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    Abstract  

  Circulating tumor cells (CTCs) have been considered an indicator of tumor 
invasion. CTCs have recently been detected in breast cancer patients and 
have become a target for evaluating breast cancer progression, prognosis, 
and diagnosis. CTCs are a heterogenous population with phenotypes rang-
ing from epithelial to mesenchymal. CTCs express various markers includ-
ing epithelial cell adhesion molecule, cytokeratins, and MUC-1, depending 
on the stage of epithelial–mesenchymal transition. Breast CTCs are usually 
detected and confi rmed via two steps, including enrichment and identifi ca-
tion. These methods have become powerful tools for diagnosis and for pre-
dicting response to systemic therapies. This chapter aims to review breast 
CTC biology and the role of CTC detection in breast cancer prognosis and 
diagnosis. Recent advances in CTC research mean that CTCs are becoming 
a strong tool for the prognosis and diagnosis of breast cancer.  
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        Introduction 

 Breast cancer is one of the most common cancers 
among women worldwide, with 1.15 million new 
cases each year [ 1 ], including an estimated 207,090 
new cases and 39,840 deaths from  metastasis in the 

USA in 2010 [ 2 ]. Metastasis is a major cause of 
death in all cancer patients, and managing metas-
tasis is therefore an important step in treating 
breast cancer. Breast cancer is currently classifi ed 
by TNM classifi cation and differentiation grade, 
complemented by estrogen and progesterone 
receptor (ER/EP) status and HER2/neu expression 
[ 3 – 7 ]. Recent advances have been made in rela-
tion to the molecular characterization of tumors, 
and in predicting the effects of therapy, includ-
ing using breast cancer gene profi ling by reverse 
transcription- polymerase chain reaction [ 8 – 11 ].  
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    Breast Circulating Tumor Cells 

 Circulating tumor cells (CTCs) are biomarkers 
for evaluating metastasis in breast cancer. Since 
2000, breast CTCs have been considered a unique 
target for understanding disease progression, 
prognosis, and treatment in breast cancer patho-
genesis. CTCs are tumor cells that have been shed 
into the vasculature from the primary tumor and 
are thus present in the blood. They are found in 
the blood of patients with many different types of 
carcinomas, especially in those with metastatic 
disease [ 12 ,  13 ]. Some studies found that the pres-
ence of CTCs in breast cancer patients was asso-
ciated with signifi cantly shorter progression- free 
survival (PFS) and overall survival (OS) [ 14 – 17 ], 
as well as with a high risk of recurrence [ 18 ]. 

 Disseminated tumor cells (DTCs) differ from 
CTCs and were a focus of earlier studies. DTCs 
are defi ned as tumor cells in the bone marrow and 
were present in 30 % of breast cancer patients 
[ 19 ]. The presence of DTCs was considered a sig-
nifi cant predictor of outcome. However, bone mar-
row isolation is an invasive technique, and DTCs 
were only present at low levels in the bone mar-
row, with as few as 3 % of bone marrow aspirates 
containing tumor cells [ 20 ]. CTCs are therefore of 
more interest as targets for the diagnosis and prog-
nosis of cancer, particularly breast cancer. 

    Morphology 

 Breast CTCs may be larger than other cells in the 
blood, such as leukocytes, erythrocytes, and 
thrombocytes. A commonly quoted range for 
CTCs is 12–25 μm, which is larger than 90–95 % 
of the largest blood cell population [ 21 ]. Size- 
based sorting thus represents an attractive, label- 
free, isolation method. Another study found 
similar nucleus–cytoplasm ratios in CTCs and 
tumor cells from a solid metastasis, suggesting 
that the cell populations in the two sites were 
similarly differentiated. However, the average 
size of CTCs is smaller than that of tumor cells in 
a solid metastasis [ 22 ], suggesting either a fi lter-
ing effect of the capillary beds proximal to the 
site of blood collection or morphologically unde-
tectable apoptotic effects on the circulating cells.  

    Immunophenotype 

 Epithelial to mesenchymal transition (EMT) is a 
process relating to a set of molecular changes, 
whereby carcinoma cells increase motility, inva-
sion, and intravasation, as shown in Fig.  21.1 . 
EMT induces proteases that trigger the degrada-
tion of the extracellular matrix, allowing carci-
noma cells to be released into the blood [ 23 ,  24 ]. 
CTCs have therefore been considered as EMT- 
phenotype carcinoma cells in the blood. The 
EMT phenotype is also associated with a stem 
cell phenotype [ 25 ], and CTCs were demon-
strated to include a small population with a can-
cer stem cell phenotype [ 26 – 28 ].

   CTCs are considered as EMT forms of primary 
tumor cells. Carcinoma cells initially activate the 
trans-differentiation EMT program, during which 
they acquire the traits needed to execute the mul-
tiple steps of metastasis [ 29 ]. During the meta-
static process, carcinoma cells in primary breast 
tumors gradually change from an epithelial pheno-
type (in the primary tumor), via EMT to a mesen-
chymal phenotype (in the blood), to an epithelial 
phenotype again (at the metastatic sites). CTCs in 
the blood thus exhibit the EMT phenotype. 

