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Abstract It is believed that the development of metastatic cancer requires the

presence of circulating tumor cells (CTCs), which are found in a patient’s circula-
tion as rare abnormal cells comingled with billions of the normal red and white

blood cells. The systems developed for detection of CTCs have brought progress to

cancer treatment. The molecular characterization of CTCs can aid in the develop-

ment of new drugs, and their presence during treatment can help clinicians deter-

mine the prognosis of the patient. Studies have been carried out in patients early in

the disease course, with only primary tumors, and the role of CTCs in prognosis

seems to be as important as it is in patients with metastatic disease. The published

studies on CTCs have focused on their prognostic significance, their utility in real-

time monitoring of therapies, the identification of therapeutic and resistance targets,

and understanding the process of metastasis. The analysis of CTCs during the early

stages, as a “liquid biopsy,” helps to monitor patients at different points in the

disease course, including minimal residual disease, providing valuable information

about the very early assessment of treatment effectiveness. Finally, CTCs can be

used to screen patients with family histories of cancer or with diseases that can lead

to the development of cancer. With standard protocols, this easily obtained and

practical tool can be used to prevent the growth and spread of cancer. In this

chapter, we review some important aspects of CTCs, surveying the disease aspects

where these cells have been investigated.
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1.1 Circulating Tumor Cells (CTCs) as Prognostic Factors
in the Metastatic Setting

It is believed that the dissemination of cancer requires the presence of CTCs, which

are defined as isolated single or clusters of cancerous cells in the blood or lymphatic

fluids co-mingled with billions of normal hematopoietic cells (Mego et al. 2010).

The presence of CTCs in the peripheral blood was first reported by Thomas

Ashworth (1869), an Australian doctor at Melbourne Hospital. He studied material

obtained from the autopsy of a patient with metastatic subcutaneous tumors located

in the anterior wall of the chest and abdomen. He noted circulating cells (obtained

from the saphenous vein of the right leg) identical to those from tumors and

postulated that these cells were derived from an existing tumor structure, they

must have traversed a large part of the circulatory system to reach the inside of

the saphenous vein the right leg.

The development of enrichment systems and immunohistochemical detection of

CTCs represents significant progress for the scientific community. The best known

is the CellSearch® System, which separates the cells with magnetic beads coated

with anti-epithelial cell adhesion molecule (EpCAM) antibody followed by flow

cytometry of cells captured with anti-cytokeratin fluorescence. Reading is done in

semi-automated microscope (revised by Riethdorf and Pantel 2008). In 2007, the

U.S. Food and Drug Administration (FDA) approved the system for monitoring

patients with metastatic breast, prostate, and colorectal tumors (www.accessdata.

fda.gov/cdrh_docs/reviews/K071729).

The overall majority of metastases are localized in internal organs, such as lung,

bone, or liver. Because of this, conventional biopsies of metastatic lesions are

invasive, painful and expensive. Accordingly, both the isolation and characteriza-

tion of CTCs might serve as a real time “liquid biopsy” (Hayes and Paoletti 2013).

Using the CellSearch® System, Cristofanilli et al. (2004) reported a study of

177 patients with metastatic breast cancer, performing the CTC counts before and

after the start of treatment for metastatic disease. Patients with �5 CTCs/7.5 ml of

blood when compared to those with less <5 CTCs/7.5 ml, had lower progression-

free survival (2.7 versus 7 months, p < 0.001) and reduced overall survival (10.1

versus 18 months, p < 0.001). After the first segment following the beginning of

treatment, this difference between the groups persisted (in relation to the survival

and the number of CTCs). Multivariate analysis of CTCs levels before and after the

start of treatment proved the significance of these predictors of overall survival

(OS) and progression-free survival (PFS). Furthermore, it was observed that about

70% of patients with metastatic disease had CTC counts above 1/7.5 ml of periph-

eral blood. This study provided key evidence for the use of CTCs and was used to

clear CellSearch® by the FDA.

Using the same CTC detection system, Nolé et al. (2008) studied 80 patients

with metastatic breast cancer and evaluated them at the beginning of treatment, at

4 and 8 weeks after the first clinical assessment, and then every 2 months thereafter.

Before the start of the treatment, 49 patients had�5 CTCs. In multivariate analysis,
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the CTC levels before treatment were significantly associated with PFS (relative

risk [RR] 2.5, 95% CI). Patients with persistent levels of CTCs �5 had increased

risk of progression compared to those with CTCs <5 (RR 6.4, 95% CI). These

studies indicate the likely utility of CTCs in assessing the responses of patients with

metastatic breast tumors.

For colorectal cancers (CRC), the primary strategy for treatment is complete

resection of the primary lesion (Katsumata et al. 2006). However, despite this, some

patients experience recurrences that are believed to reflect residual

micrometastases. Conventional diagnostic methods are not capable of detecting

CTCs present in these sites that are eventually released into the circulation.

Katsumata et al. (2006) used the reverse transcription polymerase chain reaction

(RT-PCR) to detect CTCs, through the identification of cytokeratin genes and

carcinoembryonic antigen (CEA). They analyzed 57 patients with CRC who

underwent surgery. The presence of cytokeratin 20 (CK20) in peripheral blood

was evaluated. The CK20 mRNA was found in 42.1% of patients and was corre-

lated with lymph node metastasis ( p¼ 0.037). The 5-year overall survival (5y–OS)

for CK20 positive patients was 62.5% whereas for CK20 negative it was 87.5%

( p ¼ 0.048). Therefore, the authors advocate the idea of looking at CTCs as being

one of the best predictors of disease recurrence. However, it is known that hema-

topoietic cells may express “not legitimate” antigens associated with tumor or

epithelial cells, and pseudogenes can lead to PCR products identical to imprinted

genes, which can lead to false positive results by RT-PCR (Gunn et al. 1996).

Sastre et al. (2008) observed a positive correlation between the number of CTCs

and clinical stage in 97 patients with the following characteristics: non-metastatic

CRC newly diagnosed or rectal cancer without neoadjuvant chemo-radiotherapy;

metastatic CRC newly diagnosed; and CRC recurrence. They used a control group

of 30 healthy patients. A cut-off of 2 CTCs/7.5 ml was chosen for this study. There

was an observed relationship between CTCs and location of the primary tumor,

increased levels of CEA, lactate dehydrogenase and degree of differentiation.

De Giorgi et al. (2010) evaluated the relation between the detection and prog-

nostic significance of CTCs and sites of metastases detected by 2 [fluorine-18]-

fluoro-2-deoxy-D-glucose-positron emission tomography/computed tomography

(FDG-PET/CT) in patients with metastatic breast cancer. The study included

195 patients. Higher numbers of CTCs were observed in patients with bone

metastases (detected by PET/CT) than in patients without these metastases (mean

65.7 versus 3.3; p ¼ 0.012) as well as in patients with multiple metastases in

relation to one or two bone lesions (mean 77.7 versus 2.6; p < 0.001). CTCs

were OS predictors in 108 patients with multiple metastases, including bone

( p� 0.0001) but not in 58 without bone metastasis ( p¼ 0.411) and in 29 involving

bone alone ( p ¼ 0.3552). In multivariate analysis, the CTCs, but not bone metas-

tasis, remained as significant predictors of SG.

A meta-analysis of 36 CTC studies with 3094 CRC patients was published by

Rahbari et al. (2010). The authors concluded that CTC detection in peripheral blood

was an indicator of poor prognosis in patients with primary CRC (Rahbari et al.

