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Simple Summary: Many different therapies are applied to fight tumor disease. Blood-based
biosources, like circulating tumor cells (CTCs), offer the opportunity to monitor the healing progression
and the real-time response to the therapy. In this review, we analyze the outcomes of the clinical trials
and scientific studies of prostate and breast cancer performed in the decade between April 2010 and
April 2020. Additionally, we describe the abstracts from the 4th Advances in Circulating Tumor Cells
(ACTC) meeting in 2019. We discuss the potential therapeutic opportunities related to the CTCs and
the challenges ahead in the routine treatment of cancer.

Abstract: Prostate cancer and breast cancer are the most common cancers worldwide. Anti-tumor
therapies are long and exhaustive for the patients. The real-time monitoring of the healing progression
could be a useful tool to evaluate therapeutic response. Blood-based biosources like circulating
tumor cells (CTCs) may offer this opportunity. Application of CTCs for the clinical diagnostics
could improve the sequenced screening, provide additional valuable information of tumor dynamics,
and help personalized management for the patients. In the past decade, CTCs as liquid biopsy
(LB) has received tremendous attention. Many different isolation and characterization platforms
are developed but the clinical validation is still missing. In this review, we focus on the clinical
trials of circulating tumor cells that have the potential to monitor and stratify patients and lead to
implementation into clinical practice.
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1. Introduction

Cancer is caused by multiple molecular alterations in normal host cells that act together to
drive uncontrolled cell self-renewal, growth and invasion, and lead to malignant transformation and
progression. The majority of cancer-associated deaths (approximately 90%) are induced by metastatic
disease rather than the primary cancer [1]. The early detection of cancer and subsequent noninvasive
tumor profiling and monitoring should be enabled in every cancer patient. Thus, there is an unmet
clinical need for biomarkers to fulfill the claim in precision oncology.

Blood-based biosources such as circulating tumor cells (CTCs), cell-free DNA (cfDNA),
tumor-educated platelets and cell-free nucleic acids (circulating tumor DNA, long non-coding RNA,
messenger RNA and microRNA) offer this opportunity. These biomarkers, summarized as liquid
biopsy (LB), could provide information on urgent cancer characteristics [2]. CTCs detach from
primary or metastatic tumors to enter the bloodstream, from which a small CTC population has the
ability to metastasize to multiple organs [3]. In addition, CTCs are genetically unstable, evading
immune defenses and modification metabolism [3,4]. These characteristics reflect the dynamic and
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heterogeneous phenotype of CTCs. Furthermore, at present, we know that cancer cells survive after
infiltrating distant organs and can be present for years in the bone marrow as disseminated tumor cells
(DTCs), which are correlated with an increased risk of eventual clinical recurrence [5].

The concentration of CTCs in the blood is very low, and a single CTC is in the background of
millions of blood cells. Nonetheless, CTCs could serve as a comprehensive window into metastatic
disease for the real-time monitoring of therapy responses.

LB in the form of CTCs received tremendous attention following approval of the automated
CellSearch® system (Menarini Silicon Biosystems Inc, Huntington Valley, USA) by the Food and Drug
Administration (FDA). Thus, the importance of CTC enumeration as a surrogate marker for survival
benefits in breast and prostate cancer patients was commenced [6,7].

The clinical utility and reliable information of CTCs as useful biomarkers must still be demonstrated
in the standard care of cancer therapy. In the latest guidelines (version 3) the Prostate Cancer Clinical
Trials Working Group (PCWG) determined that for the outcome assessment of patients enrolled
in clinical trials, the incorporation of CTC enumeration (using CellSearch platform) must be the
endpoint [8]. This decision illustrates and emphasizes the importance of the serial biological profiling
of cancer. Moreover, it promotes CTCs in the field of personalized cancer treatment, supplying unique
information on individual cancer-associated variations in tumor burden.

In this review, we analyze current clinical studies and focus on the clinical application of CTCs in
prostate and breast cancer patients. We outline important results of clinical trials that may be translated
into clinical practice.

2. Evidence Acquisition

A literature review was performed via PubMed/Medline and the Cochrane Library
(January 2010–April 2020). In addition, abstracts from the 4th Advances in Circulating Tumor
Cells (ACTC) meeting in 2019 were searched for relevant abstracts. The search terms included CTCs,
CTC, circulating tumor cell, circulating tumor cells, prostate cancer, breast cancer and clinical trial. All
clinical trials reporting fewer than 20 patients were excluded (Figure 1).

Figure 1. PRISMA flow diagram. BC = breast cancer; PCa = prostate Cancer; n = number; * other
abstracts than ACTC (4th Advances in Circulating Tumor Cells) meeting 2019.
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3. Isolation Methods

The efficient capture of CTCs remains a technical challenge. Over the last decade, several platforms
have been developed to detect these rare cells. CTC enrichment can be achieved based on physical and
biological properties [9,10].

Currently, the most commonly used standardized method for detection and enrichment is the
CellSearch® system, based on affinity to epithelial cell adhesion molecule (EpCAM). The CellSearch®

system detects and enumerates cells expressing the epithelial marker EpCAM and cytokeratins
(CK) 8/18+ and/or 19+, and the additional treatment of the blood samples with a CD45 antibody
allows the elimination of leukocytes. A semiautomated fluorescence microscope captures images that
are manually reviewed for the following CTC criteria: round to oval morphology, visible nucleus
(DAPI positive), size > 4 µm, positive staining for cytokeratin, and negative staining for CD45 [11].
Recently, cells have been labeled with other markers, such as human epidermal growth factor receptor
2 (HER2), insulin-like growth factor 1 receptor (IGF-1R), epidermal growth factor receptor (EGFR),
androgen receptor (AR), Ki-67 (a marker of proliferation) or vascular endothelial growth factor receptor
2 (VEGFR-2) [12].

Not all CTCs express EpCAM. It has been demonstrated that CTCs can undergo epithelial-
mesenchymal transition (EMT) and can lose EpCAM expression. Therefore, analysis with the
CellSearch® system must be excluded, and other techniques based on physical properties must be
employed. Mononuclear cells can be isolated by density gradient centrifugation using Ficoll or a more
effective porous barrier. Cancer cells differ from normal cells in their electromagnetic charge. This feature
is used during separation with dielectrophoretic field-flow fractionation (depFFF). Finally, most CTCs
are larger than leukocytes and erythrocytes, and, as previously described, prepared buffy coat can be
passed through porous membranes by selecting larger cells [13]. The Epic Sciences CTC platform uses
only red blood cell lysates, and approximately 3 × 106 nucleated cells are dispensed onto 10–12 glass
micro slides and frozen at −80 ◦C until examination, allowing the unbiased detection and molecular
characterization of CTCs [14]. The CTC-iChip also offers the opportunity for antigen-independent
CTC isolation with negative depletion of normal blood cells. CTCs can be individually selected and
analyzed as single cells suited for a detailed transcriptome analysis [15].

Numerous CTC isolation platforms were presented at the 4th ACTC meeting in 2019. It is not
surprising that the CellSearch® system was the most common platform used in the investigations.
Interestingly, applications of the CellSearch® system together with antibody-independent CTC
isolation platforms in one blood sample were also common. An outstanding technology of a
new in vivo approach, an indwelling intravascular aphaeretic CTC isolation system based on an
EpCAM functionalized chip, was presented. Currently, the system has only been proven in a
canine model [16]. Furthermore, many investigators utilized the physical properties of CTCs
by label-independent isolation CTC methods (Isoflux—Fluxion Biosciences, Inc., Alameda, USA;
Screencells—Sarcelles, France; Parsortix—ANGLE, Guildford, UK; ISET—Rarecells Diagnostics, Paris,
France, and RosetteSep—STEMCELL Technologies, Vancouver, BC, Canada). The Vortex Biosciences
VTX-1 instrument (Vortex Biosciences, Pleasanton, CA, USA) is a label-free CTC isolation system that
enables the detection of gene expression in both CTCs and exosomal cfRNA from the same blood sample.
An important issue is single-CTC isolation and analysis. For this purpose, different CTC isolation
methods were combined. Workflows for single-cell selection using the QIAscout single-cell isolation
platform were described. Pereira-Veiga et al. [17] used VyCAP (VyCAP BV, Enschede, Netherlands),
DEPArry (Menarini Silicon Biosystems S.p.A, Bologna Italy) and manual micromanipulation for
single-cell isolation. The authors concluded that the VyCAP Puncher system yielded a higher recovery
rate and that the analysis at the single cell level provided better insights into CTCs’ heterogeneity [17].

4. Evidence Synthesis Prostate Cancer

It was estimated that over 1.3 million new cases of prostate cancer and 359,000 associated deaths
worldwide occurred in 2018, accounting for the second most frequent cancer and the fifth leading
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cause of cancer-related death in men [18]. The disease phenotypes varied from indolent to aggressive.
One challenge for clinicians is to determine the optimal sequencing therapies for patients who present
intermediate, high-risk localized, locally advanced or metastatic prostate cancer (mPCa) to minimize
overtreatment and improve outcomes. The treatment of mPCa is becoming increasingly complex [19].

In total, we screened 94 titles, and reviewed 46 full-text papers (Figure 1). From these
57 publications, 11 describe less than 20 and 46 describe 20 or more prostate cancer patients. Over
40 clinical trials evaluated the value of CTCs in metastatic castration-resistant prostate cancer (mCRPC)
patients. There are only a few studies analyzing the value of CTC in new metastatic hormone-sensitive
PCa (n = 1), neuroendocrine PCa (n = 1) and localized PCa (n = 3). In 10 phase III, 17 phase II and
10 phase I/II trials integrated measuring outcomes related to CTC enumeration or characterization.

The studies like SWOG S0421, MAINSAIL, COU-AA-301, analyzed the first-line docetaxel-base
treatment with or without additional agents. The efficacy of therapy among the patients was determined
enumeration of baseline CTC count and CTC count after defined cycle of chemotherapy or after
treatment. The combination of CTC count with other serum markers were analyzed in the trials
COU-AA-301, ELM-PC4 and IMMC38 as prognosis or surrogate biomarker for survival in mCRPC
patients. Nine clinical trials evaluated androgen receptor (AR) splice variants (AR-Vs) in CTCs as
marker responsible for castration-resistant prostate cancer progression. The baseline CTC-derived
AR-V7 status as a biomarker of the response or resistance to therapies was analyzed in PROPHECY,
TAXNEGY trial and three further monocentric trials.

In 18 studies, CTCs additional markers were analyzed: (1) standard genes (EpCAM, CK 8, 18, 19,
and CD45-), (2) prostate-specific membrane antigen (PSMA)—protein, (3) osteoblast regulators—mRNA,
(4) telomerase activity—mRNA, (5) TMPRESS2—mRNA, (6) AR-V7—mRNA/DNA. (Table S1).

