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Abstract Carcinomas (tumors of epithelial origin) are

responsible for most of all new cancers in the industrialized

countries. Due to the high mortality rate caused by the

metastatic spread of aggressive cancer cells, there is an

urgent demand in finding new biomarkers, which should

detect early formation of metastases and monitor efficacy

of systemic adjuvant therapy in a timely manner. It has

been considered that the molecular analysis of cells which

are shed from tumors into the blood system (circulating

tumor cells (CTCs)) might provide new insights for the

clinical management of cancer, probably far earlier than

using traditional high-resolution imaging technologies.

Clinical trials indicated that CTCs can be deployed for

diagnostic, monitoring, and prognostic purposes. Further-

more, these cells are discussed to be suitable as predictive

markers. In any case, identification of CTCs requires

innovative and challenging technologies as detection

methods should be specific, sensitive, standardized, and

highly reproducible. Although many different approaches

have been developed until now, only the CellSearchTM

method has been cleared by the American Food and Drug

Administration. Although the detection of CTCs has

already shown to have a prognostic impact in many tumor

entities including breast, prostate, lung and colon cancer,

ongoing and future studies are aimed to explore whether

CTCs can be used for an individual therapy decision

making including novel immunotherapeutic approaches.

This review discusses (1) different detection strategies for

CTCs, (2) their clinical impact, and (3) the potential use of

CTCs guiding the treatment of individual cancer patients.
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Introduction

Metastases remain the main cause of cancer-related death.

It is thought that only a minority of dispersed cancer cells

which left the primary tumor and survived in the circula-

tion are able to seed metastases in distant organs. Fur-

thermore, it is assumed that tumor cells which already

moved into remote body parts may reinfiltrate into their

tumors of origin enriching the primary tumor with tumor

cell populations that have withstood the era of dissemina-

tion (‘‘tumor self-seeding’’) giving rise to even more

aggressive metastatic variants [1, 2]. The bone marrow

(BM) appears to be a common organ to which tumor cells

from many types of carcinoma (tumors of epithelial origin)

home at first [3]. The prognostic relevance of disseminated

tumor cells (DTCs) which infiltrated the BM has generally

been accepted [4]. These micrometastases may stay in a

dormant, non-proliferating state for several years but are

also able to recirculate into the bloodstream at which the

vascular cell adhesion molecule 1 (VCAM-1) seems to

promote the transition from indolent micrometastasis to

overt metastasis [5].
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In contrast to DTCs, the role of circulating tumor cells

(CTCs) detected in blood of cancer patients is not yet

entirely understood. Oncologists expect that investigation

into CTCs might replace invasive tissue biopsies as

detection and molecular characterization of CTCs may give

early insights into tumor biology and metastasis formation,

probably far earlier than using the current high-resolution

imaging technologies [2, 6].

Although CTCs have already been discovered in 1869

[7], molecular examination has just recently gained

heightened attention. This phenomenon is explainable by

the improved technical progress which took place during

the last decades. Current research on CTCs already

exhibited that tumor-derived cells which can be found in

the bloodstream give valuable information as biomarkers in

cancer [8]. For example, different research groups dem-

onstrated a poor prognosis for metastatic breast, colon, and

prostate cancer patients who presented basal CTC counts of

C3 or 5 tumor cells in 7.5 ml of blood [9–11]. At present,

CTCs are also discussed as real-time ‘‘liquid biopsy’’ for

molecular targeted agents, enabling the identification of

patients who will most likely respond to a given therapy

(personalized medicine) [2].

However, it remains a technical challenge to identify

tumor cell events from the background of normal blood

cells. It is estimated that as little as one CTC can be found

in the background of up to 108 normal blood cells. To

bypass this impediment-sensitive and impediment-specific

CTC detection, methods have been developed over the past

years [2, 6]. Although various techniques for the detection

of CTCs are commercially available or under-development

in laboratories all over the world, until now just one

method has been cleared by the American Food and Drug

Administration (FDA) (CellSearchTM). This system facili-

tates the possibility to capture CTCs in a standardized and

highly reproducible manner within the clinical context. The

CellSearch system (a Class II product) has received FDA

clearance for CTC testing in patients with metastatic

breast, prostate, and colon cancer. In order to gain FDA

clearance, a system and reagents need to demonstrate

analytical validity according to the FDA guidelines.