2010).
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Hofman et al. (2011) evaluated CTC detection, by CellSearch®, in lung cancer

patients after surgical resection and correlated it with pathologic findings and

clinical outcomes. They analyzed the blood of 208 patients with non-small cell

lung cancer (NSCLC) with diverse histology before surgery and also blood of

39 healthy volunteers. Of these, 44% were in stage I, 25% in stage II, 28% in

stage III, and 6% in stage IV. CTCs were detected in 37% of the NSCLC patients

but there were no CTCs detected in the healthy individuals. There was no correla-

tion between the presence of CTCs and the different stages, but equal counts or

those above 50 CTCs were related to worse OS ( p ¼ 0.002) and PFS ( p ¼ 0.001)

compared to counts less than 50 CTCs.

Krebs et al. (2011) studied 101 patients with NSCLC in stages III and IV without

prior treatment, to determine the ability of CTCs to indicate the response to therapy

to a standard cycle of chemotherapy. CTCs were evaluated by CellSearch® and

their numbers were higher in patients with stage IV (n ¼ 60) than in patients with

stage IIIB (n ¼ 27) and IIIA (n ¼ 14), where no CTC was detected (n ¼ 14). PFS

was 6.8 vs. 2.4 months ( p < 0.001) and OS was 8.1 vs. 4.3 months ( p < 0.001) in

patients with less than 5 CTCs compared with patients with 5 or more CTCs before

chemotherapy. In multivariate analysis, the number of CTCs was the strongest

predictor of OS (hazard ratio [HR] ¼ 7.92; 95% CI: 2.85 to 22.01; p < 0.001) and

the estimated HR increased with the second sample of CTC harvested after the first

cycle of chemotherapy (HR ¼ 15.65; 95% CI: 3.63 to 67.53; p < 0.001).

In concordance with this study, Punnoose et al. (2012) performed CTC collec-

tions before treatment of NSCLC and on days 14, 28 and 56 after the start of this

study. The response ratings were evaluated by PET-CT on days 14, 28, and 56 after

start of treatment. Patients who had partial or complete response by PET-CT

showed greater reduction of CTCs from baseline ( p ¼ 0.014) as did patients with

partial response in CT at day 56 ( p ¼ 0.019). Recently, Muinelo-Romay et al.

(2014), used CellSearch® and found a statistically significant difference in PFS (8.5

versus 4.2 months; p ¼ 0.016) before the second cycle of chemotherapy among

patients who had CTCs drop to less than 2 CTCs/mL compared to those who

maintained levels above that. Patients whose CTCs counts remained at or above

the top after the first chemotherapy cycle showed greater radiographic progression

rates compared to patients whose scores decreased after the first cycle.

Our group (Chinen et al. 2013) reported the case of a patient with NSCLC where

two methods were used to detect CTCs: one method was antibody-based and

similar to CellSearch®, while the other method was size based (ISET®, or the

Isolation by Size of Tumor cells method, Rarecells, France). The levels of CTCs

detected by ISET® had correlation with image exams and showed circulating tumor

microemboli (CTM), which is known as a poor prognostic factor. In fact, the patient

had disease progression just 1 month after the detection of CTM.

Some studies indicated that CTCs have the ability to form clusters of CTCs,

named CTM, in the circulation. CTM were demonstrated in a variety of tumor

types, providing pro-metastatic capabilities compared to solitary CTCs in circula-

tion (Brandt et al. 1996; Hou et al. 2012). Hou et al. (2012) hypothesized that

because CTM appear to lack apoptotic features, they may be more resistant to
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anoikis and hence have a survival advantage in circulation as compared to singular

CTCs. Some authors believe that CTM, at least in some cases, result in clinically

detectable metastases (Brandt et al. 1996; Hou et al. 2012; Caixeiro et al. 2014).

Recently, we observed the presence of CTM by ISET® in 43 patients with

locally advanced head and neck squamous cell carcinoma (LAHNSCC), who had

been treated with curative intention and evaluated as to their drug resistance and to

their protein expression (excision repair cross-complementation 1 [ERCC1] and

multidrug resistance protein 7 [MRP-7] related to cisplatin and taxane resistance,

respectively) with PFS (De Oliveira et al. 2016). The median number of CTCs at

baseline (before any treatment) was 2.0 CTCs/ml (0–8), and 27 of 43 patients had

CTCs analyzed after treatment, with a median count of 3.0 CTCs/ml (0–12).

Patients with CTC counts under the median had better PFS after treatment (11.66

versus 9.5 months; p ¼ 0.132). The presence of CTM was strongly correlated with

worse PFS after treatment; about 2 months after the beginning of treatment (first

follow-up; p ¼ 0,012), especially if ERCC1 (7.2 versus 17.9 months; p < 0.001) or

MRP-7 staining (10.4 versus 17.4 months; p ¼ 0.025) were positive in these CTM

(Fig. 1.1). These results show that not only the presence of CTM but also their

molecular features can help physicians to understand the biology of these diseases

and their evolution, and to provide better treatment for their patients.

There a few studies about the role of CTCs in epithelial ovarian carcinoma

(EOC), probably because the primary route of metastasis in this type of cancer is

peritoneal spread in the abdominal cavity, with distant metastases occur in only

about one-third of the patients (reviewed by Van Berckelaer et al. 2016). The few

studies that exist, made with diverse methods, have shown the role of hematoge-

nous spread in EOC and that CTC levels �2 CTC/7.5 mL (CellSearch®) or �1

tumor-associated transcript above threshold (Adnatest) is associated with poor PFS

and OS (Poveda et al. 2011; Aktas et al. 2011; Kuhlmann et al. 2014). However, as

for all solid tumors, the prognostic role of CTCs in EOC is dependent on the

isolation and detection methods. Recently, we (Corassa et al. 2016, submitted)

reported a case of a 19-year-old woman with advanced low-grade serous papillary

adenocarcinoma that relapsed disease with no corresponding cancer antigen

125 (CA 125). CTCs were evaluated by ISET® method and compared with CA

125 levels and image exams. Although relapses were not correspondent to eleva-

tions of CA 125, they were related to CTC counts, which were proportional to

disease relapse. After exposure to two different chemotherapy regimens, CA

125 could not detect uncontrolled disease, remaining low despite the ongoing

symptoms and novel imaging findings. CTCs, on the other hand, if used in clinical

practice, would be helpful in determining the quality of treatment decision-making,

as their levels were related to clinical outcome. In a disease where the unique

biomarkers have had controversial roles CTC monitoring seems promising

(Fig. 1.2).

As for EOC, there are few studies with pancreatic cancer (PC), with a large

variety of CTC platforms, limiting the balance among the studies. Kurihara et al.