4.1. CTC Enumeration—Prostate Cancer

Most clinical trials describing evaluations of the CTC count were published in the early 2000s.
Multiple groups confirmed the prognostic value of the CTC count [20–24]. The SWOG S0421
trial validated the CTC count as a prognostic factor in mCRPC patients who received first-line
docetaxel-based therapy. The CTC counts of 263 blood samples at baseline (day 0) and of 231 blood
samples at day 21 were evaluated. It has been repeatedly acknowledged that a CTC count ≥5 per 7.5 mL
at baseline determined with the CellSearch® system was associated with a high tumor burden and
poor disease outcomes. Additionally, a higher CTC count is correlated with worse bone pain, higher
prostate-specific antigen (PSA) levels, more liver disease, lower hemoglobin levels and higher alkaline
phosphatase levels [21].

A subgroup analysis from the MAINSAIL trial demonstrated that in mCRPC patients (n = 208),
an increased CTC count from <5 cells/7.5 mL to ≥5 cells/7.5 mL after three cycles of docetaxel
chemotherapy predicted significantly shorter overall survival (OS) (HR: 5.24, p = 0.025). A reduction
in the CTC count from ≥5 cells/7.5 mL to <5 cells/7.5 mL was associated with the best prognosis
(p = 0.003). Interestingly, there was no correlation of the baseline CTC count with the PSA level [25].

Heller et al. [26] determined the CTC count in combination with common prognostic laboratory
measures (lactate dehydrogenase, LDH; PSA; hemoglobin, and alkaline phosphatase, ALK = ALPHA)
in patients with CRPC. Their objective was to quantify a risk model to predict short-term versus
long-term survival. For this purpose, data from patients enrolled in the phase III registration trial of
abiraterone acetate (AA) plus prednisone (COU-AA-301; NCT00638690) and the registration trial of a
similar design evaluating orteronel plus prednisone (ELM-PC4; NCT01193244) were used. The results
suggested that the incorporation of CTC measurement into ALPHA as a prediction error of survival
was 3.75 months (SE, 0.22) versus 3.95 months (SE, 0.28) for ALPHA alone [26]. In the COU-AA301
study (AA plus prednisone versus prednisone alone), the Prentice criteria [27] were also applied to test
CTC counts and LDH as surrogates for OS at the individual mCRPC patient level. The combination of
CTC count and LDH level satisfied the Prentice criteria and highlighted its clinical utility [28].
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Furthermore, a baseline CTC count <5 cells was analyzed in mCRPC patients who were enrolled
in the COU-AA301 and IMMC38 trials. Among 259 (50.7%) patients in the COU-AA301 trial and
212 (50.4%) in the IMMC38 trial, zero CTCs were detected at baseline. Patients were treated with an
AR-targeting drug (COU-AA301) and chemotherapy (IMMC38) [29]. CTC progression was defined as
any increase in the CTC count and conversion of a CTC count from <5 to ≥5 CTCs during the first
12 weeks of treatment. These data revealed that CTC progression is positively associated with poor OS.
Interestingly, patients with CTC progression also had a significantly lower PSA response rate than
those without progression [29].

The SWOG 0925 trial, demonstrated in metastatic hormone-sensitive prostate cancer patients
treated with androgen deprivation therapy (ADT) ± cixutumumab (n = 105), that a low CTC count
(0 versus 1 to 4 versus ≥5/7.5 mL blood) correlated with the PSA level [30].

A pooled analysis of five randomized trials (n = 4196 patients) investigated the CTC count as a
predictor of prolonged survival in mCRPC patients. The CTC counts were determined by using the
CellSearch® system. The response measure endpoints were CTC0, CTC conversion and PSA levels at
baseline and week 13. Patients who had a CTC count ≥1 at baseline and zero CTCs at week 13 were
defined as CTC0. CTC conversion was defined as patients with a CTC count ≥5 at baseline and ≤4
at week 13. The results revealed that the use of the CTC0 count improved the ability to assess the
treatment response [31].

Moreover, these results revealed that CTC conversion data from trials on treatment efficacy are
highly reliable and can be obtained in a short time [26,31].

There are a marginal number of studies which investigate the role of CTC in localized prostate
cancer patient in our search results. Murray et al. [32,33] examine the role of prostate cancer-specific CTC
in patients after radical prostatectomy (RP) [32] and in patients with biochemical failure after RP [33].
The CTC were enriched by using density gradient isolation and detected by PSA immunocytochemistry.
The author mentioned these CTCs as circulating prostate cells (CPCs) and postulated an identical
phenotype to DTCs. They summarized that more CTC were detected in patients with positive margins,
extracapsular extension, and vascular and lymphatic infiltration, which associated with biochemical
failure [32]. The second publication of Murray and colleagues demonstrated a significant correlation
between CPC detection and clinical variables such as progression-free survival (PFS) after a long
follow-up period of 15 years. Additionally, CPC must express PSA and α-Methylacyl CoA racemase
(P504S) and CD82 (tumor suppressor gene). Patients with CD82-positive CPC have a better biochemical
failure-free survival at five years similar to CPC negative patients [33]. It is important to note from
these results that blood samples (EDTA) were stored at 4 ◦C and analyzed within 48 h, which could be
relevant for half-life of CPC, and also, no CPC number was provided.

4.2. Functional Characterization of CTCs—Prostate Cancer

The enumeration of CTCs has prognostic value in metastatic hormone-sensitive and metastatic
castration-resistant prostate cancers. Nevertheless, CTCs still must demonstrate incremental value in
predictive accuracy relative to known biomarkers. Therefore, the enumeration of CTCs has not yet
become a standard in the clinic. Molecular phenotyping could aid in the investigation of prostate
cancer-specific markers and be routinely incorporated into the care of patients with prostate cancer.
CTC profiling can demonstrate the DNA, RNA or protein characteristics of pooled or single cells and
reflect the real-time phenotype of the primary tumor or metastasis [34].

A potential predictive marker of sensitivity to the androgen biosynthesis inhibitor AA,
the androgen-driven transmembrane protease serine 2 (TMPRSS2)–v-ets erythroblastosis virus E26
oncogene homolog (ERG), is the focus of several studies [35,36].

A proof of principle study described an analytically validated polymerase chain reaction
(PCR)-based assay to detect TMPRSS2-ERG fusions in CTCs. However, the TMPRSS2-ERG fusion status
in CTCs has a limited role as a predictive biomarker of sensitivity to AA in post chemotherapy-treated
CRPC patients [37].
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Additional effort has been directed at the molecular characterization of telomerase activity in
CTCs. In men with mCRPC treated with first-line docetaxel ± atrasentan (SWOG 0421 trial), telomerase
activity (TA) was investigated in live-captured CTCs in parallel to baseline CTC counts. The CTC
TA measurement was performed with a slot microfilter. The authors analyzed TA in CTC lysates
by qPCR-telomeric repeat amplification (TRAP) and concluded that CTC TA was an independent
predictive marker for OS in men with a CTC count ≥5. Limitations of the TA assay were its low
sensitivity; only 47% of patients with ≥5 CTCs captured by the CellSearch® system showed prognostic
TA [38].

The prostate-specific membrane antigen (PSMA) is overexpressed in prostate cancer including
advanced stage [39]. Interestingly, the PSMA overexpression is correlated with higher tumor grade,
androgen deprivation and increased in mCRPC patient [40]. A phase II clinical trial suggested the
application of CTCs as a selection tool for the safety and efficacy of newly developed drugs. Patients
with progressing mCRPC (chemotherapy-naïve; n = 42) were treated with docetaxel-encapsulating
nanoparticles functionalized with PSMA molecules (BIND-014). The structure of this particle allows
binding of PSMA-expressing tumor tissue or cells. CTC enumerations were performed with the
CellSearch® system and revealed that 39 of the 42 chemotherapy-naïve mCRPC patients were positive
for CTCs. CTC conversion from an unfavorable count (≥5) to a favorable count (<5) was noted
in 13 of 26 patients after treatment. The Epic Sciences platform allows the detection of nucleated
cells after red blood lysis, and PSMA staining on CTCs and CTC clusters was subsequently used.
In 16 (89%) of 18 patients with PSMA-positive CTCs detected, the number of CTCs was reduced
after treatment. The PSMA expression levels can help select patients who are likely to benefit from
PSMA-directed treatment. The authors concluded that PSMA expression on CTCs could serve as
a patient selection biomarker for an early response in further clinical trials [41]. Another phase II
trial investigated a PSMA antibody-drug conjugate (PSMA ADC) coupled to monomethyl auristatin
E, which binds to PSMA-positive cells and induces cytotoxicity. The study demonstrated a decline
in the CTC count of ≥50% in 78% (60/77) of mCRPC patients and conversion (from ≥5 cells/7.5 mL
blood to less than 5 cells/7.5 mL blood) in 47% (36/77) of mCRPC patients. The highest CTC response
(≥50%) was documented in patients with combined high PSMA expression on CTCs and low levels of
neuroendocrine markers (94%) [42].

Armstrong and colleagues investigated treatment with radium-223 in men with bone metastases
and progressive mCRPC in a small phase II trial. Evidence of prostate cancer osteomimicry biomarkers
in CTCs was examined. These osteoblast regulators, such as bone alkaline phosphatase (B-ALP, gene
ALPL), osteopontin, osteocalcin, osteoblast cadherin, runt-related transcription factor 2, bone gamma
carboxyglutamate protein, tumor necrosis factor ligand superfamily 11, activator of NF-kappa-B ligand
and secreted protein acidic and cysteine rich, and osteonectin, were examined at the RNA level. The
authors concluded that genomic and phenotypic evidence supports osteomimicry in CTCs and tumor
biopsies of men with mCRPC [43]. In multiple phase I/II studies, the CTC genotype or phenotype was
used as a tool to determine possible direct drug targets or downstream drug targets [44–47].

AR splice variants (AR-Vs) represent a crucial mechanism responsible for castration-resistant
prostate cancer progression. All variants have common structural features resulting from deletion of the
ligand-binding domain (LBD) as a consequence of alternative splicing. Interestingly, the absence of the
LBD can confer constitutive, androgen-independent activity [48]. AR-V7 is the most discussed splice
variant in humans. A current study focusing on the mRNA analysis of CTCs revealed information
on the clinical efficacy of anti-androgen treatment—CTCs which harbor the androgen receptor splice
variant (AR-V7) and, despite the absence of the LBD, confer constitutive androgen-independent
activity [48]. In 2014, Antonarakis et al. [49] analyzed the baseline CTC-derived AR-V7 status as a
biomarker of the response or resistance to therapies in a small cohort of 62 men with enzalutamide- or
abiraterone acetate (AA)-pretreated mCRPC. The results demonstrated that the outcomes of treatment
with both drugs were significantly worse in patients who harbored the AR-V7 splice variant in CTCs
than in those who did not harbor AR-V7. This study led to increased interest in the prospective utility
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of CTCs for the serial monitoring of second-generation AR antagonists as a mechanism of treatment
resistance. Thus, CTCs might help to predict failure to treatment with enzalutamide and AA but not
docetaxel or cabazitaxel [49–51].