Additionally, a clinical validation study must be conducted

that meets all FDA requirements and commitments by the

sponsor to the FDA. Finally, FDA-cleared technology is

subjected to post-market surveillance, which includes

inspections of manufacturing and quality practices, cus-

tomer complaint handling, and post-approval marketing

practices (for more detailed information, please refer to the

official FDA site www.fda.gov). Anyway, ongoing and

future studies will show which approaches for CTC

detection might be used for a CTC-based therapy contrib-

uting the development of individualized targeted treatment

of cancer patients. This review focuses on (1) the different

detection strategies for CTCs. Furthermore, we will (2)

describe the clinical impact of tumor cells found in the

bloodstream and (3) discuss in particular their potential use

as biomarker to guide the treatment of individual cancer

patients.

Detection of circulating tumor cells: a technical

challenge

Enrichment of circulating tumor cells

Due to the low concentration of CTCs and the large back-

ground of normal hematopoietic cells, most approaches for

CTC detection require an enrichment step before applica-

tion of the identification (Fig. 1, 1. CTC enrichment).

Enrichment of tumor cells includes a considerable panel of

different procedures which are usually based on physical or

biological properties [2]. Tumor cell enrichment by physi-

cal properties comprehends approaches like the gradient

centrifugation (e.g. FICOLL or OnkoQuick). This principle

allows a marker-independent cell selection but leads to a

high loss of tumor cells conducting to false-negative results

in clinical samples [12]. Alternatively, a size-based

enrichment of CTCs can be applied to detect a greater

extent of tumor cells out of one sample (e.g., ISET, isolation

by size of epithelial tumor cells). The ISET system is sup-

posed to detect a single tumor cell in one ml of blood [13].

Using this approach, CTCs could already be found in 80 %

(32/40) of patients with non-small cell lung cancer [14].

Furthermore, Micro-Electro-Mechanical Systems (MEMS)

may be used to combine a size-based enrichment with an

electrically lysis enabling the identification and molecular

characterization of CTCs on a single platform (recovery rate

up to 90 %) [15]. Anyway, although the membrane filter

devices seem to detect CTCs with a high recovery rate, their

clinical impact has to be proven in larger clinical studies. In

addition, this enrichment procedure is handicapped by the

fact that leukocytes might agglutinate the filter pores or the

variable size of the different tumor cell populations.

However, CTC enrichment by physical properties allows a

label-free tumor cell selection, making these approaches

applicable methods for both epithelial tumors (e.g., breast,

colon, prostate or lung cancer) and non-epithelial tumors

(e.g., malignant melanomas).

In contrast to the physical properties, biological enrich-

ment features often rely on a positive cell selection targeting

tumor-associated antigens of which the epithelial cell

adhesion molecule (EpCAM) is a common tumor-specific

surface target for carcinoma patients, whereas the mela-

noma-associated chondroitin sulfate proteoglycan (MCSP)

or CD146 might be used for immunomagnetic enrichment

of circulating melanoma cells. Clinical relevance of CTCs
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captured via the EpCAM protein could be validated in

several studies [9–11]. The CellSearchTM assay enriches

CTCs by using magnetic particles coated with antibodies

against the EpCAM protein. Based on the FDA clearance,

this system can be used as ‘‘standard’’ for all other detection

methods. EpCAM-based microfluidic devices like the CTC

or the HerringBone (HB) Chip seem to capture tumor cells

with a high purity as well [16–18]. Just recently, the

GILUPI GmbH has introduced a novel nanodetector to

capture EpCAM-positive tumor cells specifically out of

cancer patients. This nanodetector might overcome present

limitations of other diagnostic methods (e.g., the blood

volume) as the detector will be positioned through a cannula

into the arm vein for an intended contact time of 30 min

increasing the chances of diagnostic sensitivity [19].