(2008) analyzed the CTC count in 26 patients with metastatic pancreatic cancer by

CellSearch® System and correlated it with various clinical findings. They could not
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Fig. 1.1 Immunostaining

of CTMs (a) CTM from

rectum cancer patient

visualized with

haematoxilin-eosin

(HE) (�40) (b) CTM from

LAHNSCC stained for

ERCC1, visualized with

DAB

(3,30-diaminobenzidine)

and counterstained with HE

(�20) (c) CTM from

LAHNSCC stained for

MRP-7, visualized with

DAB (diaminobenzidine)

and counterstained with HE

(�40). Photomicrograps

were taken using a light

microscope (Research

System Microscope

BX61—Olympus, Tokyo,

Japan) coupled to a digital

camera (SC100—Olympus,

Tokyo, Japan)
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observe statistically significant differences in tumor size; blood invasion; or splenic

vein, portal vein, superior mesenteric artery, or vascular invasion. However,

patients with CTC �1/7.5 ml serum showed higher CA 19.9 levels compared to

the negative CTC (15,496 � 22,572 U/ml versus 1452 � 3800 U/ml; p < 0.05),

demonstrating positive correlation between the number of CTCs and serum CA

19.9. They also found a correlation between CTC levels and OS ( p < 0.001).

Bidard et al. (2013) found the same results with another cohort. A meta-analysis

recently published by Han et al. (2014) showed that patients who had any CTC in

their blood had a lower PFS ( p ¼ 0.001) and OS ( p < 0.001) compared to patients

who did not present these cells. The results held for PFS, whether dividing the

sample by the detection method of CTC by CellSearch® ( p < .001) or by RT-PCR

( p ¼ 0.032). According to the author, these results indicate that the prognosis of

patients with PC is associated with the presence of CTCs. Despite these results,

limitations such as the small number of studies and patients, different methods of

detection, and various treatments can lead to controversial results.

Although CTCs have been exhaustively explored in solid tumors, these cells can

be recognized in the blood of patients with mesenchymal tumors. Our group was

successful in demonstrating the possibility of ISET® in isolating CTCs from blood

Fig. 1.2 (a) CTC from a

patient with epithelial

ovarian cancer. CTC was

visualized with

haematoxilin-eosin

(HE) (�40) (b) Leucocyte
stained for CD45,

visualized with DAB

(3,30-diaminobenzidine)

and counterstained with HE

(x40). Photomicrographs

were taken using a light

microscope (Research

System Microscope

BX61—Olympus, Tokyo,

Japan) coupled to a digital

camera (SC100—Olympus,

Tokyo)
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of patients with metastatic sarcoma. Before our study, others had detected CTCs in

the blood of patients with different types of sarcoma (rhabdomyosarcoma, Ewing’s
sarcoma, alveolar rhabdomyosarcoma, and neuroblastoma) by RT-PCR, which has

its sensitivity questionable, as the presence leucocytes can mask the result. In our

study, we performed spiking analyses with HT 1080 cell line derived from a human

fibrosarcoma to assess the ability and sensitivity of the ISET® in isolating sarcoma

cells from blood and observed that the ISET® practically does not lose tumor cells

from sarcomas (Chinen et al. 2014).

The results of the first clinical trial with CTCs was reported in 2013. The clinical

trial Southwest Oncology Group (SWOG) S0500 assessed the benefit of an early

change in chemotherapy for patients with breast cancer with persistent increase of

CTCs levels in the first follow-up after the start of first-line chemotherapy. A total

of 595 patients were included: 123 of them had levels of CTCs persistently elevated

on day 21 of treatment and were therefore randomized to continue the same

treatment or switched to an alternative drug therapy, by their treating physician’s
choice. What can be seen is that an early change to an alternative chemotherapy did

not increase overall survival. Although CTCs were a potent prognostic factor, the

lack of a survival benefit after switching from treatment based on high scores

suggests that the early detection of relapse can be important when a more effective

treatment is available. Changing an ineffective therapy to another that also is

ineffective does not change the outcome. Instead, a change of the treatment based

on the molecular characterization of CTC could be a promising approach (Smerage

et al. 2014).

The molecular characterization of CTCs could potentially play a role in the

development of new drugs, and changes their counts during treatment may help

oncologists to evaluate the patient’s status. The COU-AA-301 (A Phase 3, Ran-

domized, Double-Blind, Placebo-Controlled Study of Abiraterone Acetate

(CB7630) Plus Prednisone in Patients with Metastatic Castration-Resistant Prostate

Cancer Who Have Failed Docetaxel-Based Chemotherapy) study was the first

phase III trial aimed to evaluate CTC counts as an outcome measure for new

therapies for castration-resistant, metastatic prostate cancer in patients previously

treated with docetaxel. This study demonstrated that abiraterone inhibition of the

cytochrome P450 17 (CYP17) enzyme required for androgen synthesis significantly

prolonged the OS of the patients. The conversion of CTC from unfavorable to

favorable (using the cut-off �5 CTCs/7.5 mL) demonstrated a significant effect on

OS, suggesting a key role of access to serially CTCs as a predictor of survival

(Scher et al. 2015).

Bidard et al. (2014) published the first pooled analysis on clinical validity of

CTC in 1944 patients with metastatic breast cancer diagnosed between 2003 and

2012 in 17 centers in Europe. This was the largest pooled analysis of the clinical

utility of CTC count by CellSearch® system. As Cristofanilli et al. (2004), these

authors showed that more than 5 CTCs/7.5 ml at baseline were associated with

shorter PFS and OS. They also showed that the analysis of patients was improved

by adding CTC counts at baseline to the clinicopathologic features, whereas CEA
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and cancer antigen 15–3 (CA15–3) levels at this point and during therapy did not

add significant benefit.

Although he acknowledged methodology limitations, Cristofanilli (2014) states

that a critical review of the data suggests that enumeration of CTCs provides a

baseline therapeutic benefit ratio, independent of the treatment selected. Patients

with indolent disease (�5 CTCs) might derive benefit, such as better OS, from

sequential standard treatments. Bidard et al. (2014) showed that longitudinal

monitoring enabled early identification of patients with a refractory disease

(no decrease <5 CTCs/7.5 mL or unchanged �5 CTCs/7.5 mL).

In prostate cancer, CTC levels have been measured in about 2000 patients. The

collective data show that CTC measurements have potential to identify patients

with primary resistance 4–8 weeks after treatment initiation, making it possible to

monitor treatment efficacy, study drug target interactions, and identify mechanisms

of resistance at an individual level (Mehra et al. 2015).

After conducting this review of the history of research on CTCs, we observed

that the discovery of their existence mainly involved metastatic cancer. In recent

years research addressing non-metastatic tumors suggests that CTCs may have

promise for early diagnosis of primary lesions.

1.2 CTCs as Prognostic Factors in Advanced Stages
of Disease

Studies have been done with non-metastatic cancer and the role of CTCs in

prognosis also seems to be as important as it is in metastatic disease. In the study

of Magni et al. (2014), 16 of 90 patients (19%) had CTCs�1 at the outset (t0) and a

reduction in CTC number in cases of objective remissions. The proportion of

patients with CTCs �1 decreased over time as the therapeutic course proceeded.

Increasing CTC detection rate by enhancing the available laboratory tests and

achieving better patient characterization would be productive (Magni et al. 2014).

Nesteruk et al. (2014) analyzed the CTC prevalence in 162 patients with rectal

cancer after preoperative short-term radiotherapy. CTCs were evaluated by

RT-PCR, based on expression of CEA, CK20, and/or cancer stem cells marker

CD133 (CEA/CK20/CD133). CTC detection 7 days after surgery was a prognostic

factor for local recurrence ( p¼ 0.006). However, CTC detected preoperatively and

after 24 hours of resection was not. There was a significant relationship between the

presence of lymph node metastasis (positive node 1–2 [pN1–2]) and CTC preva-

lence after 24 hours of the surgery. These results indicate that in these patients with

advanced rectal disease, preoperative sampling was not significant for prognosis.

In the study of Murray et al. (2015), primary CTC counts are said to have a role

in colorectal cancer screening. But analyzing primary CTCs - detected before

surgical removal – did not predict clinicopathologic features of the primary

tumor. However, the same group described the secondary CTC levels as associated
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with these features after surgical removal, and suggested that this secondary count

may be important in identifying patients at high risk of relapse.

