeled cells for analysis by the Cell-
Tracks AnalyzerVR, a semi-automated fluores-
cence microscope that scans the sample at four
different wavelengths, records the fluorescent
events, and automatically presents images in a
gallery format for classification by trained opera-
tors. CTCs are identified as cells that are DAPI-
and CK-8/18/19-positive and CD45-negative.
This method allows accurate and sensitive
counting of CTCs up to 72 hours after blood
drawing using tubes containing a special pre-
servative, and has shown very low interlabora-
tory variability when identical samples were
analyzed in different centers [49]. Recently, the
new CellSearch® Profile kit (instead of the Cell-
Search® Epithelial kit) represents an improve-
ment in CTC isolation [50], and allows molecular
profiling, flow cytometry, and FISH [30] (Figure
2).

K LNCaP-MT1wt
Q%

5 50 500  (Cell#)

CK19 B S
cD326
CD4s
PSA
MT1-MMP

GAPDH

Figure 2. Sensitivity of RT-PCR analysis to detect
genes of interest in cultured prostate cancer cells
spiked in blood. Peripheral blood of a healthy volun-
teer was spiked with different numbers of LNCaP
prostate cancer cells transfected with wild-type MT1-
MMP (LNCaP-MT1wt), and processed using the Cell-
Search® Profile kit. PCR amplification products ob-
tained after a two-cycle amplification process in
EpCAM-positive fractions demonstrate the feasibility
of molecular analysis for diffferent genes in samples
enriched using the CellSearch® platform. Peripheral
blood mononuclear cells (PBMC) of the same volun-
teer were used as control.

Another immunomagnetic platform used to en-
rich CTCs is the “MagSweeper” technology. Ba-
sically, 6-mm-diameter magnetic rods covered
with a 25-um non-adherent plastic sheet are
swept in concentric circular loops within wells of
a 6-well plate with CTC-containing diluted blood
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samples previously labeled with anti-EpCAM
antibodies coupled to ferromagnetic beads.
After 45- to 60-min sweeping of the whole area
of the well, the rods are washed with a buffer
solution, and disengaged from their plastic
sleeves. CTCs initially captured by the magnetic
rod are then released from the plastic sheet by
external magnets located under the wells, and
freed of most contaminated cells by a second
round of capture-wash-release [51]. Spiking
experiments with breast cancer cells in blood of
normal volunteers have demonstrated around
60% capture of CTCs, with almost 100% purity.
Through this method, CTCs could be isolated
from 47 of 47 blood samples obtained from
metastatic breast cancer patients [51].

Other methods based on the identification of
epithelial markers on the surface of CTCs do not
count on magnetic platforms but on microfluidic
systems. One of such methods involves the
novel microfluidic-based technology known as
“CTC-chip”, which offers both very high sensitiv-
ity and preservation of viability of isolated CTCs.
This platform consists of an array of 78,000
microspots coated with antibodies to EpCAM
aligned on a chip the size of a standard micro-
scope slide. Whole EDTA-treated blood from
patients is pneumatically forced to flow over the
surface of the chip and between the microspots,
maximizing the capture of CTCs by anti-EpCAM
antibodies [52]. CTCs can be identified and
quantitated in situ by automatic scanning of the
microchip after immunolabeling with fluorescent
anti-CK and anti-CD45 antibodies and DAPI,
taking in consideration only those cells which
are CK+*, DAPI*, and CD45-. The CTC-chip was
used for enumeration of CTCs in blood from
patients with non-small cell lung, prostate,
breast, pancreatic, and colon cancer, with aver-
age CTC counts ranging between 79 and 196
per ml of blood, and more than 99% detection
in cancer patients, as opposed to 0% in healthy
individuals [52]. Despite the higher sensitivity of
this method to detect CTCs as compared to Cell-
Search®, the test is currently useful in the re-
search setting as no studies have been done yet
to prove its clinical significance. Recently, a re-
fined methodology called “herringbone-chip”, or
"HB-Chip," was developed to provide an en-
hanced platform for CTC isolation [53]. Briefly, it
operates on the basis of the CTC-chip except
that the flat upper wall of the microfluidic device
is replaced by ridges or herringbones that gen-
erate microvortices and disrupt the laminar flow
streamlines that cells travel, thus increasing the
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collisions between CTCs and the anti-EpCAM-
coated device and the average capture effi-
ciency.