Although epithelial marker-based enrichment targeting

the EpCAM molecule has shown clinical relevance in

various studies, this preparation disregards the issue that

some tumor cell subpopulations may escape from EpCAM-

based detection due to a process termed epithelial-

to-mesenchymal transition (EMT) [20]. EMT was first

reported as a feature of embryogenesis but has recently also

been discussed to be activated during cancer invasion and

metastasis formation [21]. EMT is characterized by the loss

of epithelial cell properties, including the loss of cell–cell

adhesion and the basoapical polarity. As EMT-like changes

(e.g., downregulation of EpCAM) have already been dis-

covered on DTCs and CTCs [22–25], current EpCAM-

based technologies have to be revised for the detection of

CTC subpopulations having undergone EMT-associated

processes.

In contrast to the selection of tumor cells via epithelial

antigens targeting of the leukocyte-specific antigen, CD45

(negative depletion) could be used to identify CTCs that do

not display the classical epithelial phenotype anymore. So

far, vital tumor cells have been successfully discovered and

Fig. 1 Enrichment and identification of CTCs from the blood of

cancer patients. Tumor cells leave the primary tumor and circulate

through the bloodstream. CTC enrichment (1) is either based on

physical or biological properties. Physical properties include size-

based procedures (e.g., ISET) or density centrifugation steps (e.g.,

FICOLL or Oncoquick). Biological properties include the targeting of

specific cell surface markers like EpCAM for positive selection (e.g.,

CellSearchTM, microfluidic devices or the nanodetector) or CD45 for

negative depletion. Further, invasive capacities of the tumor cells can

be utilized (e.g., Vita Assay). CTC identification (2) is based on the

immunocytochemistry analyses of specific intra-cytoplasmic or

membrane proteins (e.g., CellSearchTM, mircofluidic devices, and

the nanodetector), either by the detection of secreted proteins

(EPISPOT) or by PCR targeting tumor cell–specific nucleic acids

(e.g., AdnaTest). CTC circulating tumor cells, EpCAM epithelial cell

adhesion molecule, EPISPOT EPithelial ImmunoSPOT, Fluo-CAM
fluorescent cell adhesion matrix, ISET insulation by size of epithelial

tumor cells, PCR polymerase chain reaction
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cultured for longer than 6 months using this preparation

[26].

Additionally, viable tumor cells have also been labora-

tory-confirmed using the Vita Assay. By this approach,

invasive tumor cells could be separated from non-tumor

and dead cells by the viable tumor cell’s active ingestion of

a specific cell adhesion matrix (CAM) [27]. Although the

detection of EpCAM-negative or viable CTCs might

enable valuable new insights for the understanding of

cancer biology, independent studies have to be done to

determine the functionality of the different assays. Fur-

thermore, clinical relevance of the different captured CTC

subpopulations has to be explored.

Identification of circulating tumor cells

In order to verify enriched CTCs from the undesired

background of leukocytes, morphologic identification can

be combined with immunocytochemistry analyses (ICC)

(Fig. 1, 2 CTC identification). The fluorescence staining of

epithelial-specific antigens like cytokeratins (e.g., CK-8,

-18, and -19), epithelial-specific adhesion molecules (e.g.,

EpCAM or E-Cadherin), or tumor-specific surface proteins

(e.g., estrogen receptor (ER), progesterone receptor (PR),

or the prostate-specific membrane antigen (PSMA)) can be

used for the detection and characterization of CTCs from a

patient-derived sample after the enrichment. The Cell-

SearchTM system uses a combined EpCAM selection with

staining of CK-8, CK-18, and CK-19, the leukocyte antigen

CD45, and the nuclear counterstain DAPI (4,6-diamino-2-

phenylindole) at which CTCs are defined as (EpCAM?),

CK?/DAPI?/CD45- [28]. ICC identification of

(EpCAM?) CK?/DAPI? and CD45- cells is also used by

the microfluidic devices (CTC /HB Chip) and the novel

nanodetector of the GILUPI GmbH [16–19]. However, just

recently, it has been published that cytokeratin expression

may change during EMT-associated processes on some

cancer cell subpopulations. Joosse and colleagues found

that cytokeratins currently targeted for CTC detection are

downregulated in particular in breast cancer patients with

unfavorable outcome, suggesting that targeting of more

cytokeratins would improve the detection of clinically

relevant CTCs [29].