The PROPHECY trial (ClinicalTrials.gov identifier: NCT02269982) compared two CTC platforms:
the Johns Hopkins University modified-AdnaTest CTC AR-V7 mRNA assay and the Epic Sciences
CTC nuclear-specific AR-V7 protein assay. The AdnaTest uses antibodies against EpCAM and HER2
for CTC capture. The Epic Sciences CTC platform uses only red blood cell lysates, and approximately
3 × 106 nucleated cells are dispensed onto 10–16 glass micro slides. The prognostic significance of
baseline CTC AR-V7 evaluated based on radiographic or clinical progression-free survival (PFS) in
118 men with high-risk mCRPC was determined. Both assays demonstrated significantly different
PFS rates in AR-V7-positive men with mCRPC compared with AR-V7-negative men. Interestingly,
the percentage agreement between the AR-V7 CTC assays was 82% (86/105). The authors concluded
by two blood-based assays that the AR-V7 splice variant in CTCs may optimize treatment selection
beyond the clinical assessment of prognosis [52].

In the phase II TAXYNERGY trial (ClinicalTrials.gov identifier: NCT01718353), Antonarakis et al. [53]
analyzed an early taxane switch in men with chemotherapy-naïve, metastatic castration-resistant
prostate cancer. The assumption was that the clinical response was associated with taxane drug-target
engagement (DTE), which results in microtubule bundling (MTB) and nuclear AR localization (ARNL)
in CTCs [53]. CTCs were isolated from PSMA-based microfluidic devices [54]. This study demonstrated
that the combination of real-time CTC-based %ARNL and MTB mRNA detection at an early time point
could be used to indicate a benefit in men treated with taxanes [53].

Furthermore, the nuclear localization of the AR-V7 protein in CTCs from 161 men with mCRPC
was analyzed as a treatment-specific biomarker. The authors verified that nuclear localization of the
AR-V7 protein was associated with superior survival with taxane therapy over androgen receptor
signaling (ARS)-directed therapy (HR, 0.24; 95% CI, 0.10–0.57: p = 0.035) in a clinical setting [55].
The same group analyzed the phenotypic heterogeneity of CTCs (179 unique patients) to obtain
supporting information for the treatment choice of androgen receptor signaling inhibitors (ARSIs)
and taxanes in mCRPC patients. To quantify the heterogeneity of CTCs, the Shannon index was used.
The phenotypic features were subdivided into 15 subtypes: “A”–“O”. For example, the following
characteristics were associated with cell type A: low cytokeratin, no AR expression, and large cell size.
The following characteristics were associated with cell type F: frequently in the histological cluster of
2 CTCs, AR expression and high cytokeratin expression. CTCs were processed with the Epic system.
The authors concluded that low CTC phenotypic heterogeneity was associated with prolonged OS
in patients treated with an ARSI. A higher Shannon index was associated with better OS for patients
treated with taxanes [56]. The advantage of CTC analysis is to allow single-cell determination of nuclear
AR-V7 protein localization in different CTC subtypes. In this context, Miyamato et al. demonstrated the
RNA-based digital CTC quantification of prostate-derived transcripts as predictive of the AA response
in men with mCRPC. Single-cell RNA analysis of CTCs was performed on the androgen-responsive
transcripts PSA, KLK2, and TMRESS2, and on anterior gradient protein 2 homolog, PSMA, homeobox
B13 and the androgen-independent transcripts FAT1 and STEAP2. The authors concluded that the
digital scoring of CTC mRNA of prostate-derived transcripts can be used in high-throughput analyses
in clinical practice [57].

In a second study, in a population of 34 localized prostate cancer patients prior to radical
prostatectomy, Miyamoto et al. analyzed digital CTC quantification by whole transcriptome
amplification and multiplex droplet digital PCR of a panel of 8 genes (AGR2, FAT1, FOLH1, HOXB13,
KLK2, KLK3, STEAP2, TMPRESS2). Efficient risk stratification of localized PCa patients to guide
optimal treatment by digital CTC quantification was only recently achieved by using the differential
weighting of 6 genes from the panel, therefore, the authors could predict early presence or absence of
prostate cancer dissemination in localized disease [57].

ClinicalTrials.gov
ClinicalTrials.gov
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Among 108 posters, 16 reported the analysis of prostate cancer patients. Five abstracts from
the ACTC meeting in 2019 discussed the possible roles of AR and splice variants in mCRPC
patients. In this context, new quantification platforms for the proteins or mRNAs of CTCs were
presented. Hofmann et al. [17] analyzed an mRNA in situ padlock probe to detect AR and AR-V7 on
CellCollector. AR-V7 was detectable in 91% (10/11) of advanced prostate cancer patients. An analysis
by Markou et al. [17] demonstrated an RT-qPCR assay for determination of the proto-oncogene PIM-1
mRNA in the EpCAM-positive fraction of mCRPC patients (n = 50). They concluded that PIM-1
mRNA expression should be further assessed to profile CTCs. CTC clusters (two or more CTCs) were
evaluated in metastatic breast cancer (MBC) patients (n = 57) and mPCa patients (n = 57) in relation to
PFS and OS. CTCs were captured with the CellSearch® system. The authors confirmed the further
prognostic value of the CTC cluster compared with the CTC count alone [17].

5. Evidence Synthesis—Breast Cancer

Breast cancer is one of the most common cancers among women worldwide, with an incidence of
approximately 17,000,000 cases per year and the highest mortality among women [58,59]. In the early
status, breast cancer is relatively treatable, whereas metastasis oft finishes with death of the patient.
Even though decision on the proper therapy is not an easy step, one must consider the molecular
subtype of the tumor.

Over 70 clinical trials analyzing CTCs in breast cancer patients have been performed. From
these 71 publications, 10 describe less than 20 and 61 describe 20 and more patients bearing diverse
breast carcinomas of various stages: 17 with primary breast cancer (PBC) and 24 with MBC. Forty-one
studies were described as a part of clinical trials, or at least some of the patients were included in
clinical studies (trial phase I, 2; II, 18; III, 15). The most frequently used system for the CTC isolation
in breast cancer patients is the CellSearch® system (n = 47 trails). Patients bearing primary breast
cancer were analyzed in several studies like SUCCESS, NeoALLTO, and BEVERLY-2. The efficacy of
the given therapy among the patients was examined by enumeration of CTCs before and after applied
study-specific therapies (patients included in SUCCESS, BEVERLY-2) as well as by evaluating and
comparing the rate of pathological complete response (pCR) in HER2/ErbB2-overexpressing and/or
HER2/ErbB2-amplified PBC (patients included in NeoALLTO). In two studies, analysis of additional
staining of CTCs (Barriere et al.) or additional factors in blood (patients included in SUCCESS I) were
performed. Changes of CTC number and/or phenotype by metastatic breast cancer (MBC) patients
were analyzed in other trials. Six of them (OnSITE, CirCe01 and some multi- or mono-centric studies)
focused only on analysis of the enumeration, when the others (CAMELLIA, TBCRC, NEOZOTAC
side-study, LANDSCAPE, BCA2001, AVALUZ) investigated phenotypical changes among CTCs after
applied therapies.

In 27 studies, CTCs’ additional markers were analyzed: (1) tumor markers (MUC1 and HER2),
(2) subsidiary markers of stemness (CD44 and BMI1), (3) EMT markers (TWIST, AKT2, PI3KA, ALDH1,
and vimentin), (4) apoptotic genes expression, (5) study-related genes (AGTR1), and (6) 55-CTC-specific
genes (Table S2).

5.1. CTC Enumeration—Breast Cancer

The basic analysis of CTCs is their enumeration. Most investigators have noted the prognostic
significance of the CTC counts for OS [60,61] as well as chemotherapy [62–69]. In analysis performed by
Trapp et al. [70], describing the early-stage high risk PBC patients of the SUCCESS A trial, an association
between the presence of CTCs two years after chemotherapy with zoledronate and shortened OS and
disease-free survival (DFS) was observed. Symonds et al. [71] revealed that a decrease in CTC numbers
from baseline to the first assessment after employing nab-paclitaxel and bevacizumab therapy followed
by maintenance therapy with bevacizumab and erlotinib by metastatic TNBC patients correlated
with prolonged PFS and OS. Similar results were noticed in the OnSITE study analyzing the CTC
number before and after the second cycle of treatment of the HER2-negative advanced BC patients
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pre-treated with anthracyclines and taxanes, who received eribulin as third-line chemotherapy show
similar results [72]. Liang et al. [73] analyzed the number of CTCs as one of the efficacy parameters for
the comparison of three therapy strategies for tumor cryoablation with natural killer (NK) cells therapy
(I, cryoablation; II, cryoablation + NK cell therapy; III, NK cell therapy-Herceptin) and Herceptin
for patients with HER2-overexpressing recurrent BC. The reduced number of CTCs after combined
therapies correlated partially with prolonged PFS [73]. According to the prospective study with newly
diagnosed metastatic BC patients treated with the systemic therapy, the detection of ≥5 CTCs or CTC
clusters can predict a growing hazard ratio and worse PFS and OS during therapy [74]. Identification of
one or more CTCs before PBC resection correlates with poor relapse-free survival and OS [75]. Similarly,
Goodman et al. [76] observed longer OS, local recurrence-free survival (LRFS), and disease-free survival
(DFS) in CTC-positive patients enrolled in the phase III SUCCESS study and from the National
Cancer Database (NCDB), who underwent radiotherapy than in patients who did not. On the other
hand, after comparing two therapies (anthracycline-containing chemotherapy and anthracycline-free
chemotherapy), Schramm et al. [77] did not notice any differences in the number of CTCs between
the therapies in the HER2-negative patients with early BC included in SUCCESS C study. Similarly,
none or only the weak prognostic relevance of CTC count was demonstrated by Jueckstock et al. [78]
and Hepp et al. [79] The authors employed node-positive or high risk node-negative BC patients of
the SUCCESS A study before adjuvant taxane-based chemotherapy or patients of the SUCCESS study
receiving the therapy based on fluorouracil, epirubicin and cyclophosphamide (FEC) followed either
by docetaxel vs. by docetaxel supplemented with gemcitabine, respectively [78,79].

Among studies enrolling 50 (Lelievre et al. [80]) or 28 (Tokudome et al. [81]) patients, CTCs were
detected in only 8 or 9 at baseline and in only 1 or 5 at the final analysis, respectively. Similarly, during an
analysis of the influence of therapy on HER2-negative breast cancer patients, Gonzalez-Angulo et al. [82]
found CTCs only in 9 (28.1%) patients at baseline and in 3 (13.6%) at the end of the 18-week study,
whereas Agelaki et al. [83] found a decrease in the percentage of HER2-positive CTCs from 93.45%
(total number of patients = 21) to 66.6% after the first cycle. Paoletti et al. [84] described a study with
45 estrogen receptor-positive (ER)/HER2-negative metastatic or locoregionally recurrent disease BC
patients enrolled in the CTC analysis, but only 11 presented ≥5 CTCs. Similarly, Pierga et al. [85]
analyzed 41 HER2-positive MBC patients displaying brain metastasis, but the number of patients
with CTCs decreased from 20 (≥1 CTC) and 9 (≥5 CTC) at baseline to 11 and 3, respectively, at day 21.
However, elevated levels of CTCs were noted at baseline in both groups as strong prognostic
factors [84,85]. In contrast, an analysis of ER expression on CTCs in patients with positive primary
tumors (n = 16) showed intrapatient heterogeneity, though the small number of included patients
had the authors conclude the link to the mechanism of the escape from the endocrine therapy [86].
On the other hand, after an analysis of ER/HER2 expression on CTCs in small MBC and LABC/IBC
patient cohorts (n = 36), Somlo et al. [87] suggested that the pilot trial may help to validate CTC-based
targeted therapy.