Another microfluidic chip, though integrated to
an electrokinetic enrichment device, is the
“HTMSU” or “high-throughput microsampling
unit”. This technology consists of microstruc-
tures replicated in a polymeric substrate con-
taining 51 sinusoidal channels coated with anti-
EpCAM antibodies. The channels have a width
(35 um) similar to CTCs’ diameters (15-30 um),
leading to high cell recovery (~97%). CTCs cap-
tured from whole blood flowing at 2 mm/sec in
each channel are released through enzymatic
dissociation of the EpCAM/anti-EpCAM antibody
complexes, and then counted one at a time via
an integrated conductivity sensor that specifi-
cally detects CTCs via their electrical signatures
without the necessity of cell staining or micro-
scopic analysis [54, 55]. Recently, the HTMSU
has proved to be useful to profile point muta-
tions in genomic DNA of CTCs spiked into blood
[56]. To date, there are no data published for
clinical validation of this method.

Using “Nano-Velcro” technology, a new microflu-
idic device was recently reported. This CTC-
capture method involves a silicon nanopillar
substrate coated with streptavidin and bioti-
nylated anti-EpCAM antibodies and a serpentine
chaotic mixing channel sandwiched together in
a 25 cm x 5.0 cm device. The nanopillar-
covered silicon chip binds to microvilli and filo-
podia of CTCs in a very efficient way, creating an
effect much like the top and bottom of Velcro
that significantly increases the capture of Ep-
CAM-expressing cells compared to other existing
methods. In addition, the overlaid microfluidic
channel architecture increases mixing of the
fluid flowing over the nanopillar substrate, maxi-
mizing the contact frequency of CTCs with anti-
EpCAM antibodies. Peripheral blood from pros-
tate cancer patients have been analyzed side-by
-side using this method and CellSearch®, con-
firming the greater capacity of the “Nano-
Velcro” chip to capture CTCs [57]. This microflu-
idic system, similarly to CellSearch®, used three-
color immunofluorescence for detection of CTCs
in fixed samples. Table 1 summarizes the differ-
ent CTC-enrichment methods described above.

Clinical relevance

Although BM sampling is frequently performed
in patients with leukemia or lymphoma to moni-
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Table 1. Comparison of CTC enrichment techniques

Enrichment Method

Advantages

Disadvantages

Cell density
Ficoll-Hypaque
or similar

OncoQuick®

Cell Size
ISET®

ScreenCell®

Easy, low cost, availability of cells for
additional studies, EpCAM-positive and -
negative tumor cells are retained

Easy, improved depletion of leukocytes,
availability of cells for additional studies,
EpCAM-positive and -negative tumor
cells are retained

Easy procedure, availability of cells for
additional studies, EpCAM-positive and -
negative tumor cells are retained

Easy, low cost, live cells can be retrieved
for culture purposes, different kits avail-
able for cell enumeration, immunolabel-
ing, and molecular biology studies, Ep-
CAM-positive and -negative tumor cells
are retained

Antibody-based magnetic platforms

MACS®
Dynabeads®

CellSearch®

MagSweeper

Cell integrity preserved, flexible
(antibodies available for positive and

negative selection)

Semiautomated system, high reproduci-
bility, High purity, can be used for molecu-
lar profiling and flow cytometry, FDA-
approved for predicting the prognosis and
monitoring of clinical outcome in certain
cancers

Automated, flexibility in the starting sam-
ple volume and the process scalability,
high purity, high recovery, purified cells
can be used for biochemical analysis

Antibody-based microfluidic platforms

CTC-Chip
Herringbone-Chip

High-throughput mi-
crosampling
unit (HTMSU)

“Nano-Velcro” microflu-
idic chip

Very sensitive, with almost 100% detec-
tion rate, single step separation proce-
dure, no pre-processing of blood neces-
sary, low volumes of blood are used, cell
viability is maintained, can be used for
molecular profiling

Very sensitive, single step separation
procedure, low volumes of blood are
used, no pre-processing of blood neces-
sary, no cell staining or microscopic visu-
alization needed, can be used for molecu-
lar profiling

Very sensitive, single step separation
procedure, fast, no pre-processing of
blood necessary, low cost