Hinz et al. (2015) analyzed the response after chemoradiation (RCTX) in

patients with rectal cancer with locally advanced disease and found that responders

had a lower incidence of CTCs compared to non-responders, which might be a

reflection of effective systemic and local treatment prior to surgery. They also

found no correlation between CTCs and tumor stage, which is in agreement with

Tsai et al. (2016).

Using immunofluorescence and immunohistochemistry techniques, Hong et al.

(2016) isolated and identified CTCs in 100% of (29) patients with early

(non-metastatic) breast cancer, indicating that this procedure allowed detection of

these cells with greater accuracy, sensitivity, and specificity. In addition, they

demonstrated in situ “naked eye” identification of the captured cancer cells via a

simple colorimetric immunoassay.

The use of CTC in non-metastatic colorectal cancer requires very sensitive and

specific detection methods. An international consensus on the assessment of detec-

tion method and markers needs to be finalized before incorporating CTC detection

into risk stratification in the clinical setting (Thorsteinsson and Jess 2011).

1.3 CTCs as a Predictor of Drug Resistance

It is well described that cancer is a heterogeneous disease composed of various

differing cell clones in different patients, with each clone having different charac-

teristics, including metabolism, mutations, gene regulation, gene expression, and

protein translation as well as signaling pathway alterations (Fearon and Vogelstein

1990; Gerlinger et al. 2012). These different characteristics reflect the natural

history of the disease, resulting in different tumor behavior, and therefore, tumor

prognosis, depending on how the neoplastic cells respond to treatment. This theory

can explain why patients with the same tumor localization, histopathological

classification, and stage have different outcomes and treatment responses (Marusyk

and Polyak 2010).

Advanced and metastatic solid tumors are commonly treated with chemother-

apy, one of the most aggressive types of treatment. Because its lack of specificity

ensures that it will affect many different kinds of cancer cells. Although chemo-

therapy has high potential activity against tumor cells, the toxicity of these drugs on

normal growing cells is a significant problem (Phillips et al. 2001; Roden and

George 2002). Even with targeted therapies, resistance mechanisms as well as toxic

side effects occur frequently (Holohan et al. 2013). The pharmacokinetics and

tolerability of the chemotherapy agents can also differ in cancer patients, and

many patient characteristics have to be taken into account before a specific che-

motherapy treatment is selected.

Resistance to chemotherapy is a very common issue in cancer (Haber et al.

2011). It can be an early or late event, which is attributed to intrinsic and acquired

10 L.T.D. Chinen et al.



resistance, respectively (Holohan et al. 2013). When chemotherapy agents affect

their target cancer cells, the sensitive cells undergo cell cycle arrest and as conse-

quence the tumors eventually show shrinkage. But resistant clones in the tumor can

persist and grow again, increasing the tumor mass, with cancer cells with charac-

teristics completely different from the previous ones. The process of mutation and

deregulation in gene expression is continuous. Chemotherapy can also lead to such

modulations, making it difficult for clinicians to choose the best sequence of

treatment to control tumor growth (Holohan et al. 2013; Kuczynski et al. 2013).

There are some genes and proteins that have been described as factors that

contribute to resistance or to the responses to chemotherapy treatment, by

transporting drugs inside or outside of cells, repairing DNA damage, and/or evading

cell death (Holohan et al. 2013).

Acquired chemo-resistance is one of the recurrent issues in almost all tumors

after the exposition to chemotherapy. Many types of cancer cells have plasma

membrane proteins that transport chemicals and toxins out of the cytoplasm.

These proteins are mainly from the multi-drug resistance (MDR) family and have

been widely studied (Flens et al. 1996; Cui et al. 1999; Doyle and Ross 2003). Their

functions are ATP dependent, and they act as efflux pumps, with different mem-

brane proteins functioning to transport specific classes of drugs.

CTCs shed by the both primary and metastatic cancers during tumor formation

and progression are now considered to be a real-time “liquid biopsy” reflecting the

disease complexity (Salvianti et al. 2016). Thus far, studies on CTCs have been

focused on their prognostic significance, their utility for real-time monitoring of

therapies, the identification of therapeutic and resistance targets, and understanding

the process of metastasis (Salvianti et al. 2016).

CTCs can be considered pharmacological markers, and their analysis may allow

researchers to (a) provide proof of the mechanisms of action of a drug; (b) select

optimal doses and scheduling of antineoplastic drug administration; (c) gain an

understanding of both the therapeutic and resistance mechanisms of anti-cancer

drugs; (d) design rational combination therapies; and (e) predict treatment out-

comes, as postulated for pharmacodynamic biomarkers by Sarker and Workman

(2007) (reviewed by Devriese et al. 2011). Recently, it has been postulated that

molecular characterization of CTCs is key for increasing the diagnostic specificity

of CTC assays and investigate therapeutic targets and their downstream pathways

(Gasch et al. 2013).

CTCs have been demonstrated to be efficient markers for providing tumor

information, presenting predictive markers, optimizing choices of therapeutic strat-

egies, and thus opening new perspectives to achieve personalized medicine

(Gazzaniga et al. 2010; Gradilone et al. 2011a, b; Abdallah et al. 2015, 2016).

SomeMDR-related markers were successfully derived from CTCs, correlating with

drug resistance (MRP1, MRP2, MRP4, MRP5, and MRP7). Gazzaniga and col-

leagues (2010) performed a drug-resistance profile of CTCs from 105 patients with

epithelial tumors (bladder, colorectal, breast, gastric, urothelial, ovarian, esopha-

geal, head and neck cancers, and NSCLC), who received adjuvant or palliative

chemotherapy by analyzing messenger RNA expression. They analyzed mRNA
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from CTCs looking for drug transporters (MRP1, MRP2, MRP4, MRP5, MRP7,

human equilibrative nucleoside transporter [hENT] and deoxycytidine kinase

[dCK]) as markers of resistance. They found presence of CTCs by the

CELLection™ Dynabead® method in 51% of samples and the drug resistance

profiles were correlated with DFS ( p ¼ 0.001) and time to progression (TTP;

p ¼ 0.001) (for adjuvant and metastatic settings, respectively), and predicted the

treatment resistance in 98% of the cases. The same group (Gradilone et al. 2011a),

using the same principle, was able to evaluate MRP1 and MRP2 messenger RNA

expression in CTCs from metastatic breast cancer (mBC) patients treated with

conventional anthracyclines or nonpegylated liposomal doxorubicin. They

observed that patients treated with conventional anthracyclines showing CTCs

expressing MRP1 and MRP2 had a significant shorter progression-free survival

(PFS; p < 0.005).

In our study (Abdallah et al. 2016), the same results were observed working with

MRP1 in metastatic colorectal cancer (mCRC). MRP1 expression was linked to

short PFS in mCRC patients when it was found expressed in CTCs in relation to

negative ones ( p¼ 0.003). This relation of MRP-1 to poor PFS was not observed in

primary or metastatic tissues.

Another interesting result from Gradilone et al. (2011b) involved MRPs, human

epidermal growth factor receptor 2 (HER-2/neu), estrogen receptor α (ERα), and
aldehyde dehydrogenase 1 (ALDH1) expression in CTCs from mBC patients.

Patients who had CTCs expressing two or more MRPs had shorter PFS. Moreover,

the expression of ALDH1 (a stemness marker) was statistically correlated with the

number of MRPs. This suggests potential retention of stem cell properties within

the MRPs-expressing CTCs group, therefore resisting chemotherapeutic treatment,

and becoming more invasive and with high migratory capabilities.