 Breast CTCs in the blood have been recognized 
with different phenotypes ranging from epithe-
lial to mesenchymal, depending on the stage of 
EMT. CTCs usually express an epithelial pheno-
type during the early stage of EMT, both epithelial 
and mesenchymal phenotypes in the intermedi-
ate stage, and a mesenchymal phenotype in late 
EMT. Pecot et al. recently showed that CTC cap-
ture based on cytokeratin (CK) expression would 
be likely to miss populations of CTCs that had 
undergone EMT because CTCs in the late stage of 
EMT lack expression of CK markers [ 30 ]. 

    CTCs with Epithelial Phenotypes 
in Early Epithelial–Mesenchymal 
Transition 
 One epithelial marker detected in CTCs is 
the surface epithelial cell adhesion molecule 
(EpCAM). EpCAM is a pan-epithelial differen-
tiation antigen expressed on most carcinomas. 
CTCs express high levels of this marker. Indeed, 
EpCAM levels are 100- to 1,000-fold greater 
in primary and metastatic breast  cancers than 
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in normal epithelial cells, and this molecule is 
implicated in tumor invasion and migration [ 31 ]. 
EpCAM has been suggested as a potential thera-
peutic target in patients with advanced malig-
nancies [ 19 ]. EpCAM-positive CTCs could 
refl ect both the volume of metastatic disease in 
breast cancer patients and the tumor biology in 
terms of aggressiveness, drug resistance, and 
mutation. 

 CTCs have also been defi ned as mononuclear 
cells lacking CD45 (which is expressed in blood 
cells) but expressing CKs (which are strongly 
expressed in epithelial cells) [ 32 ]. Some specifi c 
CKs such as CK8, CK18, CK19, and CK20 have 
been used as markers of CTCs, included breast 
CTCs [ 33 – 36 ]. Some commercially available 
methods for isolating CTCs have been developed 
based on antibodies to these marker proteins, in 
combination with CD45-negative selection to 
eliminate white blood cells. 

 Zhao et al. demonstrated that EpCAM-, 
CK19-, and hMAM-positive cells were detected 

in 50 (51.0 %), 43 (43.9 %), and 68 (69.4 %) of 98 
patients, respectively, and  triple-marker- positive 
CTCs were detected in 86 of the 98 (87.8 %) 
patients, which was a signifi cantly higher rate 
than in the control group [ 37 ]. In a recent study, 
Tunca et al. showed that CK20 was a novel bio-
marker of breast CTCs, which could be used to 
identify CTCs as well as to predict breast can-
cer progression. The CK20-positivity rate was 
28.57 % (24/84) [ 38 ]. CD227 (Mucin-1 or Ca 
15.3) is highly expressed by virtually all muco-
sal epithelial tissues and is aberrantly expressed 
in most human breast cancers. It is also used as 
marker of breast cancer cells and breast CTCs 
[ 39 – 41 ].  

    CTCs with Epithelial–Mesenchymal 
Phenotype in Intermediate Epithelial–
Mesenchymal Transition 
 During the intermediate stage of the EMT pro-
cess, CTCs exhibit both epithelial and mesenchy-
mal traits. In patients with metastatic CTCs, more 
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than 80 % of CTCs co-express epithelial proteins, 
such as EpCAM, CKs, and E-cadherin, together 
with mesenchymal proteins including vimentin, 
N-cadherin and O-cadherin, and the stem cell 
marker CD133 [ 42 ]. Another study showed that 
77 % of CTCs in early breast cancer patients 
expressed vimentin, Twist, and CK, while 100 % 
of CTCs expressed these proteins in patients with 
metastatic breast cancer. CTCs in patients with 
metastatic disease thus express antigens charac-
teristic of EMT more than those with early can-
cer, suggesting that EMT is involved in the 
metastatic potential of CTCs [ 43 ].  

    CTCs with Mesenchymal Phenotype 
in Late Epithelial–Mesenchymal 
Transition 
 A recent study by Gorges et al. used the AdnaTest 
to detect CTCs in metastatic breast cancer 
patients. However, the kit failed to detect CTCs 
because of the downregulation of EpCAM, 
whereas mesenchymal markers such as Twist and 
epidermal growth factor receptor were upregu-
lated, indicating that the CTCs in these patients 
were in the late stage of EMT. They also recog-
nized that the late stage of EMT was associated 
with metastatic cancers [ 44 ].  