Low specificity, due to high contamination
with leukocytes, Low CTC recovery, limited
data for clinical validation

Low CTC recovery, limited data for clinical
validation

Low specificity, large leukocytes are re-
tained, CTCs are fixed, requires an auto-
mated filtration system, limited data for
clinical validation

High sensitivity, low specificity due to po-
tential leukocyte contamination, limited
data for clinical validation

False positive results due to retention of
non-tumor cells expressing same antigens,
CTCs depleted of specific antigens (i.e.,
EpCAM) can be lost, limited data for clini-
cal validation

Mutiple steps, non-viable cells, modest cell
recovery, only EpCAM-positive CTCs de-
tected

Expensive

Only EpCAM-positive CTCs detected
Limited data for clinical validation

Cells cannot be collected for tissue culture
Only EpCAM-positive CTCs detected
Limited data for clinical validation

Only EpCAM-positive CTCs detected, no
data for clinical validation

Cells are fixed, only EpCAM-positive CTCs
detected, no data for clinical validation
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tor residual disease, this painful procedure is
usually not well accepted by treating physicians
and their patients with solid tumors. The idea of
a ‘“liquid biopsy” obtained by regular blood
drawing is definitively more attractive, reason by
which different groups are currently assessing
the utility of CTCs as prognostic markers and
predictors of responses to therapy. Here, we will
refer to some of the studies in which the Cell-
Search® platform was used, considering that it
is the only CTC-enrichment system currently
approved by the FDA for clinical use in some
cancers, and most studies using other combina-
tion of enrichment and detection methods still
have not been performed in large trials and,
consequently, do not have sufficient statistical
power for translation to regular clinical practice.

Among the studies that led to the approval of
the CellSearch® system as a tool of prognostic
and predictive value in certain cancer patient
populations, we cannot omit mentioning those
performed in breast, prostate, and colorectal
cancers. In a multicenter study with patients
with metastatic breast cancer, Cristofanilli et al.
found that women with 5 or more CTCs per 7.5
ml of peripheral blood before therapy have a
statistically shorter overall survival (OS) and
progression-free survival (PFS) than patients
with less than 5 CTCs per 7.5 ml of blood
(median of 10.1 versus 18 months for 0S, and
of 2.7 versus 7 months for PFS, respectively)
[33]. Moreover, CTCs predicted clinical outcome
after therapy with women with CTC counts > 5
showing significant worse OS and PFS [33], and
proved to be a better predictor of treatment
response than current radiologic assessment
[58]. Similar results were obtained by de Bono
et al. in studies with patients with metastatic
castrate-resistant prostate cancer (MmCRPC),
where those with baseline CTC counts > 5
showed significantly worse OS (median of 11.5
months in the later versus 21.7 months in
MCRPC patients with baseline CTC counts < 5)
[48]. Interestingly, they also found that CTC
counts represent a more accurate and inde-
pendent predictor of OS than PSA decrements
before and after treatment in mCRPC patients
[48]. As for colorectal cancer, Cohen et al. also
found that higher numbers of CTCs were associ-
ated with worst prognosis [45]. However, in this
study the threshold number of CTCs identified
for stratification in groups of better or worst
prognosis was 3: OS and PFS for patients with
metastatic colorectal cancer with baseline CT
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counts > 3 compared with <3 were significantly
shorter (median of 4.4 versus 7.8 months for
0S, and of 9.4 versus 20.6 months for PFS, re-
spectively) [45, 59].