Alternative to the identification based on ICC analyses

staining cytokeratins, molecular detection by real-time

polymerase chain reaction (PCR) amplification might be

used to verify CTCs based on a tumor-specific multimarker

gene profile. The AdnaGenTM test system combines an

epithelial-based preselection with a reverse transcription

PCR for the specific characterization of the CTC-associ-

ated gene expression. This system identifies CTCs based on

(1) tumor markers like EpCAM, MUC1 (mucin-1), and

HER2 (human epidermal growth factor receptor 2), (2)

EMT-associated markers like PI3 Ka (phosphatidylinositol

3-kinase alpha), Akt-2, and Twist1, and (3) stemness

indicators like ALDH1 (aldehyde dehydrogenase 1) [30,

31]. Furthermore, the CELLTRACKSTM CMC Kit or

multimarker qRT-PCR assays targeting transcripts like the

melanoma antigen recognized by T cells 1 (MART-1),

the melanoma antigen gene A3 family (MAGE-A3), and

the b-1,4-N-acetylgalactosaminyl transferase (GalNAc-T)

could also be used for CTC detection in melanoma patients

[32, 33].

The EPISPOT assay (EPithelial Immuno SPOT) might

be used to detect and characterize tumor cells based on the

detection of marker proteins which are shed or released

specifically by viable cancer cells. Using this approach,

CTCs or DTCs could be identified in clinical samples of

breast, prostate, and colon carcinomas detecting a various

panel of secreted proteins like CK-19, MUC1, PSA

(prostate-specific antigen), or the stemcell factor FGF-2

(fibroblast growth factor-2) [34].

Taken together, although CTCs can be enriched and

identified using a wide variety of different strategies, until

now just the CellSearchTM approach has been cleared by

the FDA. Future studies will show which other methods

will become applicable for a routine clinical practice.

Table 1 summarizes all mentioned technologies for CTC

detection weighing their potential pros and cons for their

use in clinical studies.

Clinical relevance of CTCs

Various clinical trials pursue to uncover the impact of

CTCs as new biomarkers in cancer therapy. Although a

surprisingly high percentage of CTC-negative blood sam-

ples have been reported even in patients with overt

metastases, encouraging studies using the CellSearchTM

system have indicated that tumor cells found in the

bloodstream predict progression-free and overall survival

in patients with metastatic breast, prostate, and colorectal

cancer [9–11]. The appearance of CTCs has also been

associated with a shorter survival rate in metastatic cancer

patients when tumor cells were detected using other CTC

assays [2, 6]. Furthermore, it could be shown that the

molecular characterization of CTCs might help to identify

patients at higher risk of metastasis [35, 36]. Anyway,

besides prognostication, there is an unmet need in finding

biomarkers which should monitor the efficacy of systemic

adjuvant therapy in real time. At present, the examination

of the success or the failure of an anticancer therapy

requires sophisticated laboratory and imaging technologies.

Hence, reliable enumeration of CTCs could provide

another scope for the use of therapeutic monitoring as

changes in CTC appearance might reflect the success or the

failure more rapidly than using the current approaches.
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In breast cancer, clinical data already presented that the

assessment of CTCs is an earlier and more reproducible

indication of the disease status compared to radiologic

approaches [37]. Complementary, using the CellSearchTM

system, it could be demonstrated that CTC counts at any

time point during therapy are a precise indication for dis-

ease progression in metastatic breast cancer patients [38].