    CTCs Express Breast Cancer Stem Cell 
Phenotypes 
 Breast cancer stem cells (BCSCs) are known to have 
specifi c phenotypes, such as EpCAM + CD44 + CD24 −/

dim  or CD44 + CD24 −/dim . Based on the BCSC phe-
notype, CTCs contain 20–30 % BCSCs with 
the EpCAM + CD44 + CD24 −/dim CD45 −  phenotype. 
Other CTC phenotypes are also found in breast 
 cancer patients, including EpCAM + CD44 − CD24 −/

dim CD45 − , EpCAM + CD44 + CD24 + CD45 − , 
and EpCAM + CD44 + CD24 + CD45 dim  [ 26 ]. 
Theodoropoulos et al. detected CTCs in 66.7 % 
patients, with 35.2 % of CTCs positive for the 
BCSC phenotype CD44 + CD24 −/dim . CTCs also 
exhibited another BCSC phenotype aldehyde 
dehydrogenase 1 (ALDH1) hi CD24 −/dim  in 17.7 % 
patients [ 27 ]. Like BCSCs that are the most tumori-
genic cells in solid tumors, CTCs expressing BCSC 
markers are also known as breast circulating tumor 
stem cells (CTSCs). Breast CTSCs are determined 

as CD45 − EpCAM + CD44 + CD24 −  cells in the blood. 
The percentage of CTSCs in CD45-negative cells 
detected by fl ow cytometry increased with increas-
ing TNM stage (0, 0.00 ± 0.00 %; I, 0.03 ± 0.05 %; II, 
0.06 ± 0.14 %; III, 0.10 ± 0.09 %; IV, 0.29 ± 0.35 %; 
 P  = 0.034) [ 28 ]. 

 Notably, the expression of ALDH1 on CTCs 
was found to correlate with the stage of disease 
and with the expression of vimentin and fi bronec-
tin [ 45 ]. CTCs also express some other BCSC 
markers such as NOTCH1, a gene associated 
with self-renewing cancer stem cells [ 46 ], and 
almost 70 % of CTCs were found to express 
ALDH1 [ 47 ,  48 ]. Similarly to BCSCs, CTCs 
were also shown to be triple negative for ER, PR, 
and HER2 [ 47 ,  48 ].  

    Breast CTCs and HER2, ER, PR Tumor 
Phenotype 
 HER2/neu is considered as a target for breast treat-
ment. Some studies have evaluated the correlation 
between HER2/neu expression in CTCs and in pri-
mary tumor cells, as well as HER2/neu expression 
in primary tumor cells with some specifi c genes in 
individual CTCs [ 48 – 55 ]. Evidence to date sug-
gests that HER2/neu expression in CTCs does not 
depend strictly on HER2/neu expression in the pri-
mary tumor cells; indeed, HER2/neu-positive cells 
were detected in patients with HER2/neu-negative 
tumors [ 51 ,  54 ]. These results have also been con-
fi rmed by other groups [ 56 ,  57 ]. Punnoose et al., 
however, reported that there was a concordance 
between HER2 status in CTCs and in the primary 
tumor tissue in the majority of patients (89 %), 
though the HER2 status in CTCs differed from that 
in the primary tumor in a subset of patients (11 %) 
[ 58 ]. Thus, some patients negative for HER2/neu in 
the primary tumor cells may still benefi t from 
HER-2- directed therapy [ 59 ]. Moreover, HER-2-
positive CTCs were more common in women with 
HER-2- positive primary tumors [ 54 ]. 

 Similarly to HER2/neu expression, ER/PR 
expression in CTCs does not depend on ER/PR 
expression in the primary tumor. Aktas et al. 
showed that the expression profi les of CTCs and 
the primary tumor differed with regard to ER/PR/
HER2 positivity [ 47 ], with concordance rates of 
29, 25, and 53 %, respectively [ 48 ].    
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    Detection Methods for Breast 
Circulating Tumor Cells 

 Detection of breast CTCs is an important and 
essential step in their use for breast cancer diag-
nosis and prognosis. This step determines not 
only the existence of CTCs but also the number 
of CTCs. Like many special kinds of cells, CTCs 
in a heterogenous population can be detected 
based on their unique characteristics. However, 
CTCs are rare cells (one CTC/10 6 –10 7  mononu-
clear cells), and they must therefore be enriched 
before detection. Hence, CTC detection methods 
are usually composed of two steps. The initial 
step enriches the CTCs using morphological and 
immunological techniques that are nonspecifi c 
for CTCs, while the second step involves their 
identifi cation using protein and nucleic acid- 
based techniques that are specifi c to CTCs. 

 Based on the particular proteins or/and 
nucleic acids (usually RNA), CTCs can be not 
only detected but also quantifi ed. CTC detection 
results can help in the diagnosis of breast cancer, 
as well as tracking cancer status or drug response 
during treatment. The CTC isolation and detec-
tion process therefore needs to be highly specifi c. 

    Enrichment Methods 

    Size-Based Enrichment 
 As noted above, CTCs are larger than most other 
blood cells, and some enrichment methods have 
therefore utilized this size difference. Size-based 
enrichment strategies for CTCs include centrifu-
gation, microfi ltration, and hydrodynamic sort-
ing. Centrifugation is the most popular method 
used for cell and stem cell enrichment, while 
microfi ltration and hydrodynamic sorting are 
relatively new technologies. 