5.2. Functional Characterization of CTCs—Breast Cancer

Molecular characterization of a tumor allows division into different subtypes: ER/PR-positive
and HER2-positive. Each subtype responds to different therapies [88–90]. The other subtype does
not express any of the receptors (triple-negative, TNBC) or respond to any of the hormonal target
therapies [91]. However, many reports indicate that independent of tumor size, histopathological
grade, ER/PR status or axillary lymph node involvement, the HER2 status of a patient can change [92].
First, a negative primary tumor may create positive metastases, which can influence the therapy
decision [93]. Therefore, the classification of a tumor using biopsy is crucial. However, due to the
location of the metastasis, biopsy is not always possible. LB is less invasive and can be used to monitor
disease development. Even if HER2 expression among the CTCs within each patient is heterogeneous,
revealing the strongly positive cells in blood samples allows us to suggest a positive HER2 tumor
status. This was demonstrated with the study investigating the efficacy of neoadjuvant treatment on
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inflammatory BC (HER2-negative—BEVERLY 01 or HER2-positive—BEVERLY 02) with non-metastatic
patients (M0) or prospective study with M1 BC [94]. The detection rate of CTCs and the determination
of their HER2 status could be a good clinical strategy during treatment [93,95,96].

CTC investigations can also support the prediction of survival in combination with other factors.
In their studies with inflammatory BC patients of the BEVERLY-2 survival data, Pierga et al. [97]
revealed that the analysis of CTCs and pathologic complete response (pCR) is a good combination
of parameters for creating a subgroup with a very good survival prognosis. Based on a comparison
of two patient groups with early-stage breast cancer, CTC-positive and CTC-negative, included in
phase I SUCCESS study (FEC therapy described previously), König et al. [98] demonstrated that the
cytokine profile could also serve as a marker for CTC involvement in disease progression. Among the
T-helper cell 2 cytokine (Th2) levels, interleukins 8 and 13 (IL-8, IL-13) were highly secreted by the
CTC-negative group of patients negative for progesterone receptor. This correlation was not observed
in CTC-positive patients. Similarly, there was an association between the IL-4 level and survival
(patients who died had a high IL-4 level) in hormone receptor-negative patients in the CTC-negative
but not CTC-positive group. Vilsmaier et al. [99] speculated that Th1 cytokines (Il-1α and Il-1β) are
also involved in the release of CTCs in breast cancer patients. Conversely, in a similar patient cohort,
(phase I SUCCESS), the expression of two vascular markers, soluble fms-like tyrosine kinase-1 (sFlt1)
and placental growth factor (PlGF), in correlation to the CTC status, found their increased expression
in CTC-negative patients was analyzed [99]. This suggests that the overexpression of both markers in
tumor cells inhibits invasion of the decanted tumor cells into blood vessels [100].

Several trials analyzed apoptosis in CTCs. Negative breast cancer responds to apoptosis, triggering
tigatuzumab treatment and Paoletti et al. [101] hypothesized the induction of apoptosis in CTCs among
metastatic TNBC patients treated with tigatuzumab in the included studies. However, no prognostic
effect was observed [101]. Other studies describing the influence of zoledronic acid (ZA, an inhibitor of
tumor growth and inductor of apoptosis) infusion on the CTC value in patients with locally advanced
BC (group 1) and those with bone metastasis only (group 2) revealed a decrease in the CTC number after
48 h; however, the difference was minimalized after 14 days. Additionally, an analysis of the apoptotic
marker M30 in CTCs after 14 days showed increased levels of apoptotic CTCs [102]. Similarly, in their
analysis with patients bearing progressive metastatic BC shared in the cohorts, depending on the
treatment (endocrine therapy, texane-based or non-texane based chemotherapy). Smerage et al. [103]
hypothesized that the presence of M30-positive CTCs was associated with a good prognosis, but the
results of their studies after any of the therapies produced the opposite outcomes. In patients with high
numbers of CTCs, high levels of M30-CTC correlated with a poor prognosis, while high CTC-Bcl-2
(B-cell lymphoma 2) levels were associated with a good prognosis [103].

Another mechanism that is strongly correlated with cell invasion is EMT. Analyses of this process
are crucial since it leads to downregulation of the expression of epithelial markers such as EpCAM.
Such a situation can result in false-negative findings considering EpCAM-based CTC isolation. Guan
et al. [104] examined CTCs of the HER2-negative metastatic BC women participating in CAMELLIA
trial. This phase III study analyzed the metronomic capecitabine chemotherapy vs. intermittent
capecitabine maintenance therapy following the capecitabine complemented with docetaxel first-line
chemotherapy. Examined CTCs were isolated with a method based on cell size, enumerated and
expression of epithelial markers (EpCAM, CK8/18/19), and mesenchymal markers was analyzed
(Twist and Vimentin). The investigation of Guan et al. [104] revealed that the group of patients who
secreted EMT-CTCs experienced shorter PFS than the group of non-EMT-CTC patients. Additionally,
HER2-negative patients demonstrated almost two times higher EMT-CTC counts than HER2-positive
patients [104]. Barriere et al. [105] analyzed CTCs in patients with early breast cancer. They detected
cells with dedifferentiated characteristics (mesenchymal phenotype, stem cell phenotype or both)
in 37.6% of the analyzed patients, and the predominant epithelial phenotype was present in 8.75%
of probes. They concluded that the molecular analysis of CTCs is more relevant than enumeration
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only [105]. An analysis of both epithelial and mesenchymal CTCs is also suggested as a good tool to
predict the responsiveness to eribulin [106].

Among 108 posters, 25 described the analysis of breast cancer patients. Many presentations
addressed the relation of CTCs with therapy. An analysis of blood samples from 36 BC patients
showed a positive association between the level of EMT-CTCs before treatment and the effect of
neoadjuvant therapy. Kallergi et al. [17] examined the expression of cytokeratin/C-X-C chemokine
receptor type 4/transcription factor jun-B (CK/CXCR4/JUNB) in DTCs isolated from the bone marrow
(BM) of 39 HR-positive, HER2-negative breast cancer patients and compared them to that in breast
cancer cell lines. They concluded that DTCs expressing these proteins appear to create a subgroup of BC
patients at high risk of relapse. After an analysis of epithelial-mesenchymal plasticity (EMP) of primary
tumors and their CTCs, Hassan et al. [17] concluded that CTCs may provide important information
regarding the progression of cancer. Strati et al. [17] performed an analysis on 100 patients with early
breast cancer and 19 healthy donors, and confirmed the importance of CTCs as prognostic factors
after detecting the overexpression of TWIST1 and stem cell transcripts. Considering the treatment
selection in metastatic TNBC, Zang et al. [17] examined the association between the levels of CTCs and
programmed cell death 1 ligand 1 (PD-L1) expression. They suggested this as a potential predictive
therapy marker in metastatic triple-negative breast cancer. In addition, the copy number alteration
(CNA) profiles of CTCs may be linked to OS. An analysis of the ERα gene (ESR1) (Tzanikou et al. [17])
and PIK3CA gene (Stergioupoulou et al. [17]) revealed that hot-spot mutations in single CTCs is
also possible.

6. Perspectives of Real-Time Monitoring

Anti-tumor therapies are long and exhaustive for patients. Real-time monitoring of the
healing process could be a useful tool to evaluate therapeutic responses. The application of LB
for clinical diagnostics could improve sequence screening, provide additional valuable information on
tumor dynamics (early response, mutation-based resistance to target therapy) and help personalize
management for patients (Table 1).

Table 1. Specification feature of CTCs (circulating tumor cells) for potential clinical application.

Cancer Type Characterization Clinical Utility of CTCs
Validated in Trials

Implementation in
Clinical Practice Reference

Prostate Cancer

AR/AR-Splice
Variants

Prognosis
Treatment Selection
Therapy Monitoring

Drug resistance

requires further evaluation [49–53,55]

PSMA Therapy monitoring basis for future evaluation [41,42]

Enumeration Prognosis potential clinical application [20–31]

Breast Cancer

HER2 Therapy monitoring
Prognosis

basis for future evaluation
basis for future evaluation

[87,94–96,105]
[105]

EMT Prognosis
Therapy monitoring

basis for future evaluation
requires future evaluation

[104]
[105]

Apoptosis Therapy monitoring basis for future evaluation [101–103]

Enumeration Prognosis
Therapy monitoring

potential clinical application
requires future evaluation
basis for future evaluation
requires future evaluation

[60,61]
[74,97,102]

[87,93,101–106]

AR: androgen receptor, PSAM: prostate-specific membrane antigen, HER2: human epidermal growth factor receptor
2, EMT: epithelial-mesenchymal transition, CTC: circulating tumor cells.

This less invasive method allows the analysis of CTCs, among other factors. Furthermore, CTCs
may offer the opportunity for the real-time monitoring of cancer progression. Additionally, CTCs
are sources of DNA, RNA and protein, which provide information on tumor heterogeneity. A good
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opportunity for this approach is CTC single-cell analysis [34]. At the 4th ACTC meeting, some new
approaches for single-CTC isolation were presented.

The first step of involvement of CTCs as prognostic and predictive biomarkers in the clinic was
the approval of the CellSearch® system for CTC enumeration. Within the scope of validation, it was
calculated that a cutoff of ≥5 CTCs/7.5 mL blood of breast or prostate cancer patients is associated
with an unfavorable prognosis [6,7]. The CellSearch® system was the best validated CTC platform,
as demonstrated by the large number of publications and the large number of analyzed patient
samples. In our review, 8659 prostate cancer and 12,994 breast cancer patients were examined with the
CellSearch® system. In summary, most studies used the only FDA-approved technique to detect CTCs;
however, this system also has limitations (EpCAM-based detection, sample size).

For a long time, the main applications of CTCs in clinical trials were based only on enumeration.
Many investigators suggest that enumeration could be an independent prognostic factor of DFS or
OS, or at least in combination with other agents [21,26,28,62,69,72,77]. The statement of the PCWG
published by Scher et al. [8] confirmed the importance of CTC enumeration.

However, in breast cancer patients, many reports indicate no relation between the CTC number
and therapy response [77–79]. In prostate cancer patients, the detection rate of CTCs is approximately
80%, but unfortunately, not all active progressive cancers have measurable CTCs in the blood [107].

The clinical trials demonstrated the possibility of real-time monitoring in metastatic cancer
patients. Future studies must develop a gold standard in combination of CTC isolation/characterization
technology for the ability to identify the best treatment. This is the main requirement for patients to
benefit from early therapeutic intervention.

7. Discussion

Cancer cells can enter and are motile in blood circulation long before the tumor diagnosed.
They offer a possibility for an early cancer diagnosis than standard diagnostics tools of imaging or
biomarkers. The CTC analysis can provide insight into personalized cancer characteristics.