The CellSearchTM system was also used to enumerate

Table 1 Technologies for CTC detection

Tumor
entity

Name CTC enrichment (target) CTC identification Pros Cons Reference

Epithelial
tumors

AdnaGenTM Immunomagnetic
selection (EpCAM/
MUC1)

Multiplex PCR for tumor- (EpCAM,
Her2, MUC1), EMT- (TWIST1,
Akt2, PI3 Ka) or stem cell–
associated transcripts (ALDH)

High
sensitivity
and
specificity

Storage of the
sample for
24 h

EpCAM might be
downregulated
during EMT

Larger clinical
studies needed
(AdnaGen, CTC-
Chip and GILUPI
device)

[30, 31]

CellSearchTM Coupled ferrofluids
(EpCAM)

ICC for CK, the leukocyte antigen
CD45, and DAPI

(CellSearch: other markers like Her2
and EGFR or FISH analyses
possible)

FDA-cleared

High
sensitivity
and
specificity

Storage of the
sample for
96 h

[9–11]

CTC and HB Chip Antibody-coated
microposts (EpCAM)

High
sensitivity
and
specificity

[16–18]

GILUPI device Immunomagnetic
selection using a
nanodetector placed
into the arm vein
(EpCAM)

Large blood
volume
(*1,5 l)

High
sensitivity
and
specificity

[19]

Epithelial
and non-
epithelial
tumors

EPISPOT Density gradient
centrifugation or
negative depletion

Detection of secreted proteins by
viable tumor cells (e.g., CK19,
MUC1, PSA, FGF-2)

Antibody-
independent
approach

Detection of
viable CTCs

Larger clinical
studies needed

[33]

ISETTM/MEMS Size based

([8 lm)

PCR, ICC, or cell culturing possible Antibody-
independent
approach

High
sensitivity
and
specificity

Sample must be
processed within
4 h

Larger clinical
studies needed

[13–15]

Vita AssayTM Ingestion of

fluorescent

CAM fragments

Antibody-
independent
approach

Larger clinical
studies needed

Low sensitivity

[27]

E.g., RosetteSepTM Depletion of CD45?

leukocytes
PCR, ICC, cell culturing or EPISPOT

possible
[26]

OncoQuickTM Density gradient
centrifugation

[12]

Melanoma n.d. Immunomagnetic
selection (e.g. MCSP)

qRT-PCR targeting MART-1,
MAGE-A3 or GalNAc-T

Melanoma-
specific
approach

High
sensitivity

Larger clinical
studies needed

[33]

CELLTRACKSTM

CMC kit
Immunomagnetic

selection (CD146)
ICC for DAPI, HMW-MAA, CD45,

CD34 and Ki67 (CMCs CD146?,
HMW-MAA?, CD45-, CD34-,
Ki67;)

[32]

ALDH1 aldehyde dehydrogenase 1, CAM cell adhesion matrix, CK cytokeratin, CMC circulating melanoma cell, CTC circulating tumor cell, DAPI 4‘,6-
diamidino-2-phenylindole, EpCAM epithelial cell adhesion molecule, EPISPOT EPithelial ImmunoSPOT, FGF-2 fibroblast growth factor-2, FISH fluorescent
in situ hybridisation, GalNAc-T b-1,4-N-acetylgalactosaminyl transferase, h hour, HER2 human epidermal growth factor receptor 2, HMW-MAA molecular
weight melanoma-associated antigen, ICC immunocytochemistry analyses, ISET isolation by size of epithelial tumor cells, MART-1 melanoma antigen
recognized by T cells 1, MAGE-A3 melanoma antigen gene A3 family, MCSP melanoma-associated chondroitin sulfate proteoglycan, MUC1 mucin-1, n.d.
not defined, PCR polymerase chain reaction, PI3 Ka phosphatidylinositol 3-kinase alpha, PSA prostate-specific antigen, qRT-PCR quantitative real-time PCR
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CTCs in blood from breast cancer patients, showing the

potential role of this assay in assessing response to a pre-

ventive vaccine-based immunotherapeutic approach [39].

Interestingly, CTC counts further provided an earlier

assessment of therapy response compared to the commonly

used PSA test in prostate cancer [12, 40, 41].

As tumor cell detection is hindered by the fact that

CTCs might be missed due to (1) the low sensitivity of

some current available detection methods, (2) the EMT-

associated loss of specific marker proteins necessary for

CTC enrichment, or (3) by the low (unknown) frequency of

the release rate of CTCs into the bloodstream, a real

challenge is the detection of minimal residual disease in

cancer patients with no clinical or radiographic evidence of

distant metastasis (stage M0). Several studies have focused

on CTCs in blood of early breast cancer with detection

rates varying from 8 to 41 % [6, 42].