   Centrifugation 
 Centrifugation uses centrifugal force to separate 
cells based on their density. Blood cells will sep-
arate into distinct zones in the centrifugation tube 
according to their different densities. CTCs, leu-
kocytes, and thrombocytes exist in the same zone 
called the buffy coat layer. Density gradient cen-

trifugation using a separating medium can then 
be used to further separate cells within the dis-
tinct zone. Two separating media are commonly 
used: Ficoll (GE Healthcare) and OncoQuick 
(Greiner Bio-One). OncoQuick is an improved 
form of Ficoll that limits cross-contamination 
between different zones by using a porous mem-
brane. OncoQuick has thus been shown to pro-
duce a higher recovery [ 60 ,  61 ].  

   Microfi ltration 
 Alternatively, CTCs can be enriched using a 
microfi ltration device [ 62 – 66 ]. As noted above, 
CTCs are mostly epithelial cells that are larger 
than blood cells [ 62 ,  67 ,  68 ]. Some studies have 
shown that a microfi ltration device with a pore 
size of around 8 μm in diameter is optimal for 
CTC retention [ 69 ]. This technique initially used 
polycarbonate fi lters fabricated using track etching 
[ 70 ], which generates pores at random locations. 
However, the low pore density and multiple pore 
fusion led to low CTC capture effi ciency (around 
50–60 %) and frequent sample clogging on the 
fi lter [ 67 ,  71 ]. To increase the capture effi ciency, 
improved microfabricated fi lters with high-density 
uniform circular pores were developed as 2D [ 21 , 
 68 ] and 3D microfi ltration devices [ 72 ].  

   Hydrodynamic Sorting 
 Hydrodynamic sorting uses fl uid fl ow in combi-
nation with microdevice geometries or parallel 
fl uids at different fl ow rates to sort or separate 
tumor cells. The main advantage of this tech-
nique is that the cells do not pass through any 
physical constriction and shear forces are there-
fore reduced. In addition, these devices typically 
operate at relatively high fl ow rates, resulting in 
high throughout.   

    Dielectrophoresis 
 Dielectrophoresis (DEP) is a new technique 
based on differences in cell polarizability and 
size. When an electrical fi eld is applied to cells, 
they become polarized. Cells will interact with an 
electric fi eld. DEP forces can be used in two 
ways to separate cells: DEP migration, where dif-
ferent types of particles migrate to different 
regions based on their relative polarizabilities, 
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and DEP retention, where DEP forces are used in 
competition with fl uid-fl ow forces. In the case of 
CTC isolation from blood, electrophoretic mobil-
ity distinguishes tumor cells in terms of their 
attraction toward the electrode, and normal blood 
cells migrate in the electrical fi eld into an eluant.   

    Immunological-Based Methods 

 Immunological-based methods select cells based 
on their surface markers. Two selection methods 
are commonly used: positive selection and nega-
tive selection. 

    Positive Selection 
 Most CTCs originate from epithelial cells and 
thus express epithelial cell-specifi c markers such 
as EpCAM and CKs. These markers can be effi -
ciently used to enrich CTCs. Some tumor- specifi c 
markers relating to specifi c cancers, such as 
alpha-fetoprotein, HER2/neu, MUC1/MUC2, 
mammaglobulin, and carcinoembryonic antigen, 
can also be used to enrich CTCs. Some approaches 
have combined popular epithelial cell markers 
and tumor-specifi c markers to improve the 
enrichment results. Two immunomagnetic meth-
ods can be used: (1) ferrous beads with anti- 
EpCAM that retain EpCAM-positive cells in 
magnetic columns (the so-called magnetic- 
activated cell sorting (MACS)) and (2) anti- 
EpCAM proteins bound in arrays to which 
EpCAM-positive cells can then attach. 

 However, as suggested, CTCs in the blood 
stream express a gradient of EMT mark-
ers, and some CTCs express low or no 
EpCAM. Immunomagnetic methods that posi-
tively select EpCAM-positive cells are therefore 
unable to detect them [ 73 ]. Indeed, a previous 
study considered that the evaluation of CTCs as 
prognostic markers should include both EpCAM- 
positive and EpCAM-negative cells [ 74 ].  

    Negative Selection 
 Most blood cells are positive for CD45, and anti-
 CD45 negative selection of leukocytes is thus 
used to enrich cell populations with CTCs that 

are negative for CD45. This selection technique 
uses antibodies labeled with magnetic micro-
beads and magnets. The most popular system 
used for negative selection is MACS (Miltenyi 
Biotec). 