CTCs are relatively rare cells with a heterogenetic phenotype and are difficult to capture. At present,
there are several platforms that can be used to capture or characterize CTCs. All of these platforms have
advantages and disadvantages. The user must be able to decide which is the best and most suitable
method for individual cancer patients. However, it is possible that in metastatic or late stage patients,
no CTCs are detected. One reason for such conditions, could be the necrotic changes, or reduced tumor
vascularization or extreme heterogenic CTC population. Another reason is the variation of the CTC
frequency in a single blood sample, which also includes the short half-life of CTC and possible circadian
rhythms of CTCs. Furthermore, it must be considered that phenotypic changes in CTC, in terms of
epithelial-to-mesenchymal transition (EMT), reflects features of and results in downregulation of cell
surface marker EpCAM.

The EMT process is also implicated in the generation of cancer stem cells (CSC), which are cells with
abilities to self-renewal [108]. Such changes increase aggressiveness of the tumor cells, provoke their
dissemination from the tumor and induce metastases. Detection of CSC as subpopulation CTCs and
EMT-CTCs by patients would be crucial information for the treatment and potential therapy resistance.

A more precise analysis of CTCs would be applying the markers like Vimentin (EMT) or CD44
(CSC) at any level (DNA, RNA, protein) in regard to their clinical utility. The broader knowledge on
intratumor heterogeneity and dynamic genetic and physiological changes in CTCs undergoing EMT or
stem cell CTCs enforces continuous widening of the spectrum of specific markers to be analyzed.

The tumor-released cells can circulate cell-clusters composed of different CTC subpopulation. Only
a few of the reviewed trials analyzed CTC-clusters additional to CTCs. The presence of CTC-clusters
supported the previous diagnosis obtained with CTCs [41,74].

In our opinion, the crucial point of the efficient CTC analysis, enabling to include them into
diagnostics, is their isolation. The combination of the EpCAM-based CellSearch® system with
antibody-independent CTC isolation platforms in one blood sample extends the best suitable CTC
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isolation method. This enables the isolation of all subpopulation of CTCs including CTC, EMT-CTC,
CSC and can provide a precise outcome. Approbation of such a system or platform as an additional or
supporting diagnostic tool would make the therapy more precise.

Such an analysis could be helpful to avoid the low response rate to therapy. A good example is
the detection of the HER2 status in circulating breast cancer cells, which could be opposite to that in
the primary tumor [93]. A combined analysis of additional factors, as described by Paoletti et al. [101]
(multiparameter CTC-Endocrine Therapy Index (CTC-ETI)), supplies more information and may
predict resistance to endocrine therapy. In preclinical studies, researchers analyzed the combined
results of the enumeration and expression of ER, HER2 and Ki-67 in MBC patients and demonstrated
strong analytical validity of the technique through intrapatient heterogeneity [84].

The molecular characterization of AR mRNA in CTCs and the detection of AR-V7 in CTCs can be
used as a tool to guide treatment decisions for men with advanced prostate cancer [51,52]. The benefits
for patients are that they are protected against the unnecessary side effects of ineffective treatments.

During their investigations, Smerage et al. [103] revealed that in patients with high numbers of
CTCs after treatment, the number of cells did not change; thus, the number of apoptotic cells increased.
High levels of M30-CTC (apoptotic cells) correlate with a poor prognosis, whereas high levels of
CTC-Bcl-2 (anti-apoptotic cells) are associated with a good prognosis [103]. This is a very important
observation, as the initiation of apoptosis in cells as a reaction to environmental stress leads to many
morphological and biochemical changes, and probably to the production and secretion of substances
that can be spread via the bloodstream to other organs, causing damage [109].

The signals from the tumor microenvironment (TME) and the microenvironment of CTC population
can modify the protein pattern of disseminated cells, preparing it to create metastasis. One of the
proteins induced by TME but also by chemotherapy is prostaglandin (PG)-endoperoxide synthase 2
(COX-2), which finally promotes the carcinogenesis and the rate of cancer recurrence, reducing the
survival rate. COX-2 is implicated in the suppression of the apoptosis causing the resistance of tumor
cells. The downstream signaling protein of the COX-2 is, among others, the Bcl-2, the anti-apoptotic
marker increased in CTCs analyzed by Smerage et al. [107] (reviewed in [110]). Since both the positive
and the negative signals may be initiated by the therapy, the monitoring of the treatment is crucial. LB,
as the CTCs, is an excellent tool to analyze the changes during the long healing process. Although
this hypothesis needs further investigation, if it is correct, it could bear significant consequences
(Table 1). The critical point of preanalytical variables on LB in prostate cancer was also discussed in the
plenary session of the ACTC 2019 meeting [17]; however, this issue is also applicable for other cancer
types, such as breast cancer. Howerd Scher pointed out, in this session, the importance of introducing
robust quality controls in all steps, such as pre-analytical procedures, and sample collection and
processing, as well as analytical steps like molecular assay specification and bioinformatics algorithm,
and data reporting. This standardization is absolutely necessary for its application into clinical routine.
Alix-Panabieres [111] summarized in her research, the need for more intervention studies on the
implementation of CTCs in the clinic. All abstracts at the 4th ACTC meeting described diverse proofs
of concept in CTC isolation and characterization, and confirmed the heterogeneity in this field.

Cabel et al. [112] summarized an analysis of the utility of CTCs in clinical trials. They noted
three main concepts of the studies: (1) CTCs serve as surrogate tumor material, (2) CTC enumeration
can be used to monitor therapy, and (3) specific biological features of CTCs and their relation to
metastatic spread. This conclusion is still relevant. The clinical validity of CTC enumeration by
the CellSearch® system is very high; however, its utility is still not standardized in the clinic and
requires further investigations. Moreover, the clinical relevance of CTC characterization indicates the
current therapeutic target HER2/ER in breast cancer patients and AR-V targets elucidates the resistance
mechanism for prostate cancer patients. Even if there is a great need to identify predictive markers for
therapy, it remains a great challenge to implement CTCs as a robust standard tool in the clinic.
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8. Conclusions and Future Perspectives

LB, in the form of CTCs, is an excellent tool to monitor the disease development and the progress
of the therapy. One must emphasize that different isolation methods may give disparate results;
therefore, in the clinic, it is crucial to use systems of comparable validation. There is still a great need to
develop and standardize the platform adequate to each tumor type. This crucial step can be achieved
by a combination of already existing methods based on EpCAM detection and physical properties of
the cells. A milestone would be an acceptance of LB in clinical diagnostic routine as a basic or at least
as a supporting factor detecting disease progress. Application of additional staining markers on CTCs,
specific for each type of the tumor, could help to monitor the changes of the tumor-derived cells during
early-stage therapy and help to make a decision on continuing or stopping the therapy. However,
as we know with the example of PSA, to become the useful tumor biomarker, the protein or factor
must reach the high trust of the clinicians based on long positive experience. It was demonstrated in
mCRPC that the CTC count is independent of the PSA level. In conclusion, the CTC count, in contrast
to the PSA level, is not directly affected by ADT. Another clinical application of the cell count is the
kinetic of CTC number, which reveal a higher discriminatory power for overall survival [26,31].

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/12/3782/s1,
Table S1: Main clinical Trials for Prostate Cancer, Table S2: Main clinical Trials for Breast Cancer.

Author Contributions: G.T. and J.B. conceived and designed the manuscript. G.T., J.B. and P.F. all aided in the
original draft preparation, review, and editing. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Lambert, A.W.; Pattabiraman, D.R.; Weinberg, R.A. Emerging biological principles of metastasis. Cell 2017,
168, 670–691. [CrossRef] [PubMed]

2. Alix-Panabieres, C.; Pantel, K. Circulating tumor cells: Liquid biopsy of cancer. Clin. Chem. 2013, 59, 110–118.
[CrossRef] [PubMed]

3. Massague, J.; Obenauf, A.C. Metastatic colonization by circulating tumour cells. Nature 2016, 529, 298–306.
[CrossRef] [PubMed]

4. Welch, D.R.; Hurst, D.R. Defining the hallmarks of metastasis. Cancer Res. 2019, 79, 3011–3027. [CrossRef]
5. Braun, S.; Vogl, F.D.; Naume, B.; Janni, W.; Osborne, M.P.; Coombes, R.C.; Schlimok, G.; Diel, I.J.; Gerber, B.;

Gebauer, G.; et al. A pooled analysis of bone marrow micrometastasis in breast cancer. N. Engl. J. Med. 2005,
353, 793–802. [CrossRef] [PubMed]

6. De Bono, J.S.; Scher, H.I.; Montgomery, R.B.; Parker, C.; Miller, M.C.; Tissing, H.; Doyle, G.V.; Terstappen, L.W.;
Pienta, K.J.; Raghavan, D. Circulating tumor cells predict survival benefit from treatment in metastatic
castration-resistant prostate cancer. Clin. Cancer Res. 2008, 14, 6302–6309. [CrossRef]

7. Cristofanilli, M.; Budd, G.T.; Ellis, M.J.; Stopeck, A.; Matera, J.; Miller, M.C.; Reuben, J.M.; Doyle, G.V.;
Allard, W.J.; Terstappen, L.W.; et al. Circulating tumor cells, disease progression, and survival in metastatic
breast cancer. N. Engl. J. Med. 2004, 351, 781–791. [CrossRef]

8. Scher, H.I.; Morris, M.J.; Stadler, W.M.; Higano, C.; Basch, E.; Fizazi, K.; Antonarakis, E.S.; Beer, T.M.;
Carducci, M.A.; Chi, K.N.; et al. Trial design and objectives for castration-resistant prostate cancer: Updated
recommendations from the prostate cancer clinical trials working group 3. J. Clin. Oncol. 2016, 34, 1402–1418.
[CrossRef]

9. Habli, Z.; AlChamaa, W.; Saab, R.; Kadara, H.; Khraiche, M.L. Circulating tumor cell detection technologies
and clinical utility: Challenges and opportunities. Cancers 2020, 12, 1930. [CrossRef]

10. Ferreira, M.M.; Ramani, V.C.; Jeffrey, S.S. Circulating tumor cell technologies. Mol. Oncol. 2016, 10, 374–394.
[CrossRef]

http://www.mdpi.com/2072-6694/12/12/3782/s1
http://dx.doi.org/10.1016/j.cell.2016.11.037
http://www.ncbi.nlm.nih.gov/pubmed/28187288
http://dx.doi.org/10.1373/clinchem.2012.194258
http://www.ncbi.nlm.nih.gov/pubmed/23014601
http://dx.doi.org/10.1038/nature17038
http://www.ncbi.nlm.nih.gov/pubmed/26791720
http://dx.doi.org/10.1158/0008-5472.CAN-19-0458
http://dx.doi.org/10.1056/NEJMoa050434
http://www.ncbi.nlm.nih.gov/pubmed/16120859
http://dx.doi.org/10.1158/1078-0432.CCR-08-0872
http://dx.doi.org/10.1056/NEJMoa040766
http://dx.doi.org/10.1200/JCO.2015.64.2702
http://dx.doi.org/10.3390/cancers12071930
http://dx.doi.org/10.1016/j.molonc.2016.01.007