The expression of stemness and epithelial-mesenchymal transition (EMT)-

related genes detected in CTCs seem to have a crucial role in chemo-resistance in

several tumors, such as castration-resistant prostatic cancers compared to

castration-sensitive ones (Chen et al. 2013), and breast cancer (Mego et al. 2012;

Nadal et al. 2013). These two cellular conditions are correlated. Studies have shown

that stem cell properties can be acquired during the EMT process (Mani et al. 2008;

Morel et al. 2008).

Continuing with well-known markers of drug resistance, our group (Abdallah

et al. 2015) compared the expression of thymidylate synthase (TYMS), an enzyme

involved in the process of metabolism of 5-fluorouracil (5-FU) in primary tumors

(mCRC), CTCs, and metastatic tissue. TYMS is constitutively expressed in

leucocytes and is found with augmented expression in some tumors, and confers

resistance to the effects of 5-FU (Popat et al. 2004). Surprisingly, the expression of

TYMS in CTCs (analyzed by immunocytochemistry) but not in primary tumors or

in metastatic tissue, was associated with rapid disease progression. We observed

that the expression of TYMS was statistically associated with high CTC’s levels in
the blood of mCRC patients.

Studies performing analysis of molecular profiles and molecular markers like

CEA, epidermal growth factor receptor (EGFR), Kirsten rat sarcoma viral
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oncogene homolog (KRAS), v-rapidly accelerated fibrosarcoma (RAF) murine

sarcoma viral oncogene homolog B (BRAF), vascular endothelial growth factor

(VEGF), adenomatous polyposis coli (APC), and tumor protein p53 (TP-53) in the

CTCs have raised hope that personalized treatments can be more effective and less

aggressive (Fina et al. 2015; Buim et al. 2015; Sawada et al. 2016; Bredemeier et al.

2016; Huang et al. 2016).

Increasing attention has been given in recent years to CTCs from castration-

resistant prostate cancer (CRPC) patients. CTC counts were reported to predict poor

overall survival (OS) in patients with progressive CRPC starting a new line of

therapy (de Bono et al. 2008). Both CTC count and CTC characterization were

reported in patients with androgen-receptor splice variant 7 messenger RNA

(AR-V7) in CTCs, mainly because it was correlated with resistance to enzalutamide

or abiraterone. Mutations in androgen receptor genes were reported in CTCs (Jiang

et al. 2010). Antonarakis and colleagues (2014) were able to detect AR-V7 posi-

tivity in CTCs from metastatic CRPC patients and to significantly associate these

results with low prostate-specific antigen (PSA) response rates, PSA PFS, clinical

or radiographic PFS, and OS in both arms, whose received enzalutamide and

abiraterone.

ERCC1 is a protein involved in nucleotide excision repair pathway, mainly

repairing helix-distorting DNA damage induced by ultraviolet light or electrophilic

compounds, such as cisplatin (Houtsmuller et al. 1999). ERCC1 was already

evaluated in CTCs from breast (Somlo et al. 2011), NSCLC (Das et al. 2012) and

ovarian cancer (Kuhlmann et al. 2014). Somlo and colleagues (2011) found weak

correlation of expression of ERCC1 among CTCs, primary tumors and metastases.

Das et al. (2012) correlated lack of ERCC1 expression in CTCs with better PFS

( p < 0.02, HR: 4.2). Ovarian cancer patients whose CTCs had ERCC1 expression

had worse PFS and OS ( p ¼ 0.02 and p ¼ 0.009, respectively) (Kuhlmann et al.

2014).

Hoshimoto and colleagues (2012a) performed CTC (blood) analysis by

multimarker RT-quantitative PCR assay (melanoma-specific proteins: melanoma

antigen recognized by T cells 1 [MART-1], melanoma-associated antigen

3 [MAGE-A3], and GalNac-T) in 331 patients with melanoma with sentinel

lymph node (SLN) metastases after complete metastasis resection. They found

that patients with two or more positive biomarkers had worse distant metastasis

DFS (HR ¼ 2.13, p ¼ 0.009) and reduced recurrence-free survival (HR ¼ 1.70,

p ¼ 0.046) and melanoma-specific survival (HR ¼ 1.88, p ¼ 0.043) by multivar-

iable analysis, suggesting they are good biomarkers to stratify patients with respect

to additional aggressive adjuvant therapy.

Regarding prognosis, CTC measurements have demonstrated to be useful in

paired analysis to primary tumors. Ilie and colleagues (2012) were able to detect in

CTCs isolated from 87 lung cancer patients by ISET® technology, anaplastic

lymphoma kinase (ALK)-rearrangement by fluorescence in situ hybridization

(FISH), and immunocytochemistry, demonstrating consistent results when com-

pared with matched primary tumors. Similarly, Pailler and colleagues (2013) found

18 of 18 NSCLC ALK-positive patients also positive in CTCs. However, among the

1 CTCs as Cancer Biomarkers 13



14 NSCLC ALK-negative patients, they found 10 patients with at least 1 -

ALK-positive CTC. This is an important result, because lung biopsies are difficult

and obtaining enough cellular content to provide for a definitive tissue diagnosis

coveys significant risk.

BRAF mutations (V600E) in circulating melanoma cells (CMCs) can be iden-

tified by immunocytochemistry using anti-VE1 antibodies. This can reach a high

specificity and sensitivity compared with mutation status for corresponding primary

tumors (by pyrosequencing and immunohistochemistry), making it possible to

monitor patients focusing on a targeted therapy (Hofman et al. 2013). We (Buim

et al. 2015) also observed an interesting level of correlation between the primary

tumor and CTCs from mCRC patients in relation to levels of KRAS mutations

(71%), similar to results found in other studies (Mostert et al. 2013; Fabbri et al.

2013; Gasch et al. 2013; Raimondi et al. 2014). Kalikaki et al. (2014) evaluated

CTCs from 31 mCRC patients (14 primary tumors with mutant KRAS and 17 pri-

mary tumors wild-type KRAS). CTCs were isolated, counted, and captured for

further DNA analysis for KRAS status evaluation. The blood collections ranged

from one to four, and CTC ranged from 0 to 865/7.5 mL of blood. It was observed

that: (a) some patients had the same variations of mutations between CTC and

tumor: (b) some patients with mutations in the primary tumor lost the mutation in

CTCs over the course of treatment as well as returning to the prior mutation status,

and (c) patients with wild-type tumors and mutations in CTC. They were able to

find similar tumor mutation variants in only 3 CTCs from patients and by contrast,

they did not find mutations in 865 CTCs from patients with mutations in the primary

tumor. This shows the importance of follow-up of such patients by CTC analysis as

well as for genotypic changes, in order to change treatments as needed in a timely

fashion.

HER-2 overexpression and amplification in breast cancer is an important prog-

nostic and predictive marker. It predicts a good response to HER-2 inhibitors

(trastuzumab and lapatinib) in both adjuvant and metastatic lesions (Paik et al.

2008). HER-2 was observed in CTCs from breast cancer patients by laser micro-

dissection (Pinzani et al. 2006). They could compare the DNA of matched CTCs

and primary tumors from 7 CTC+ cases and found a good correlation of HER-2

amplification in these two sites (R¼ 0.918; p< 0.01). This result could represent an

advance in the follow-up of these patients in order to evaluate the status of HER-2

by CTC counts, reflecting the primary tumor as well as the response to trastuzumab

over time. Interestingly, Gasch and colleagues (2016) demonstrated the feasibility

in detecting CTCs with strong HER-2 positivity from mBC HER-2-negative

patients. Furthermore, they found mutations in phosphatidylinositol

4,5-bisphosphate 3-kinase catalytic subunit alpha (PIK3CA) in 12 of 33 patients

by micromanipulation, whole genome amplification, and Sanger sequencing of

their CTCs. These results move us toward use of personalized mBC treatment,

giving a better understanding of some mechanisms to HER-2 blockade resistance

by single cell analysis.