 Many commercial systems currently exist for 
the enrichment and isolation of CTCs, such as 
MACS, CellSearch, RARE, AdnaTest, CTC chip, 
ELISPOT, MAINTRAC, Ikoniscope, and Ariol. 
The characteristics of these methods are summa-
rized in Table  21.1 . To increase the enrichment 
effi cacy, some systems have combined selection 
by anti-CK and anti-EpCAM antibodies with 
CD45 depletion or with other markers.

        Identifi cation Methods 

 Identifi cation is essential to confi rm the cells as 
CTCs. CTC confi rmation is usually based on spe-
cifi c markers expressed at the transcriptional or 
translational level. Nucleic acid-based methods 
are used at the transcriptional level, while 
antibody- based assays are used at the transla-
tional level. Recently, four methods have been 
used to identify and confi rm the identity of breast 
CTCs, including (1) fl ow cytometry, (2) image- 
based approaches such as classic immunocyto-
chemistry (CellSearch, Ariol system, laser 
scanning system), (3) protein-based assays such 
as ELISPOT that detect secreted proteins from 
CTCs, and (4) reverse transcription–polymerase 
chain reaction (RT-PCR) (qRT-PCR, multiplex 
RT-PCR). 

    Nucleic Acid-Based Methods 
 In most cases, RT-PCR or real-time RT-PCR is 
used to identify specifi c gene expression. 
However, there is currently no specifi c gene pro-
fi le that can be used to confi rm breast cancer 
CTCs. RT-PCR is commonly used to amplify and 
identify genes relating to EMT as well as breast 
cancer. Such genes may include CK19, mamma-
globin- A (MGB1), HER2, and MUC1 [ 75 – 80 ]. 

 Some commercial systems combine several 
markers to improve the results of RT-PCR. For 
example, AdnaTest BreastCancerSelect uses 
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multiplex RT-PCR for HER2, MUC1, and 
EpCAM genes to confi rm breast cancer CTCs 
[ 81 ]. Xi et al. showed that MGB2 was a marker 
of breast cancer CTCs [ 82 ]. The limited avail-
ability of CTCs means that single-cell PCR can 
be an ideal platform. 

 In addition to RT-PCR, fl uorescence in situ 
hybridization (FISH) is also a valid method for 
CTC confi rmation. Expression of HER2 on breast 
cancer CTCs evaluated by FISH showed 93 % 
concordance with the expression in primary breast 
cancer cells [ 83 ]. Using FISH, Hayashi et al. 
detected polysomy 17 in a small population CTCs 
in patients with metastatic breast cancer [ 84 ].  

   Cytometric-based Methods 
 At the translational level, CTCs can be confi rmed 
using cytometric-based methods. In all 
cytometric- based methods, CTCs are stained 
with monoclonal antibodies specifi c for CTCs. 
There are three popular cytometric-based meth-
ods currently used for CTC confi rmation: fl ow 
cytometry, image-based approaches (immunocy-

tochemistry, fi ber-optic array scanning technol-
ogy (FAST), laser scanning cytometer (LSC)), 
and EPISPOT (epithelial immunospot). 

 Most cytometric-based methods use CKs and 
EpCAM as common markers to identify CTCs. 
Moreover, CD45 can also be used to detect leu-
kocytes to increase the specifi city. However, not 
all CTCs express CKs and EpCAM, and during 
EMT, CTCs may change from an epithelial phe-
notype expressing CKs or EpCAM to a mesen-
chymal phenotype with lower expression of these 
markers. 

   Flow Cytometry 
 Flow cytometry is a conventional method for 
identifying and counting CTCs. This technique 
has certain advantages compared with PCR, 
including high specifi city, high statistical signifi -
cance based on counting large numbers of cells 
in the blood, and analysis of multiple parameters 
including DNA content, cell size, and cell viabil-
ity, as well as intracellular markers. However, 
it also has some limitations, particularly low 

   Table 21.1    Summary of different CTC enrichment systems   

 Enrichment method  Principle of enrichment  Commercial systems 

 Size-based methods  Centrifugation  Difference in cell density  Ficoll, OncoQuick 
 Filtration  Difference in cell shape  Nuclepore assay, 

Ikoniscope TM , Clearbridge 
Biomedics 

 Hydrodynamic sorting  Difference in cell density 
 Dielectrophoresis  Difference in cell hydrodynamics  ApoCell 

 Immunological-based 
methods 

 Positive selection with 
tumor-specifi c markers 

 Selection of combined MUC1- 
and EpCAM- expressing CTCs 

 AdnaTest 

 Depletion of CD45 +  cells  Leukocytes express CD45, while 
CTCs do not 

 EPISPOT, RARE 

 Depletion of CD45 +  cells and 
positive selection 

 Leukocytes express CD45, while 
CTCs do not, but CTCs do 
express CK-8,18, and 19 

 CellSearch TM , CTC chip 

 Red blood cell lysis  Eliminate red blood cells to enrich 
nucleated cells including CTCs 
and leukocytes 

 MAINTRAC TM  

 Red blood cell lysis and 
positive selection 

 Red blood cell lysis, CK- and 
EpCAM-antibody coupled 
microbeads 

 Ariol TM  

 Positive selection with 
epithelial specifi c marker 

 CTCs strongly express EpCAM, 
while leukocytes do not 

 CytoScale Diagnostics, 
Biofl uidica, On-Q-ity Inc. 
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sensitivity (one tumor cell/10 4 –10 5  blood cells) 
compared with RT-PCR approaches (one tumor 
cell/10 6  blood cells) [ 10 ,  85 ].  