Cancers 2020, 12, 3782 15 of 21

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

12. Swennenhuis, J.F.; van Dalum, G.; Zeune, L.L.; Terstappen, L.W. Improving the CellSearch(R) system. Expert
Rev. Mol. Diagn. 2016, 16, 1291–1305. [CrossRef] [PubMed]

13. Paoletti, C.; Hayes, D.F. Circulating tumor cells. Adv. Exp. Med. Biol. 2016, 882, 235–258. [PubMed]
14. Werner, S.L.; Graf, R.P.; Landers, M.; Valenta, D.T.; Schroeder, M.; Greene, S.B.; Bales, N.; Dittamore, R.;

Marrinucci, D. Analytical validation and capabilities of the epic CTC platform: Enrichment-free circulating
tumour cell detection and characterization. J. Circ. Biomark. 2015, 4, 3. [CrossRef]

15. Fachin, F.; Spuhler, P.; Martel-Foley, J.M.; Edd, J.F.; Barber, T.A.; Walsh, J.; Karabacak, M.; Pai, V.; Yu, M.;
Smith, K.; et al. Monolithic chip for high-throughput blood cell depletion to sort rare circulating tumor cells.
Sci. Rep. 2017, 7, 10936. [CrossRef]

16. Kim, T.H.; Wang, Y.; Oliver, C.R.; Thamm, D.H.; Cooling, L.; Paoletti, C.; Smith, K.J.; Nagrath, S.; Hayes, D.F.
A temporary indwelling intravascular aphaeretic system for in vivo enrichment of circulating tumor cells.
Nat. Commun. 2019, 10, 1478. [CrossRef]

17. Lianidou, E.; Pantel, K. Hellenic society of liquid biopsy. In Proceedings of the 4th ACTC | Advances in
Circulating Tumor Cells, Corfu, Greece, 2–5 October 2019.

18. Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018:
GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J.
Clin. 2018, 68, 394–424. [CrossRef]

19. Nuhn, P.; de Bono, J.S.; Fizazi, K.; Freedland, S.J.; Grilli, M.; Kantoff, P.W.; Sonpavde, G.; Sternberg, C.N.;
Yegnasubramanian, S.; Antonarakis, E.S. Update on systemic prostate cancer therapies: Management of
metastatic castration-resistant prostate cancer in the era of precision oncology. Eur. Urol. 2019, 75, 88–99.
[CrossRef]

20. Antonarakis, E.S.; Heath, E.I.; Posadas, E.M.; Yu, E.Y.; Harrison, M.R.; Bruce, J.Y.; Cho, S.Y.; Wilding, G.E.;
Fetterly, G.J.; Hangauer, D.G.; et al. A phase 2 study of KX2-391, an oral inhibitor of Src kinase and tubulin
polymerization, in men with bone-metastatic castration-resistant prostate cancer. Cancer Chemother. Pharmacol.
2013, 71, 883–892. [CrossRef]

21. Goldkorn, A.; Ely, B.; Quinn, D.I.; Tangen, C.M.; Fink, L.M.; Xu, T.; Twardowski, P.; van Veldhuizen, P.J.;
Agarwal, N.; Carducci, M.A.; et al. Circulating tumor cell counts are prognostic of overall survival in SWOG
S0421: A phase III trial of docetaxel with or without atrasentan for metastatic castration-resistant prostate
cancer. J. Clin. Oncol. 2014, 32, 1136–1142. [CrossRef]

22. Smith, M.R.; Sweeney, C.J.; Corn, P.G.; Rathkopf, D.E.; Smith, D.C.; Hussain, M.; George, D.J.; Higano, C.S.;
Harzstark, A.L.; Sartor, A.O.; et al. Cabozantinib in chemotherapy-pretreated metastatic castration-resistant
prostate cancer: Results of a phase II nonrandomized expansion study. J. Clin. Oncol. 2014, 32, 3391–3399.
[CrossRef] [PubMed]

23. Smith, M.; de Bono, J.; Sternberg, C.; le Moulec, S.; Oudard, S.; de Giorgi, U.; Krainer, M.; Bergman, A.;
Hoelzer, W.; de Wit, R.; et al. Phase III study of cabozantinib in previously treated metastatic
castration-resistant prostate cancer: COMET-1. J. Clin. Oncol. 2016, 34, 3005–3013. [CrossRef] [PubMed]

24. Thalgott, M.; Heck, M.M.; Eiber, M.; Souvatzoglou, M.; Hatzichristodoulou, G.; Kehl, V.; Krause, B.J.; Rack, B.;
Retz, M.; Gschwend, J.E.; et al. Circulating tumor cells versus objective response assessment predicting
survival in metastatic castration-resistant prostate cancer patients treated with docetaxel chemotherapy.
J. Cancer Res. Clin. Oncol. 2015, 141, 1457–1464. [CrossRef] [PubMed]

25. Vogelzang, N.J.; Fizazi, K.; Burke, J.M.; de Wit, R.; Bellmunt, J.; Hutson, T.E.; Crane, E.; Berry, W.R.; Doner, K.;
Hainsworth, J.D.; et al. Circulating tumor cells in a phase 3 study of docetaxel and prednisone with or without
lenalidomide in metastatic castration-resistant prostate cancer. Eur. Urol. 2017, 71, 168–171. [CrossRef]

26. Heller, G.; Fizazi, K.; McCormack, R.; Molina, A.; MacLean, D.; Webb, I.J.; Saad, F.; de Bono, J.S.; Scher, H.I.
The added value of circulating tumor cell enumeration to standard markers in assessing prognosis in a
metastatic castration-resistant prostate cancer population. Clin. Cancer Res. 2017, 23, 1967–1973. [CrossRef]

27. Prentice, R.L. Surrogate endpoints in clinical trials: Definition and operational criteria. Stat. Med. 1989, 8,
431–440. [CrossRef]

http://dx.doi.org/10.1158/1078-0432.CCR-04-0378
http://www.ncbi.nlm.nih.gov/pubmed/15501967
http://dx.doi.org/10.1080/14737159.2016.1255144
http://www.ncbi.nlm.nih.gov/pubmed/27797592
http://www.ncbi.nlm.nih.gov/pubmed/26987538
http://dx.doi.org/10.5772/60725
http://dx.doi.org/10.1038/s41598-017-11119-x
http://dx.doi.org/10.1038/s41467-019-09439-9
http://dx.doi.org/10.3322/caac.21492
http://dx.doi.org/10.1016/j.eururo.2018.03.028
http://dx.doi.org/10.1007/s00280-013-2079-z
http://dx.doi.org/10.1200/JCO.2013.51.7417
http://dx.doi.org/10.1200/JCO.2013.54.5954
http://www.ncbi.nlm.nih.gov/pubmed/25225437
http://dx.doi.org/10.1200/JCO.2015.65.5597
http://www.ncbi.nlm.nih.gov/pubmed/27400947
http://dx.doi.org/10.1007/s00432-015-1936-z
http://www.ncbi.nlm.nih.gov/pubmed/25708944
http://dx.doi.org/10.1016/j.eururo.2016.07.051
http://dx.doi.org/10.1158/1078-0432.CCR-16-1224
http://dx.doi.org/10.1002/sim.4780080407


Cancers 2020, 12, 3782 16 of 21

28. Scher, H.I.; Heller, G.; Molina, A.; Attard, G.; Danila, D.C.; Jia, X.; Peng, W.; Sandhu, S.K.; Olmos, D.;
Riisnaes, R.; et al. Circulating tumor cell biomarker panel as an individual-level surrogate for survival in
metastatic castration-resistant prostate cancer. J. Clin. Oncol. 2015, 33, 1348–1355. [CrossRef]

29. Lorente, D.; Olmos, D.; Mateo, J.; Dolling, D.; Bianchini, D.; Seed, G.; Flohr, P.; Crespo, M.; Figueiredo, I.;
Miranda, S.; et al. Circulating tumour cell increase as a biomarker of disease progression in metastatic
castration-resistant prostate cancer patients with low baseline CTC counts. Ann. Oncol. 2018, 29, 1554–1560.
[CrossRef]

30. Yu, E.Y.; Li, H.; Higano, C.S.; Agarwal, N.; Pal, S.K.; Alva, A.; Heath, E.I.; Lam, E.T.; Gupta, S.; Lilly, M.B.;
et al. SWOG S0925: A randomized phase II study of androgen deprivation combined with cixutumumab
versus androgen deprivation alone in patients with new metastatic hormone-sensitive prostate cancer. J. Clin.
Oncol. 2015, 33, 1601–1608. [CrossRef]

31. Heller, G.; McCormack, R.; Kheoh, T.; Molina, A.; Smith, M.R.; Dreicer, R.; Saad, F.; de Wit, R.; Aftab, D.T.;
Hirmand, M.; et al. Circulating tumor cell number as a response measure of prolonged survival for metastatic
castration-resistant prostate cancer: A comparison with prostate-specific antigen across five randomized
phase III clinical trials. J. Clin. Oncol. 2018, 36, 572–580. [CrossRef]

32. Murray, N.P.; Reyes, E.; Orellana, N.; Fuentealba, C.; Badinez, L.; Olivares, R.; Porcell, J.; Duenas, R. Secondary
circulating prostate cells predict biochemical failure in prostate cancer patients after radical prostatectomy
and without evidence of disease. Sci. World J. 2013, 2013, 762064. [CrossRef] [PubMed]

33. Murray, N.P.; Aedo, S.; Fuentealba, C.; Reyes, E. 10 Year Biochemical Failure Free Survival of Men with CD82
Positive Primary Circulating Prostate Cells Treated by Radical Prostatectomy. Asian Pac. J. Cancer Prev. 2018,
19, 1577–1583. [PubMed]

34. Keller, L.; Pantel, K. Unravelling tumour heterogeneity by single-cell profiling of circulating tumour cells.
Nat. Rev. Cancer 2019, 19, 553–567. [CrossRef] [PubMed]

35. Gopalan, A.; Leversha, M.A.; Satagopan, J.M.; Zhou, Q.; Al-Ahmadie, H.A.; Fine, S.W.; Eastham, J.A.;
Scardino, P.T.; Scher, H.I.; Tickoo, S.K.; et al. TMPRSS2-ERG gene fusion is not associated with outcome in
patients treated by prostatectomy. Cancer Res. 2009, 69, 1400–1406. [CrossRef] [PubMed]

36. Song, C.; Chen, H. Predictive significance of TMRPSS2-ERG fusion in prostate cancer: A meta-analysis.
Cancer Cell Int. 2018, 18, 177. [CrossRef]

37. Danila, D.C.; Anand, A.; Sung, C.C.; Heller, G.; Leversha, M.A.; Cao, L.; Lilja, H.; Molina, A.; Sawyers, C.L.;
Fleisher, M.; et al. TMPRSS2-ERG status in circulating tumor cells as a predictive biomarker of sensitivity in
castration-resistant prostate cancer patients treated with abiraterone acetate. Eur. Urol. 2011, 60, 897–904.
[CrossRef]

38. Goldkorn, A.; Ely, B.; Tangen, C.M.; Tai, Y.C.; Xu, T.; Li, H.; Twardowski, P.; Veldhuizen, P.J.; Agarwal, N.;
Carducci, M.A.; et al. Circulating tumor cell telomerase activity as a prognostic marker for overall survival
in SWOG 0421: A phase III metastatic castration resistant prostate cancer trial. Int. J. Cancer 2015, 136,
1856–1862. [CrossRef]

39. Silver, D.A.; Pellicer, I.; Fair, W.R.; Heston, W.D.; Cordon-Cardo, C. Prostate-specific membrane antigen
expression in normal and malignant human tissues. Clin. Cancer Res. 1997, 3, 81–85.