Xenidis et al. [43] showed that the detection of CK-19

mRNA post-chemotherapy was significantly associated

with a reduced overall and disease-free survival in blood

samples from non-metastatic breast cancer patients. Ana-

lyzing 115 non-metastatic breast cancer patients, Bidard

and colleagues discovered that the detection of CTCs

before chemotherapy is an independent prognostic factor

for distant metastasis-free and overall survival [44]. Fur-

thermore, recent data from Georgoulias et al. [45] indicate

that targeting of chemotherapy-resistant CK19 mRNA-

positive CTCs with ‘‘secondary adjuvant’’ trastuzumab

treatment resulted in a significantly reduced probability of

disease relapse and increased disease-free interval com-

pared to early breast cancer patients receiving only stan-

dard treatment. However, question remains whether CTC

detection in the (neo)adjuvant setting will provide valuable

information for treatment decisions in cancer patients.

Summing up, besides the prognostic value of the base-

line CTC counts (i.e., before initiation of therapy), mea-

surements of the dynamic changes in CTC counts during

(neo)adjuvant therapy might provide real-time information

on the efficacy of therapy. Ongoing clinical trials like the

German adjuvant SUCCESS study or the neoadjuvant

GEPARQuattro and GEPARQuinto study will help clari-

fying whether observed decreases in CTC detection rates

are associated with measurable benefit for the individual

cancer patients [46, 47] and will give new insights into the

use of CTCs as predictive markers.

CTCs: a real-time liquid biopsy?

Molecular characterization of CTCs might provide valu-

able insights for the understanding and individual treatment

of cancer patients. One of the major questions remains

whether the modification in treatment decisions based on

the CTC status will result in a measurable benefit for the

individual cancer patient. Preliminary results indicated that

the molecular profiling of CTCs can be used to detect

specific gene mutations or proteins which are relevant for

the efficacy of cancer-related therapies adverting for the

use of CTCs as real-time liquid biopsy. For example,

therapeutic targets like the EGF receptor could be quanti-

fied by immunofluorescence on the surface of CTCs from

blood samples of metastatic lung cancer patients, identi-

fying patients who might respond to specific EGFR

inhibitors [48]. Furthermore, by non-invasive genotyping

in patients with non-small lung cancer, Maheswaran and

co-workers could identify a specific T790M mutation in the

EGFR gene of CTCs, which confers to the drug resistance

of EGFR inhibitors like erlotinib or gefitinib [18]. Besides,

Hannemann and colleagues were able to develop a robust

protocol for the quantitative genomic analysis of single

tumor cells. In their study, a heterogeneous intra- and inter-

patient status of the EGFR gene was found on DTCs and

CTCs [49]. However, the authors claimed that the molec-

ular analysis of only one or two cells per blood sample can

lead to results not reflecting the complex situation in the

cancer patient. Recent data from Gasch et al. demonstrate a

considerable intra- and inter-patient heterogeneity of

genetic alterations for therapeutic targets like EGFR,

KRAS, or PIK3CA, which might help to explain the vari-

able response rates to EGFR inhibition in colon cancer

patients [50]. Furthermore, Attard and colleagues per-

formed multicolor fluorescence in situ hybridization

(FISH) investigating the ERG, AR, and PTEN gene loci on

CTCs and observed a genetic heterogeneity for PTEN and

AR in contrast to the ERG loci in patients with castration-

resistant prostate cancer (CRPC) [51].

The HER2 oncogene-encoded protein p185HER2 seems

to be another promising target for a CTC-based biomarker

validation as it is a well-described marker where the met-

rics for HER2 expression/amplification on primary breast

carcinomas have been correlated with response to HER2-

targeting drugs like trastuzumab or lapatinib [52]. How-

ever, several studies have shown an interesting discordance

between the HER2 status of the primary tumor and CTCs

in the same patients, making this protein a feasible marker

for a therapy determination based on the individual CTC

profile [47]. The German multicenter, randomized, phase

III study (DETECT III) has started just recently to compare

a standard therapy alone versus standard therapy plus

lapatinib, randomizing metastatic breast cancer patients

with initially HER2-negative primary breast carcinomas

and HER2-positive CTCs. The results of this important

intervention study will provide outstanding information for

the use of CTCs as predictive markers in breast cancer.