   Image-Based Approaches 
 CTCs are usually enriched and then stained with 
specifi c markers by immunocytochemical 
 techniques to confi rm their identity. This tech-
nique has been used by pathologists for decades 
to identify certain types of tumor cells. However, 
it has some limitations, including being time- 
consuming, and automated systems have there-
fore been developed to capture the stained CTCs, 
such as the LSC (Compucyte Corporation, 
Cambridge, MA), automated cellular imaging 
system (ACIS, Dako, Denmark), and Ariol 
(Applied Imaging Corp. San Jose, CA). The LSC 
makes it possible to scan and relocate epithelial- 
positive cells immunolabeled for multiple mark-
ers such as EpCAM combined with the 
lymphocyte marker CD45 automatically. ACIS 
and Ariol allow the rapid and automatic identifi -
cation of CTCs based on their morphological 
evaluation. 

 Fiber-optic array scanning technology (FAST) 
is another, more sensitive technique for confi rm-
ing CTCs. This system is equipped with an 
exceptionally large (50,341 mm) fi eld of view 
without sacrifi ce of collection effi ciency, which 
makes it possible to locate immunofl uorescently 
labeled CTCs on glass substrates at a scan rate 
500 times faster than conventional automated 
digital microscopy, allowing FAST to detect 
CTCs without the need for an enrichment proce-
dure [ 86 ,  87 ]. Moreover, the process is very rapid, 
with up to 300,000 cells scanned per second. 
However, there are currently no reports of valida-
tion studies in clinical settings.  

   EPISPOT 
 EPISPOT (epithelial immunospot) is another 
antibody-based approach and is an immuno-
logical assay based on enzyme-linked immuno-
sorbent assay (ELISA) technology. EPISPOT 
identifi es CTCs by detecting specifi c pro-
teins (CKs, MUC, prostate-specifi c antigen) 
secreted by them. However, one of the features 
of EPISPOT is that it can only detect viable 

CTCs, because dying CTCs do not secrete ade-
quate amounts of proteins [ 88 ]. The sensitivity 
of EPISPOT is superior to that of ELISA by 
two orders of magnitude in terms of detecting 
released CK19 from cancer cells [ 89 ]. However, 
validation studies in clinical settings are still 
awaited.    

    Commercial Circulating Tumor Cell 
Detection Systems for Breast Cancer 

 Signifi cant effort has recently been devoted 
to the development of automated techniques 
for detecting CTCs, and several commercial 
systems now exist for detecting breast cancer 
CTCs, including CellSearch, CTC chip, The 
CTChip, MagSweeper, MAINTRAC, Ariol, 
and AdnaTest, which combine enrichment and 
confi rmation steps, as shown in Table  21.2 . 
However, only CellSearch has currently been 
approved by the FDA for detecting breast cancer 
CTCs [ 90 – 92 ].

   CellSearch is used worldwide to detect breast 
CTCs and has been approved in more than 17 
countries. This system comprises two steps: an 
initial step to enrich epithelial cells by select-
ing EpCAM-positive cells and a second step to 
identify epithelial carcinoma cells by double 
staining with CD45 and CK antibodies, using 
DAPI to visualize the cell nucleus. Analysis of 
cells using CellSearch is thus performed as fol-
lows: fi rst, peripheral blood is mixed with iron 
particles coated with EpCAM to confer magnetic 
properties on all the epithelial cells, and then, 
anti-CK antibodies are used to identify these epi-
thelial cells, while anti-CD45 antibodies are used 
to rule out lymphocytes; the nuclear dye DAPI 
is applied to fl uorescently label cell nuclei for 
microscopic visualization of the enriched cell 
population. After incubation, washing, magnetic 
separation, and fi xation, the immunomagneti-
cally separated cell population can be viewed and 
counted by automated digital fl uorescent micros-
copy [ 90 ]. CellSearch requires about 7.5 ml 
of blood for each analysis. Figure  21.2  shows 
some approaches in breast CTC enrichment and 
identifi cation.
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        Circulating Tumor Cells 
for Diagnosis and Prognosis 

 Many studies have demonstrated that the pres-
ence of CTCs is signifi cantly associated with 
shorter PFS, disease-free survival (DFS), and 
OS. CTCs are considered as a stable prognostica-
tor in patients with early-stage and metastatic 
breast cancer. By counting CTCs before and after 
treatment in patients with metastatic breast can-
cer, Cristofanilli et al. showed that detection of 
CTCs before initiation of fi rst-line therapy in 
patients with metastatic breast cancer was highly 
predictive of PFS and OS [ 93 ]. 