40. Sweat, S.D.; Pacelli, A.; Murphy, G.P.; Bostwick, D.G. Prostate-specific membrane antigen expression is
greatest in prostate adenocarcinoma and lymph node metastases. Urology 1998, 52, 637–640. [CrossRef]

41. Autio, K.A.; Dreicer, R.; Anderson, J.; Garcia, J.A.; Alva, A.; Hart, L.L.; Milowsky, M.I.; Posadas, E.M.; Ryan, C.J.;
Graf, R.P.; et al. Safety and Efficacy of BIND-014, a Docetaxel Nanoparticle Targeting Prostate-Specific
Membrane Antigen for Patients with Metastatic Castration-Resistant Prostate Cancer: A Phase 2 Clinical
Trial. JAMA Oncol. 2018, 4, 1344–1351. [CrossRef]

42. Petrylak, D.P.; Vogelzang, N.J.; Chatta, K.; Fleming, M.T.; Smith, D.C.; Appleman, L.J.; Hussain, A.;
Modiano, M.; Singh, P.; Tagawa, S.T.; et al. PSMA ADC monotherapy in patients with progressive metastatic
castration-resistant prostate cancer following abiraterone and/or enzalutamide: Efficacy and safety in
open-label single-arm phase 2 study. Prostate 2020, 80, 99–108. [CrossRef] [PubMed]

43. Armstrong, A.J.; Gupta, S.; Healy, P.; Kemeny, G.; Leith, B.; Zalutsky, M.R.; Spritzer, C.; Davies, C.; Rothwell, C.;
Ware, K.; et al. Pharmacodynamic study of radium-223 in men with bone metastatic castration resistant
prostate cancer. PLoS ONE 2019, 14, e0216934. [CrossRef] [PubMed]

http://dx.doi.org/10.1200/JCO.2014.55.3487
http://dx.doi.org/10.1093/annonc/mdy172
http://dx.doi.org/10.1200/JCO.2014.59.4127
http://dx.doi.org/10.1200/JCO.2017.75.2998
http://dx.doi.org/10.1155/2013/762064
http://www.ncbi.nlm.nih.gov/pubmed/23653529
http://www.ncbi.nlm.nih.gov/pubmed/29936782
http://dx.doi.org/10.1038/s41568-019-0180-2
http://www.ncbi.nlm.nih.gov/pubmed/31455893
http://dx.doi.org/10.1158/0008-5472.CAN-08-2467
http://www.ncbi.nlm.nih.gov/pubmed/19190343
http://dx.doi.org/10.1186/s12935-018-0672-2
http://dx.doi.org/10.1016/j.eururo.2011.07.011
http://dx.doi.org/10.1002/ijc.29212
http://dx.doi.org/10.1016/S0090-4295(98)00278-7
http://dx.doi.org/10.1001/jamaoncol.2018.2168
http://dx.doi.org/10.1002/pros.23922
http://www.ncbi.nlm.nih.gov/pubmed/31742767
http://dx.doi.org/10.1371/journal.pone.0216934
http://www.ncbi.nlm.nih.gov/pubmed/31136607


Cancers 2020, 12, 3782 17 of 21

44. Bradley, D.A.; Daignault, S.; Ryan, C.J.; Dipaola, R.S.; Cooney, K.A.; Smith, D.C.; Small, E.; Mathew, P.;
Gross, M.E.; Stein, M.N.; et al. Cilengitide (EMD 121974, NSC 707544) in asymptomatic metastatic castration
resistant prostate cancer patients: A randomized phase II trial by the prostate cancer clinical trials consortium.
Investig. New Drugs 2011, 29, 1432–1440. [CrossRef] [PubMed]

45. Chi, K.N.; Yu, E.Y.; Jacobs, C.; Bazov, J.; Kollmannsberger, C.; Higano, C.S.; Mukherjee, S.D.; Gleave, M.E.;
Stewart, P.S.; Hotte, S.J. A phase I dose-escalation study of apatorsen (OGX-427), an antisense inhibitor
targeting heat shock protein 27 (Hsp27), in patients with castration-resistant prostate cancer and other
advanced cancers. Ann. Oncol. 2016, 27, 1116–1122. [CrossRef] [PubMed]

46. McHugh, D.; Eisenberger, M.; Heath, E.I.; Bruce, J.; Danila, D.C.; Rathkopf, D.E.; Feldman, J.; Slovin, S.F.;
Anand, B.; Chu, R.; et al. A phase I study of the antibody drug conjugate ASG-5ME, an SLC44A4-targeting
antibody carrying auristatin E, in metastatic castration-resistant prostate cancer. Investig. New Drugs 2019,
37, 1052–1060. [CrossRef]

47. Schweizer, M.T.; Haugk, K.; McKiernan, J.S.; Gulati, R.; Cheng, H.H.; Maes, J.L.; Dumpit, R.F.; Nelson, P.S.;
Montgomery, B.; McCune, J.S.; et al. A phase I study of niclosamide in combination with enzalutamide in
men with castration-resistant prostate cancer. PLoS ONE 2018, 13, e0198389. [CrossRef] [PubMed]

48. Hu, R.; Dunn, T.A.; Wei, S.; Isharwal, S.; Veltri, R.W.; Humphreys, E.; Han, M.; Partin, A.W.; Vessella, R.L.;
Isaacs, W.B.; et al. Ligand-independent androgen receptor variants derived from splicing of cryptic exons
signify hormone-refractory prostate cancer. Cancer Res. 2009, 69, 16–22. [CrossRef]

49. Antonarakis, E.S.; Lu, C.; Wang, H.; Luber, B.; Nakazawa, M.; Roeser, J.C.; Chen, Y.; Mohammad, T.A.;
Chen, Y.; Fedor, H.L.; et al. AR-V7 and resistance to enzalutamide and abiraterone in prostate cancer. N. Engl.
J. Med. 2014, 371, 1028–1038. [CrossRef]

50. Onstenk, W.; Sieuwerts, A.M.; Kraan, J.; Van, M.; Nieuweboer, A.J.; Mathijssen, R.H.; Hamberg, P.;
Meulenbeld, H.J.; de Laere, B.; Dirix, L.Y.; et al. Efficacy of Cabazitaxel in Castration-resistant Prostate Cancer
Is Independent of the Presence of AR-V7 in Circulating Tumor Cells. Eur. Urol. 2015, 68, 939–945. [CrossRef]

51. Antonarakis, E.S.; Lu, C.; Luber, B.; Wang, H.; Chen, Y.; Nakazawa, M.; Nadal, R.; Paller, C.J.; Denmeade, S.R.;
Carducci, M.A.; et al. Androgen Receptor Splice Variant 7 and Efficacy of Taxane Chemotherapy in Patients
with Metastatic Castration-Resistant Prostate Cancer. JAMA Oncol. 2015, 1, 582–591. [CrossRef]

52. Armstrong, A.J.; Halabi, S.; Luo, J.; Nanus, D.M.; Giannakakou, P.; Szmulewitz, R.Z.; Danila, D.C.; Healy, P.;
Anand, M.; Rothwell, C.J.; et al. Prospective Multicenter Validation of Androgen Receptor Splice Variant
7 and Hormone Therapy Resistance in High-Risk Castration-Resistant Prostate Cancer: The PROPHECY
Study. J. Clin. Oncol. 2019, 37, 1120–1129. [CrossRef] [PubMed]

53. Antonarakis, E.S.; Tagawa, S.T.; Galletti, G.; Worroll, D.; Ballman, K.; Vanhuyse, M.; Sonpavde, G.; North, S.;
Albany, C.; Tsao, C.K.; et al. Randomized, noncomparative, phase II trial of early switch from docetaxel to
cabazitaxel or vice versa, with integrated biomarker analysis, in men with chemotherapy-naive, metastatic,
castration-resistant prostate cancer. J. Clin. Oncol. 2017, 35, 3181–3188. [CrossRef] [PubMed]

54. Kirby, B.J.; Jodari, M.; Loftus, M.S.; Gakhar, G.; Pratt, E.D.; Chanel-Vos, C.; Gleghorn, J.P.; Santana, S.M.;
Liu, H.; Smith, J.P.; et al. Functional characterization of circulating tumor cells with a prostate-cancer-specific
microfluidic device. PLoS ONE 2012, 7, e35976. [CrossRef]

55. Scher, H.I.; Lu, D.; Schreiber, N.A.; Louw, J.; Graf, R.P.; Vargas, H.A.; Johnson, A.; Jendrisak, A.; Bambury, R.;
Danila, D.; et al. Association of AR-V7 on circulating tumor cells as a treatment-specific biomarker with
outcomes and survival in castration-resistant prostate cancer. JAMA Oncol. 2016, 2, 1441–1449. [CrossRef]
[PubMed]

56. Scher, H.I.; Graf, R.P.; Schreiber, N.A.; McLaughlin, B.; Jendrisak, A.; Wang, Y.; Lee, J.; Greene, S.; Krupa, R.;
Lu, D.; et al. Phenotypic heterogeneity of circulating tumor cells informs clinical decisions between AR
signaling inhibitors and taxanes in metastatic prostate cancer. Cancer Res. 2017, 77, 5687–5698. [CrossRef]
[PubMed]

57. Miyamoto, D.T.; Lee, R.J.; Kalinich, M.; LiCausi, J.A.; Zheng, Y.; Chen, T.; Milner, J.D.; Emmons, E.; Ho, U.;
Broderick, K.; et al. An RNA-based digital circulating tumor cell signature is predictive of drug response
and early dissemination in prostate cancer. Cancer Discov. 2018, 8, 288–303. [CrossRef] [PubMed]