During the last years, considerable research effort has

also been concentrated on the detection of mesenchymal

markers on CTCs as tumor cells disseminate using the
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phenotypic switching mechanism of EMT-like processes.

EMT-like processes include the loss of cell–cell adhesion,

downregulation of epithelial markers, and upregulation of

mesenchymal markers, leading to an increased cell motility

[22]. Just recently, Azab and colleagues could demonstrate

that hypoxic conditions in solid tumors promote metastasis

through the activation of proteins involved in the EMT

process [53]. Furthermore, EMT-like changes are also

thought to induce stem cell properties, making EMT-

associated markers up-and-coming targets for the treatment

decisions based on a CTC profile. So far, EMT- and

stemness-associated markers like ALDH1, CXCR4, EGFR,

FOXC2, N-Cadherin, Snail1, Twist1, ZEB2, or Vimentin

have already been described to be upregulated on DTCs or

CTCs in animal models as well as in patient-derived

samples [24, 36, 54–56]. Therefore, EMT-associated

markers could be used (1) as promising new targets in

cancer therapy in future studies and (2) further might help

for the identification of CTC subpopulations having

undergone EMT-like processes.

Anyhow, from the current knowledge, it is not possible

to deduce how many CTCs may be a reasonable number to

analyze to capture inter- and intra-lesional tumor hetero-

geneity. New devices such as the GILUPI nanodetector

[19] or leukapheresis [57] that allow the in vivo capture of

CTCs from more large blood volumes ([1 l) will provide

information on how much blood would be needed to cap-

ture a sufficient number of CTCs. It is conceivable that this

amount might differ from patient to patient or between

different solid tumor entities depending on the actual bur-

den of CTCs, for example, patients with colon cancer

appear to have lower amounts of CTCs in their peripheral

blood than patients with other tumor entities, which might

be due to the function of the liver as filter organ for tumor

cells released from the colon.

Conclusion

Tumor cells are now detectable in the peripheral blood and

they are thought to provide beneficial information for the

clinical management of cancer patients as (1) stratification

markers to estimate the risk for metastatic relapse and (2)

as monitoring markers to estimate a change in therapy

years before, the appearance of disease progression is

visible using current clinical approaches. In addition, CTCs

are also discussed to be (3) suitable as predictive bio-

markers providing valuable new insights for an individual

cancer treatment strategy. However, due to the rareness of

CTCs found in a blood sample, extremely sensitive and

specific analytical methods are required for their detection.

Clinical studies demonstrated that tumor cells found

in the bloodstream can be deployed for diagnostic,

monitoring, and prognostic purposes. Furthermore, pre-

liminary data indicated that molecular analysis of CTCs

might be used to detect specific markers which are relevant

for the efficacy of cancer-related therapies, adverting for

the use CTCs as predictive markers.

Monitoring of CTCs during and after therapy might

provide beneficial information for the clinical management

of a personalized cancer treatment, and CTCs are currently

implemented into more than 400 clinical trials at which the

integration of CTCs into immunotherapeutic approaches

should be promising. Anyhow, the shrinkage or complete

eradication of overt metastases might be an unrealistic goal

that may block the further clinical development of many

interesting approaches. In contrast, targeting of small

micrometastases or minimal residual disease, as indicated

by the presence of CTCs after surgical resection of the

primary tumor, might be achievable. Thus, changes in CTC

counts might serve as surrogate marker for the assessment

of therapeutic efficacy and can be used as liquid biopsy for

target identification. Ongoing and future clinical trials have

to prove the impact of a CTC-based stratification and

monitoring of therapy. These results will answer the key

question whether the modification in treatment decisions

based on the CTC profile will lead to a measurable benefit

in clinical outcome for cancer patients.
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