    CTCs Associate with Progression- 
Free, Disease-Free, and Overall 
Survival 

 Zhao et al. performed a meta-analysis of pub-
lished literature to assess whether the detection of 
CTCs in patients diagnosed with primary breast 
cancer could be used as a prognostic factor. A 
total of 24 eligible studies with 4,013 cases and 
1,333 controls were included. Meta-analyses were 
performed using a random-effects model, with 
the hazard ratio (HR) and 95 % confi dence inter-
vals (95 % CIs) as effect measures. The results 
showed that the positive detection of CTCs was 

   Table 21.2    Commercial CTC detection systems   

 System  Enrichment methods  Detection methods 

 Methods  Parameters  Methods  Markers 

 CellSearch  Immunological 
method, magnetic 
cell sorting 

 Positive selection of 
EpCAM+ cells 

 Cytometric-based 
method and 
immunostaining, 
detection by automated 
fl uorescent microscopy 

 CK8, 18, 19+/DAPI+/CD45- 

 MagSweeper  Immunological 
method, magnetic 
cell sorting 

 Positive selection of 
EpCAM+ cells 

 Nucleic acid-based 
method: qRT-PCR 

 Gene expression profi ling 
for  FOXC1 ,  KRT18 ,  PTEN , 
 NPTN ,  TGFß1 ,  KRT8 , 
 ZEB2 ,  and CXCR4  

 CTC chip  Immunological 
method, microfl uids 

 EpCAM-coated 
microspots 

 Cytometric-based 
method: 
immunostaining 

 CK+/CD45-/DAPI+ 

 The CTChip  Immunological 
method, microfl uids 

 Microfl uids, 
enrichment based on 
physical properties 

 Cytometric-based 
method: 
immunostaining 

 CK+ 

 EPISPOT assay  Immunological 
method, magnetic 
cell sorting 

 Depletion of CD45+ 
cells, enrichment of 
CXCR4-positive 
cells 

 ELISPOT for secreted 
proteins 

 CK19, MUC1 

 MAINTRAC  Red blood cell lysis  Cytometric-based 
method: immunostaining; 
laser scanning cytometry 

 EpCAM+/CD45- 

 Ariol  Red blood cell lysis, 
magnetic cell sorting 

 CK+, EpCAM+  CK8, 18, 19+/DAPI+/CD45- 

 AdnaTest  Immunological 
method, magnetic 
cell sorting 

 MUC1+, EpCAM+  Nucleic acid-based 
methods: RT-PCR 

 HER2, MUC1, and 
EpCAM 

 TelomeScan  Red blood cell lysis  Automated scan 
fl uorescence 
microscopy 

 Detecting telomerase- 
specifi c replication- selective 
adenovirus expressing green 
fl uorescent protein, the 
virus is able to replicate and 
incorporate the green 
fl uorescent protein 
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signifi cantly associated with poor OS (HR = 3.00 
[95 % CI 2.29–3.94],  n  = 17,  P  < 0.0001) and 
recurrence-free survival (RFS) (HR = 2.67 [95 % 
CI 2.09–3.42],  n  = 22,  P  < 0.0001) [ 94 ]. Another 
meta-analysis identifi ed 49 eligible studies enroll-
ing 6,825 patients and showed that the presence 
of CTCs was signifi cantly associated with shorter 
survival in the total population. The prognostic 
value of CTCs was signifi cant in both early (DFS, 
HR 2.86; 95 % CI 2.19–3.75; OS, HR 2.78; 95 % 
CI 2.22–s3.48) and metastatic breast cancer (PFS, 
HR 1.78; 95 % CI 1.52–2.09; OS, HR 2.33; 95 % 
CI 2.09–2.60) [ 95 ]. 

 The association between CTCs and survival 
also depends on the number of CTCs. Patients 
with no CTCs at baseline had a signifi cantly 
better prognosis, while an increase in number 
of CTCs was associated with increased risk for 
both PFS and OS, though the rate of increase 
lessened above approximately fi ve CTCs/7.5 ml. 
CTCs increasing up to a maximum of fi ve repre-
sented a prognostic factor in metastasis [ 96 ]. In 
another study, Hayes et al. analyzed the correla-
tion between the number of CTCs and OS and 
found that the median OS for patients with <5 
CTCs/7.5 ml from blood drawn at fi ve time points 
was >18.5 months, while OS for patients with ≥5 

CTCs/7.5 ml was signifi cantly shorter, by 10.9, 
6.3, 6.3, 6.6, and 6.7 months, respectively [ 15 ]. 
Liu et al. also observed shorter PFS for patients 
with ≥5 CTCs at 3–5 weeks and at 7–9 weeks 
after the start of treatment [ 97 ]. Median OS and 
PFS in the subgroup with ≥5 circulating tumor 
cells/7.5 ml of blood at baseline were signifi cantly 
shorter (5 months and 3 months, respectively) 
compared with the subgroup with <5 circulating 
tumor cells (8 months and 7 months, respectively) 
( P  = 0.003 and  P  < 0.001, respectively). The num-
ber of metastatic sites was signifi cantly associated 
with OS and PFS and correlated with the number 
of CTCs [ 98 ]. 