Recently, much effort has been expended to assess proteins with potential

predictive and therapeutic interest in CTCs. Some examples follow: B-cell
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lymphoma 2 (Bcl-2) (Smerage et al. 2013): Kiel-67 (Ki-67) (Paoletti et al. 2015):

γ-H2A histone family, member X (γ-H2AX) (Garcia-Villa et al. 2012):

programmed death-ligand 1 (PDL1) (Mazel et al. 2015; Satelli et al. 2016): and

folate receptors, mainly in NSCLC (Yu et al. 2013; Lou et al. 2013; Chen et al.

2015).

Finally, CTCs can be also expanded and cultivated in vitro, allowing molecular

characterization, and may even provide drug sensitivity data, to select patients who

will benefit from specific drug combinations (Yu et al. 2014; Cayrefourcq et al.

2015).

In this brief summary, we have addressed role and feasibility of CTCs as a mirror

of tumor signatures and identified them as a potentially valuable tool to monitor the

response to treatment. Further study should yield increased benefits over time. The

contents of Table 1.1 show an overview of studies with drug resistance gene

detection in CTCs and their relation with clinical outcome. Beyond the quantifica-

tion of CTCs, their molecular analysis can provide clinicians insights into the

pattern of a patient’s disease and provide tools for better management and

treatment.

With the advance of techniques for detection and purification of CTCs, it should

be possible to develop better individualized patient care, at different time-points,

thus continually re-evaluating a cancer throughout the course of treatment. Fur-

thermore, studies with larger numbers of patients should be performed in order to

evaluate the accuracy and the substantial clinical gains that molecular analysis of

CTCs can provide for clinical cancer therapy.

1.4 CTCs as Prognostic Factors in Early Stages of Cancer

It has been demonstrated in several clinical studies that the presence of malignant

cells in the blood is associated with a poor prognosis, even in the context of early-

stage disease. Lucci et al. (2012) carried out a prospective study involving

302 women with early-stage breast cancer. They observed, using the CellSearch®

system to isolate CTCs, that 73 of 302 (24%) patients had �1 CTCs/7.5 mL of

blood before surgery. These patients had poor PFS (log-rank p¼ 0.005; HR¼ 4.62,

95% CI 1.79–11.9) and OS (log-rank p ¼ 0.01; HR ¼ 4.04, CI 1.28–12.8).

Although this study showed the prognostic value of initial CTCs in malignant

disease, the CTCs were not monitored during the follow-up period nor was minimal

residual disease analyzed. Prospective studies with standard procedures to detect

CTCs, with well-established inclusion criteria, are currently needed (Hayes and

Paoletti 2013).

CTC detection in non-metastatic breast cancer is more difficult because the cells

occur at a lower frequency. Pierga et al. (2008) found CTC �1/7.5 ml in 23% of

97 patients before administering neoadjuvant chemotherapy and in 17% of

86 patients after neoadjuvant chemotherapy. The detection of CTC �1/7.5 ml

prior to neoadjuvant chemotherapy, after neoadjuvant chemotherapy, or at both

1 CTCs as Cancer Biomarkers 15
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time points in the above study was associated with worse distant metastasis-free and

OS at a median follow-up period of 36 months (Bidard et al. 2010). Moreover, it

was associated to poor clinical outcome, especially in patients with estrogen

receptor (ER)-negative, triple negative, and HER2-positive cancer (Ignatiadis

et al. 2007). When the CTC detection occurs before and after neoadjuvant chemo-

therapy, it appears that the detection of �1 CTCs/7.5 ml of blood can accurately

predict the poor overall survival of patients (Pierga et al. 2008).

Studies demonstrating CTC detection in non-metastatic CRC require specific

and sensitive methods, because of the low incidence of these cells in the initial stage

of the tumor, as in breast cancer. The presence of CTCs in the peripheral blood of

CRC patients is a potential marker of poor DFS (Thorsteinsson and Jess 2011).

Wong et al. (2009) examined 101 patients with tumor, node, metastasis (TNM)

stage I e III CRC, detecting CTC with a gastrointestinal-specific CK20. Sixty-two

of 101 patients were followed for a period of 24 months and the association between

preoperative elevated CK20 and recurrence was found to be highly significant

( p < 0.001). The CTCs were an independent prognostic factor of survival

( p < 0.005) in a multivariate regression analysis including TNM-stage, lymph

node status, age, sex, tumor stage and degree of differentiation. In accordance,

Iinuma et al. (2006) was also able to demonstrate poor DFS for CRC patients with

preoperatively elevated CTC using a RT-PCR based method.

Allen-Mersh et al. (2007) demonstrated that poor DFS was associated with the

occurrence of CEA or CK20 24 hours postoperatively ( p < 0.001). Uen et al.

(2008) used a multi-marker membrane array method to detect CTC in 438 patients

with TNM stage I e III colorectal cancer. Presence of all four markers (human

telomerase reverse transcriptase [hTERT], CK19, CK20, and CEA) was considered

as a positive result for CTC. The authors demonstrated that patients with persistent

presence of CTC after surgery had a significantly poorer relapse-free survival

compared with patients without CTC ( p < 0.001).

The CTCs analysis may also be useful for patients with melanoma. The detection

of CTCs in these patients may help for determining prognosis. Hoshimoto et al.

(2012a) reviewed the clinical usefulness of an RT-qPCR MultiMarker (MART-1,

MAGE-A3, and GalNAc-T) for detection of CTCs in 331 melanoma patients who

were clinically free of disease after lymphadenectomy. The individual detection of

CTCs ranged from 13.4 to 17.5% and there was no stated association of CTC with

known clinical or pathological prognostic variables. However, the presence of two

or more positive biomarkers was significantly associated with distant metastasis

and recurrence-free survival.

Lowes et al. (2012) were able to detect CTCs in patients with early stage prostate

cancer and suggested the possibility that the reduction after treatment of CTC levels

may be indicative of response to radiotherapy.

The main advantage of CTC analysis in early stages is based on the ease of

obtaining a “liquid biopsy” and thus being able to monitor patients over the course

of the disease, providing valuable information about the very early assessment of

treatment effectiveness and helping towards establishing individualized therapies
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that will improve the efficiency with less cost and fewer side effects for cancer

patients.

More studies on the molecular characterization of CTCs in early stage may

provide important information for the identification of therapeutic targets and

understand resistance to therapies (Lianidou et al. 2013). According to Lianidou

et al. (2014) CTCs characterization is promising in combination with sequencing

technologies that will allow the elucidation of molecular pathways in these cells,

generating new molecular therapies. The real-time monitoring of therapy in early

stages will have a major impact on personalized medicine in many types of cancers,

allowing the choice of more effective and less toxic therapies.

1.5 Role of CTCs in Minimal Residual Disease

Minimal residual disease (MRD) has usually been studied after surgery and treat-

ment with targeted therapies (Maheswaran et al. 2008). Defined as micrometastatic

cells undetectable by laboratory tests and conventional imaging, some MRD “sub-

stitutes” are detected in the peripheral blood (CTCs) and bone marrow (dissemi-

nated tumor cells [DTCs]). The detection of CTCs and DTCs leads to new strategies

for personalized treatment and therapeutic agents for breast cancer, and brings new

knowledge of tumor biology (Riethdorf and Pantel 2010).