Molecular characterization of CTCs may also be
useful for the assessment of predictive bio-
markers in real-time and for the development of
tailored therapies. This is clearly illustrated by
studies in which immunomagnetically-enriched
CTCs obtained from patients with metastatic
breast cancer were found to be HER2-positive
using FISH analysis; despite their primary tu-
mors were HER2-negative at diagnosis [60].
Interestingly, treatment with anti-HER2 therapy
in some of the patients with HER-2 amplification
in their CTCs resulted in complete or partial re-
sponse [60], though the actual significance of
this finding remains to be confirmed in studies
with larger number of patients. Recently, in a
study in which FISH has been applied to CTCs
enriched with the CellSearch® system to analyze
androgen receptor (AR) gene amplification in
patients with mCRPC, high-level chromosomal
AR amplification was found in 50% of patients
with CTC counts > 10 [61], while different AR
mutations, many of which are associated with
resistance to androgen-directed therapies, were
detected in CTCs captured using the same sys-
tem [62]. These two studies demonstrate the
feasibility of molecular profiling of CTCs to ana-
lyze the significance of AR amplification/
mutations in prognosis and response to therapy
in mCRPC patients. In another study in patients
with metastatic non-small cell lung carcinoma,
DNA obtained from CTCs captured using the
“CTC chip” was analyzed for specific mutations
in the epidermal growth factor receptor (EGFR)
gene. The authors found that 11 of 12 patients
with specific EGFR mutations in their primary
tumors also showed the mutations in the CTCs
isolated, and that the activating mutation
T790M, which confers drug resistance, was
prevalent in a group of patients who received
tyrosine kinase inhibitor treatment and showed
clinical progression [63]. This exemplifies how
CTCs could be used in the clinical setting to
monitor molecular changes potentially useful to
predict the response to therapy in cancer pa-
tients.

Concluding remarks

Several studies have demonstrated the prog-
nostic and predictive value of CTC quantitation
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using the CellSearch® platform in breast, pros-
tate, and colorectal cancer, while new data are
emerging in other cancer types. Despite many
advantages of this FDA-approved combined
enrichment/detection system, based mainly on
its high reproducibility across institutions and its
validation in large patient cohorts, one of its
limitations involve the low cell recovery. For ex-
ample, CellSearch® identifies CTCs in only 60%
of the metastatic breast cancer patients [64].
Although other enrichment methods, such as
many of the new antibody-based microfluidic
techniques, show higher cell recovery without
compromising cell purity sensitivity, they still
need to be validated in studies with large num-
ber of patients to confirm their clinical value.
Moreover, there is concern that different enrich-
ment/detection methods could detect distinct
subsets of the heterogeneous CTC population,
which have different biological roles and clinical
relevance. In that sense, uniform methodologies
should be used for every single detection plat-
form across the different laboratories, and
tested in a large number of patients, so that
meaningful interpretations are being drawn by
comparing different CTC enrichment/detection
methods. Even in methods based on similar
principles, such as the majority of antibody-
based techniques that use EpCAM expression
for positive selection of CTCs, their different
sensitivities and cell recovery rates will result in
the establishment of different threshold number
of CTCs for stratification in groups of better or
worst prognosis in each case. This is also true
when the focus is on real-time assessment of
predictive biomarkers and development of tai-
lored therapies based on molecular characteri-
zation of CTCs.

Nevertheless, with the exception of CTC-
enriching methods based on cell density or size,
most antibody-based techniques depend on
capture of CTCs based on expression of EpCAM,
known to be present on the cell surface of the
vast majority of carcinomas. However, a recent
study revealed that “normal-like” breast cancer
cells, which usually display an aggressive phe-
notype, express low expression of EpCAM and
are not detected by the CellSearch® test [65].
Moreover, a retrospective study that involved
292 patients with metastatic breast cancer has
shown that 36% of them showed an undetect-
able CTC status, which could be due, at least in
part, to an underestimation of CTCs by the Cell-
Search® test due to CTC undergoing epithelial-
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mesenchymal transition (EMT) [66]. In fact, EMT
is characterized by downregulation of certain
CKs and gain of mesenchymal markers such as
vimentin and fibronectin, which could result in
an inefficient identification by anti-CK antibod-
ies used in many of the CTC-detection tech-
niques. Indeed, these putative CTCs could have
an aggressive phenotype, bearing in mind that
EMT is considered to enable cancer cells to en-
ter new tissues through extravasation [67], and
has been linked to the generation of cells with
tumor initiating ability and drug resistant pheno-
type [68].

In conclusion, multiple methodologies for en-
richment and detection of CTCs have emerged
in the last years, with one of them already ap-
proved by FDA for certain clinical uses. A signifi-
cant optimization and integration of the avail-
able techniques is still needed to obtain an en-
richment and detection sensitive enough to dis-
criminate CTCs going through EMT from epithe-
lial CTCs and normal mesenchymal blood cells,
with clear clinical applications and uses for mo-
lecular studies with translational potential.
These advances will have important implica-
tions for a better understanding of the mecha-
nisms operating during metastatic dissemina-
tion and an improved treatment of cancer pa-
tients.
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