 In a recent study, Pierga et al. showed that ≥1 
CTC/7.5 ml was a strong prognostic factor for 
PFS ( P  < 0.0001), while the threshold of ≥5 
CTCs/7.5 ml was statistically signifi cant for PFS 
and OS ( P  = 0.03) in multivariate analysis [ 18 ].  

    CTCs Associate with Axillary Lymph 
Node Metastasis 

 The main reason why CTCs are related with 
shorter OS and PFS is the high incidence of 
metastasis in patients with CTCs. The risk of pro-
gression for patients with ≥5 CTCs/7.5 ml was 
several times higher than that for patients with 
0–4 CTCs/7.5 ml at the same time point. 
Multivariate analysis showed that axillary lymph 
node metastasis, serum CA15-3-positivity, and 
the presence of EpCAM-, CK19-, and hMAM- 
positive CTCs had a signifi cant impact on PFS, 
while axillary lymph node metastasis and the 
presence of EpCAM-, CK19-, and hMAM- 
positive CTCs had a signifi cant impact on OS.  

    CTCs and Histological Grade 

 CTC positivity is signifi cantly associated with 
high histological grade, tumor size, and nodal 
status of breast cancer. Detection of CTCs in the 
peripheral blood indicates a poor prognosis in 
patients with primary breast cancer. Larger clini-
cal studies are required to further evaluate the 
role of these markers in clinical practice [ 94 ].  
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  Fig. 21.2    Some approaches in breast CTC enrichment 
and identifi cation       
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    CTCs and Clinical Treatment 
Response 

 CTC follow-up was considered as an indicator of 
treatment effi cacy. Some studies found a correla-
tion between a reduction of CTCs upon therapy 
initiation and the fi nal tumor response [ 99 ,  100 ]. 

 During chemotherapy, >6 CTCs/7.5 ml was 
correlated with a poorer prognosis in patients 
with metastatic disease. CTC levels, rather than 
the presence of CTCs, were associated with PFS 
and showed borderline signifi cance in terms of 
OS. The differential prognoses and OS rates in 
patients with and without elevated CTCs before 
and at the end of chemotherapy are of particular 
interest in patients with no clinical evidence of 
metastasis [ 101 ]. 

 Pachmann et al. evaluated the number of 
CTCs prior to each chemotherapy cycle and at 
the completion of treatment in 91 breast cancer 
patients [ 102 ]. CTCs were detected using the 
MAINTRAC method. Three groups of CTC 
changes were recorded: a ≥10-fold decrease, 
marginal change, or a ≥10-fold increase. 
Relapses were seen in 1/28 patients with CTC 
decreases, 5/30 patients with minimal change, 
and 14/33 with a CTC increases, demonstrat-
ing that an increase in CTC level of ≥10-fold 
predicted early breast cancer relapse. Similarly, 
Pachmann et al. showed that escalating numbers 
of CTCs during tamoxifen treatment were strong 
predictors of relapse [ 102 ]. 

 In another study, advanced breast cancer 
patients were treated with docetaxel chemother-
apy, and the treatment response was evaluated by 
[ 18 F] 3′-deoxy-3′-fl uorothymidine positron emis-
sion tomography (FLT-PET) and levels of CTCs. 
In the individuals in whom CTCs could be 
detected, a decreased CTC count correlated with 
reduced FLT-PET signal within 2 weeks [ 103 ].   

    Conclusion and Future Perspective 

 CTCs have been shown to play prognostic and 
diagnostic roles and to be associated with PFS, 
DFS, and OS in breast cancer patients. Early 
breast cancer patients with CTCs are at high risk 

of metastasis. Recent results have also demon-
strated a correlation between the presence of 
CTCs and poor histological grade of primary 
tumors. Evaluation of CTCs during treatment can 
provide information on treatment effi cacy, as well 
as recurrence risk. Moreover, analysis of CTC 
molecular characteristics can provide information 
on protein targets for treatment and chemoresis-
tant profi les. However, further progress is needed 
before CTCs can be applied as a powerful tool for 
the diagnosis and prognosis of breast cancer, 
including determining specifi c markers for breast 
CTCs, developing highly sensitive and specifi c 
methods to detect CTCs, and exploring the molec-
ular characterization of CTCs, especially in terms 
of CTC marker profi les related to cancer progress, 
recurrence, and metastasis. However, rapid 
increases in breast CTC research will allow CTCs 
to become powerful tools for use in breast cancer 
diagnosis and prognosis in the near future.     
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