DTC and CTC detection is a challenge, and different enrichment techniques are

applied for each. The techniques are based on physical properties or immunological

characteristics of these cells. Braun et al. (2005) detected micrometastases in 30.6%

of the patients with stage I, II, or III breast cancer. The presence of micrometastases

was a significant prognostic factor with respect to poor OS, breast-cancer-specific

survival, poor DFS, and distant-DFS during a 10-year observation period.

Micrometastasis was an independent predictor of a poor outcome. In the univariate

subgroup analysis, breast-cancer-specific survival among patients with

micrometastasis was significantly shortened ( p < 0.001 for all comparisons)

among those receiving adjuvant endocrine treatment (mortality ratio, 3.22) or

cytotoxic therapy (mortality ratio, 2.32) and among patients who had tumors no

larger than 2 cm in diameter without lymph-node metastasis and did not receive

systemic adjuvant therapy (mortality ratio, 3.65).

Several authors performed studies comparing CTCs and DTCs and demonstrated

correlation between them (Bidard et al. 2014; Goldkorn et al. 2014). Furthermore,

given that blood is more easily obtained than bone marrow, CTCs are now being

widely used as surrogate markers for DTCs.

Kasimir-Bauer et al. (2012), detected CTCs in 97 of 502 (19%) patients and

DTCs in 107 of 502 (21%) patients, showing the value of CTCs and DTCs, despite

the detection method for CTCs not being as efficient for identifying circulating

tumor cells undergoing EMT.

At the time of initial diagnosis, patients often have DTCs (at bone marrow) or

even undetected micrometastasis. The long dormancy period of MRD offers an
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opportunity to develop agents that can eradicate clinically relevant metastatic sites

(Wan et al. 2013). In vivo experiments suggest that DTCs from bone marrow

(BM) can be turned into CTCs and return to the primary tumor, a process called

“tumor self-seeding,” leading to aggressive metastatic variants (Kim et al. 2009).

Gao et al. (2016) adopted an integrated cellular and molecular approach of

subtraction enrichment and immunostaining-fluorescence in situ hybridization

(SE-iFISH (SE-iFISH, to investigate the chromosome 8 polyploidy, found in

many solid tumors) to detect CTCs in the peripheral blood of patients with

glioma, a disease considered restricted to brain, as very few cases with extracra-

nial metastases has been observed (Fonkem et al. 2011; Kalokhe et al. 2012).

However, the idea that brain glioma cells never enter the bloodstream has been

put in doubt recently. Müller et al. (2014) were the first to find CTCs in the

peripheral blood of patients with glioblastoma multiform (GBM) and declared

that CTC is the “intrinsic property” of GBM biology. However, it is important to

consider the methodological deficiencies in previous studies, the low incidence of

CTCs and the fact that results were exclusively limited to high-grade gliomas

(Gao et al. 2016). So, these authors investigated 31 patients with 7 different

pathologic features (grade II-IV) of primary gliomas. They identified CTCs in

24 of 31 (77%) patients with no statistical difference of CTC incidence/count in

different pathological subtypes or World Health Organization (WHO) grades of

glioma. Clinical data demonstrate that CTCs, to some extent, was superior to

magnetic resonance imaging (MRI) in monitoring the treatment response and

differentiating radionecrosis from recurrence of glioma. The authors propose the

use of CTCs to monitor the microenvironment of gliomas dynamically, as a

complement to radiographic imaging.

The role of CTCs in micrometastatic disease is not completely understood, as

CTCs compose a very heterogeneous population of cells, Meng et al. (2004)

showed that the presence of documented micrometastases by CTCs detection

does not imply absolute risk of subsequent recurrence. These authors reported

that 13 of 36 (36%) women who had no evidence of clinical disease 7–22 years

after mastectomy had detectable aneusomic CTCs. In other study (Wiedswang et al.

2004) it was reported that 53 of 356 (15%) patients who were disease-free after

3 years of follow-up had bone marrow micrometastases. After a follow-up of about

3 years, only 21% of these patients with documented persistent bone marrow

metastases relapsed.

Studies suggest that simply finding cells using high sensitivity assays may not

have clinical implications and that future studies using next-generation capture

devices need to be planned carefully, taking into consideration clinical outcomes

and not just diagnostic comparisons with the current gold standard. Molecular

characterization of captured CTCs might provide insight into the future clinical

behavior of the cancer, especially in relation to targeted therapy. However, it is

not clear that CTCs actually reflect the biology of the tissue-based cancer. It is

possible that the detected cells identified by currently available techniques are

merely those that were shed and are only the “tip of the iceberg”, as stained by

Hayes and Paoletti (2013). Or, these are terminally differentiated cells that reflect
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the presence of more malignant cancer stem cells that are not captured by

CellSearch®, (Hayes and Paoletti 2013), which can be captured by other antibody

independent methods.

1.6 Role of CTCs in Screening and Diagnosis

Kohn and Liotta (1995) published a study showing that in situ breast cancer is a

clonal precursor of breast carcinoma and that tumor invasion starts 5–10 years

before cancer diagnosis. According to Paterlini-Bréchot (2014), this raises the

hypothesis that it should be possible to detect cancer at a pre-diagnostic stage

through the very sensitive detection techniques for “sentinel” cancer cells in

blood.

More recently, Ilie et al. (2014) collected blood samples from 168 individuals

with chronic obstructive pulmonary disease (COPD), a disease that typically results

from long-term cigarette smoking, causing breakdown of lung tissues, and an

increased risk of lung cancer. They also studied 77 control subjects. They looked

for CTCs by ISET® in the blood of all 245 subjects, to investigate CTCs as a

possible new marker for early lung cancer. They also obtained annual CT-scans in

the COPD (68.6%) and control subjects (31.4%), none of whom were known to

have lung cancer. CTCs were identified by cytomorphological analysis and char-

acterized by expression of epithelial and mesenchymal markers. CTCs were

detected during the study in 5 of the COPD patients (3%). The annual evaluation

of the CTC-positive COPD patients by CT-scan screening then detected lung

nodules 1–4 years later and led to surgical resection of early-stage lung cancers.

Follow-up of these 5 cancer patients (by CT-scan and ISET®) 12 months after

surgery showed no tumor recurrence. CTCs detected in COPD patients had a

heterogeneous expression of epithelial and mesenchymal markers. No CTCs were

detected in the 77 control subjects.

So, maybe, the utility of CTCs will not be only for follow-up of patients with

well-known disease but also prove to be useful for screening of patients with family

history of cancer, or with underlying diseases that can predispose to the develop-

ment of cancers. With standardized protocols, we may be able to develop a practical

tool for the early detection and prevention of untoward outcomes in this difficult,

harmful, and deadly disease.

1.7 Conclusions

Raimondi et al. (2014) started his paper with a statement: “If one could translate

the “Divina Commedia” into a scientific language and try to imagine where Dante

Alighieri would have placed circulating tumor cells (CTCs), the answer would be,

without a doubt, “in limbo”. These authors affirm that despite the increasing
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scientific evidence collected in the last decade, “which is enough to avert the

danger of Hell,” the use of CTC in clinical practice is still “far from the light that

suits to Heaven.” They support their idea based on disappointing results obtained

in the Phase III SWOG S0500 trial, concluding that CTCs are not a good marker

to help to decide when to choose chemotherapy in women with metastatic breast

cancer. They wrote a very interesting paper arguing that CTCs are “not in heaven

yet.”

These authors also discuss the CellSearch® system, which is the most used

method to isolate CTCs in clinical trials. It was cleared by the FDA in 2004, but

its clinical utility is still to be fully demonstrated. To date, no large prospective

studies using CellSearch® have shown any predictive value for CTCs, and their

clinical utility is therefore limited. The effect of the type of treatment on the

prognostic and predictive value of CTCs has not been directly evaluated, and the

ability of targeted therapies to modify the predictive value of CTC count has not

yet been demonstrated. CellSearch® is based on the capture of cells expressing an

epithelial antigen, without morphological verification of the neoplastic nature of

the captured cells. This is a weakness of the test, because it therefore can

misidentify nonmalignant circulating epithelial cells as CTCs. In addition,

CellSearch® is unable to detect cells that have undergone epithelial mesenchymal

transition, which explains the absence of CTCs in the subset of patients with

metastatic cancer with documented progression of the disease in many clinical

trials (Paterlini-Bréchot and Benali 2007; Pantel et al. 2012; Hofman et al. 2014,

2016).

Alternatively, there are investigators, who argue that the prognostic significance

of CTC counts should not be ignored, even when the system used to evaluate

CTCs—the CellSearch® System-has well known limitations (Kang and Pantel

2013; Paterlini-Bréchot 2014; Hofman and Popper 2016). Thus, CTC evaluations

are included as a biomarker in more than 400 clinical trials using various assays (see

Table 1.2).

We believe that CTCs studies have potential to help physicians use a more

rational approach for management of both metastatic and non-metastatic tumors,

reflecting solid tissue or mesenchymal cancers. However, we will need to develop a

standard system and protocol in order to be able to use CTCs in routine clinical

settings. There are systems that provide for CTC isolation in a marker independent

manner, by cytopathological analysis, which seems promising in capturing all

malignant cells.

Even considering their weak points, CTCs are one of the most promising and

versatile biomarkers in translational oncology (Mehra et al. 2015). As highlighted

by Kang and Pantel (2013), viewing CTCs as a “liquid biopsy” opens new oppor-

tunities for genotyping and phenotyping micrometastatic cells derived from various

distant sites, which, if adequately developed, may provide clinical oncology with

more complete pictures of the evolution of cancers compared to those provided by

biopsies of single metastatic sites.
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Table 1.2 Clinical trials that considered CTCs as a secondary endpoint on final analysis

Study Year Population Intervention Commentary

GEPARQuattro

(Riethdorf

et al.)

2010b BC neoadjuvant

therapy, multiple

subtypes, focus on

HER2 positive BC

Trastuzumab addi-

tion to anthracycline

based chemotherapy

and CTC related

response

Decrease in CTC

detection rate after

neoadjuvan therapy

(22% ! 11%).

Absent correlation

between CTC

decrease and patho-

logical complete

response. Evaluation

of survival variables

not performed. CTC

evaluation performed

in the HER2 positive

subgroup

GEPARQuinto

(Riethdorf

et al.)

2010a BC neoadjuvant

therapy, multiple

subtypes

Addition of targeted

therapy to

anthracycline based

chemotherapy

Decrease in CTC

detection rate after

neoadjuvant therapy

(23% ! 11%).

Absent correlation

between CTC

decrease and patho-

logical complete

response. Evaluation

of survival variables

not performed. CTC

evaluation performed

in the multiple sub-

groups (bevacizumab

in triple negative BC

and trastuzumab in

HER2 positive BC)

Behbakht et al. 2011 Relapsed/recurrent

ovarian cancer

after 1–3 lines of

treatment.

CTC analysis in

phase II trial of

Temsirolimus

monotherapy.

Positivity for CTC on

baseline was associ-

ated with shorter PFS

(5.4 months for CTC

negative and 2.3 for

CTC positive

patients). Statistical

significance was lost

after 12 months.

Decreasing counts of

CTC after therapy

demonstrated

improved numeric

PFS

COU-AA-31

(de Bono et al.)

2011 CRPC, 2nd line

post docetaxel

Abiraterone versus

placebo: CTC prog-

nostic evaluation

Elevated baseline

CTC counts and

decrease in 30% in

4 weeks were an

independent predictor

of OS with

abiraterone

(continued)
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Table 1.2 (continued)

Study Year Population Intervention Commentary

Poveda et al. 2011 Relapsed/recurrent

ovarian cancer

after platinum

therapy

CTC analysis for

association of

trabectedin to PLD.

CTC counts �2 at

baseline had higher

risk of progressive

disease (1.89) and

death 2.06, both with

statistical signifi-

cance. Multivariate

analysis including

CA-125, platinum

sensitivity status, per-

formance and tumor

grade sustained iso-

lated numeric

differences

AFFIRM (Scher

et al.)

2012 CRPC, 2nd line

post-docetaxel

Enzalutamide ver-

sus placebo: CTC

prognostic

evaluation

CTC counts �5 at

baseline were an

independent predictor

of poor OS in both

arms. Decline in CTC

below defined thresh-

old (<5) after treat-

ment with

enzalutamide was

predictor of greater

benefit and survival

MMAIT

(Hoshimoto

et al.)

2012b Melanoma, stage

IV, adjuvant.

CTC analysis

related to peptide

vaccine

administration

CTC biomarker

detection demon-

strated worst progno-

sis related to RFS,

distant metastasis and

melanoma specific

survival. Worst prog-

nosis was seen with

expression of more

biomarkers. CTC

levels were not asso-

ciated with prognosis

SUCCESS

(Franken et al.;

Rack et al.)

2012;

2014

BC adjuvance,

multiple subtypes

Evaluation of CTC

impact on survival.

Evaluation of dif-

ferent chemotherapy

schemes

Survival analysis for

primary endpoints

still pending. For

CTC analysis there

was no morphologic

or histologic differ-

ence between groups.

CTC detection was

associated with poor

DFS

(93.7% � 88.1%),

including local and

distant DFS, and also

(continued)
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Table 1.2 (continued)

Study Year Population Intervention Commentary

poor OS

(97.3% � 93.2%),

with statistical signif-

icance. Prognostic

impact was sustained

before and after

chemotherapy

LAP 07 – CirCe

07 (Bidard

et al.)

2013 LAPC: erlotinib

addition to

gemcitabine and

RT evaluation.

CTC as a prognostic

marker to LAPC

treatment

CTC � 1 at baseline

is directly correlated

with worst prognosis

for OS, with statisti-

cal significance. No

impact of CTC status

on PFS. Study is

underpowered due to

complications in

accrual and low

acceptance for CTC

analysis

MACRO

(Sastre et al.)

2013 mCRC: XELOX +

Bevacizumab in

1st line !
bevacizumab

maintenance

therapy

Evaluation of prog-

nostic CTC impact

despite of KRAS

analysis

Patients with CTC

counts <3 and KRAS

wild type tumors had

a greater statistical

significant survival

(PFS 14.2 and OS

28.9 months) com-

pared to patients with

CTC counts �3 and

KRAS mutated

tumors (PFS 6.2 and

OS 13.7 months).

Both high CTC

counts and KRAS

mutated status were

independent prognos-

tic factors for mCRC

NeoALTTO

(Azim et al.)

2013 HER2 positive BC,

neoadjuvant

therapy

Addition of

lapatinib and

trastuzumab to

chemotherapy

Lower pathologic

complete response

rate observed in

patients with detect-

able CTCs (27.3%

versus 42.5%) with-

out statistical signifi-

cance. Study was

underpowered (only

51 patients accepted

participation on CTC

analysis)

(continued)
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