58. Ferlay, J.; Soerjomataram, I.; Dikshit, R.; Eser, S.; Mathers, C.; Rebelo, M.; Parkin, D.M.; Forman, D.; Bray, F.
Cancer incidence and mortality worldwide: Sources, methods and major patterns in GLOBOCAN 2012.
Int. J. Cancer 2015, 136, E359–E386. [CrossRef]

http://dx.doi.org/10.1007/s10637-010-9420-8
http://www.ncbi.nlm.nih.gov/pubmed/20336348
http://dx.doi.org/10.1093/annonc/mdw068
http://www.ncbi.nlm.nih.gov/pubmed/27022067
http://dx.doi.org/10.1007/s10637-019-00731-5
http://dx.doi.org/10.1371/journal.pone.0198389
http://www.ncbi.nlm.nih.gov/pubmed/29856824
http://dx.doi.org/10.1158/0008-5472.CAN-08-2764
http://dx.doi.org/10.1056/NEJMoa1315815
http://dx.doi.org/10.1016/j.eururo.2015.07.007
http://dx.doi.org/10.1001/jamaoncol.2015.1341
http://dx.doi.org/10.1200/JCO.18.01731
http://www.ncbi.nlm.nih.gov/pubmed/30865549
http://dx.doi.org/10.1200/JCO.2017.72.4138
http://www.ncbi.nlm.nih.gov/pubmed/28632486
http://dx.doi.org/10.1371/annotation/9d3d22ed-dc5a-4484-9254-1584864f4aac
http://dx.doi.org/10.1001/jamaoncol.2016.1828
http://www.ncbi.nlm.nih.gov/pubmed/27262168
http://dx.doi.org/10.1158/0008-5472.CAN-17-1353
http://www.ncbi.nlm.nih.gov/pubmed/28819021
http://dx.doi.org/10.1158/2159-8290.CD-16-1406
http://www.ncbi.nlm.nih.gov/pubmed/29301747
http://dx.doi.org/10.1002/ijc.29210


Cancers 2020, 12, 3782 18 of 21

59. Ghoncheh, M.; Pournamdar, Z.; Salehiniya, H. Incidence and Mortality and Epidemiology of Breast Cancer
in the World. Asian Pac. J. Cancer Prev. 2016, 17, 43–46. [CrossRef]

60. Tarhan, M.O.; Gonel, A.; Kucukzeybek, Y.; Erten, C.; Cuhadar, S.; Yigit, S.C.; Atay, A.; Somali, I.; Dirican, A.;
Demir, L.; et al. Prognostic significance of circulating tumor cells and serum CA15-3 levels in metastatic
breast cancer, single center experience, preliminary results. Asian Pac. J. Cancer Prev. 2013, 14, 1725–1729.
[CrossRef]

61. Wallwiener, M.; Hartkopf, A.D.; Baccelli, I.; Riethdorf, S.; Schott, S.; Pantel, K.; Marmé, F.; Sohn, C.; Trumpp, A.;
Rack, B.; et al. The prognostic impact of circulating tumor cells in subtypes of metastatic breast cancer. Breast
Cancer Res. Treat. 2013, 137, 503–510. [CrossRef]

62. Rack, B.; Schindlbeck, C.; Jückstock, J.; Andergassen, U.; Hepp, P.; Zwingers, T.; Friedl, T.W.; Lorenz, R.;
Tesch, H.; Fasching, P.A.; et al. Circulating tumor cells predict survival in early average-to-high risk breast
cancer patients. J. Natl. Cancer Inst. 2014, 106, dju066. [CrossRef] [PubMed]

63. Georgoulias, V.; Apostolaki, S.; Bozionelou, V.; Politaki, E.; Perraki, M.; Georgoulia, N.; Kalbakis, K.;
Kotsakis, A.; Xyrafas, A.; Agelaki, S.; et al. Effect of front-line chemotherapy on circulating CK-19
mRNA-positive cells in patients with metastatic breast cancer. Cancer Chemother. Pharmacol. 2014, 74,
1217–1225. [CrossRef] [PubMed]

64. Bian, L.; Liu, Y.; Wang, T.; Zhang, S.; Shao, Z.; Tong, Z.; Song, E.; Wang, X.; Liao, N.; Jiang, Z. Prediction value
for dynamic changes of circulating tumor cell in therapeutic response and prognosis of Chinese metastatic
breast cancer patients. Zhonghua Yi Xue Za Zhi 2014, 94, 265–268. [PubMed]

65. Rugo, H.S.; Chien, A.J.; Franco, S.X.; Stopeck, A.T.; Glencer, A.; Lahiri, S.; Arbushites, M.C.; Scott, J.; Park, J.W.;
Hudis, C.; et al. A phase II study of lapatinib and bevacizumab as treatment for HER2-overexpressing
metastatic breast cancer. Breast Cancer Res. Treat. 2012, 134, 13–20. [CrossRef]

66. Pierga, J.Y.; Hajage, D.; Bachelot, T.; Delaloge, S.; Brain, E.; Campone, M.; Diéras, V.; Rolland, E.; Mignot, L.;
Mathiot, C.; et al. High independent prognostic and predictive value of circulating tumor cells compared
with serum tumor markers in a large prospective trial in first-line chemotherapy for metastatic breast cancer
patients. Ann. Oncol. 2012, 23, 618–624. [CrossRef]

67. Helissey, C.; Berger, F.; Cottu, P.; Diéras, V.; Mignot, L.; Servois, V.; Bouleuc, C.; Asselain, B.; Pelissier, S.;
Vaucher, I.; et al. Circulating tumor cell thresholds and survival scores in advanced metastatic breast cancer:
The observational step of the CirCe01 phase III trial. Cancer Lett. 2015, 360, 213–218. [CrossRef]

68. Smerage, J.B.; Barlow, W.E.; Hortobagyi, G.N.; Winer, E.P.; Leyland-Jones, B.; Srkalovic, G.; Tejwani, S.;
Schott, A.F.; O’Rourke, M.A.; Lew, D.L.; et al. Circulating tumor cells and response to chemotherapy in
metastatic breast cancer: SWOG S0500. J. Clin. Oncol. 2014, 32, 3483–3489. [CrossRef]

69. Jiang, Z.F.; Cristofanilli, M.; Shao, Z.M.; Tong, Z.S.; Song, E.W.; Wang, X.J.; Liao, N.; Hu, X.C.; Liu, Y.; Wang, Y.;
et al. Circulating tumor cells predict progression-free and overall survival in Chinese patients with metastatic
breast cancer, HER2-positive or triple-negative (CBCSG004): A multicenter, double-blind, prospective trial.
Ann. Oncol. 2013, 24, 2766–2772. [CrossRef]

70. Trapp, E.; Janni, W.; Schindlbeck, C.; Jückstock, J.; Andergassen, U.; de Gregorio, A.; Alunni-Fabbroni, M.;
Tzschaschel, M.; Polasik, A.; Koch, J.G.; et al. Presence of circulating tumor cells in high-risk early breast
cancer during follow-up and prognosis. J. Natl. Cancer Inst. 2019, 111, 380–387. [CrossRef]

71. Symonds, L.; Linden, H.; Gadi, V.; Korde, L.; Rodler, E.; Gralow, J.; Redman, M.; Baker, K.; Wu, Q.V.;
Jenkins, I.; et al. Combined Targeted Therapies for First-line Treatment of Metastatic Triple Negative Breast
Cancer-A Phase II Trial of Weekly Nab-Paclitaxel and Bevacizumab Followed by Maintenance Targeted
Therapy with Bevacizumab and Erlotinib. Clin. Breast Cancer 2019, 19, e283–e296. [CrossRef]

72. Manso, L.; Antón, F.M.; Perón, Y.I.; Mingorance, J.I.D.; García, P.B.; González, M.J.E.; Martínez-Jañez, N.;
López-González, A.; Garate, C.O.; García, A.B.; et al. Safety of eribulin as third-line chemotherapy in
HER2-negative, advanced breast cancer pre-treated with taxanes and anthracycline: OnSITE study. Breast J.
2019, 25, 219–225. [CrossRef] [PubMed]

73. Liang, S.; Niu, L.; Xu, K.; Wang, X.; Liang, Y.; Zhang, M.; Chen, J.; Lin, M. Tumor cryoablation in combination
with natural killer cells therapy and Herceptin in patients with HER2-overexpressing recurrent breast cancer.
Mol. Immunol. 2017, 92, 45–53. [CrossRef] [PubMed]

http://dx.doi.org/10.7314/APJCP.2016.17.S3.43
http://dx.doi.org/10.7314/APJCP.2013.14.3.1725
http://dx.doi.org/10.1007/s10549-012-2382-0
http://dx.doi.org/10.1093/jnci/dju066
http://www.ncbi.nlm.nih.gov/pubmed/24832787
http://dx.doi.org/10.1007/s00280-014-2598-2
http://www.ncbi.nlm.nih.gov/pubmed/25344760
http://www.ncbi.nlm.nih.gov/pubmed/24731491
http://dx.doi.org/10.1007/s10549-011-1918-z
http://dx.doi.org/10.1093/annonc/mdr263
http://dx.doi.org/10.1016/j.canlet.2015.02.010
http://dx.doi.org/10.1200/JCO.2014.56.2561
http://dx.doi.org/10.1093/annonc/mdt246
http://dx.doi.org/10.1093/jnci/djy152
http://dx.doi.org/10.1016/j.clbc.2018.12.008
http://dx.doi.org/10.1111/tbj.13199
http://www.ncbi.nlm.nih.gov/pubmed/30734437
http://dx.doi.org/10.1016/j.molimm.2017.10.003
http://www.ncbi.nlm.nih.gov/pubmed/29040918


Cancers 2020, 12, 3782 19 of 21

74. Larsson, A.M.; Jansson, S.; Bendahl, P.O.; Jörgensen, C.L.T.; Loman, N.; Graffman, C.; Lundgren, L.;
Aaltonen, K.; Rydén, L. Longitudinal enumeration and cluster evaluation of circulating tumor cells improve
prognostication for patients with newly diagnosed metastatic breast cancer in a prospective observational
trial. Breast Cancer Res. 2018, 20, 48. [CrossRef] [PubMed]

75. Hall, C.S.; Karhade, M.G.; Bauldry, J.B.B.; Valad, L.M.; Kuerer, H.M.; DeSnyder, S.M.; Lucci, A. Prognostic
value of circulating tumor cells identified before surgical resection in nonmetastatic breast cancer patients.
J. Am. Coll. Surg. 2016, 223, 20–29. [CrossRef] [PubMed]

76. Goodman, C.R.; Seagle, B.L.; Friedl, T.W.P.; Rack, B.; Lato, K.; Fink, V.; Cristofanilli, M.; Donnelly, E.D.;
Janni, W.; Shahabi, S.; et al. Association of circulating tumor cell status with benefit of radiotherapy and
survival in early-stage breast cancer. JAMA Oncol. 2018, 4, e180163. [CrossRef] [PubMed]

77. Schramm, A.; Schochter, F.; Friedl, T.W.P.; de Gregorio, N.; Andergassen, U.; Alunni-Fabbroni, M.; Trapp, E.;
Jaeger, B.; Heinrich, G.; Camara, O.; et al. Prevalence of circulating tumor cells after adjuvant chemotherapy
with or without anthracyclines in patients with HER2-negative, hormone receptor-positive early breast
cancer. Clin. Breast Cancer 2017, 17, 279–285. [CrossRef] [PubMed]

78. Jueckstock, J.; Rack, B.; Friedl, T.W.; Scholz, C.; Steidl, J.; Trapp, E.; Tesch, H.; Forstbauer, H.; Lorenz, R.;
Rezai, M.; et al. Detection of circulating tumor cells using manually performed immunocytochemistry (MICC)
does not correlate with outcome in patients with early breast cancer-Results of the German SUCCESS-A-
trial. BMC Cancer 2016, 16, 401. [CrossRef]

79. Hepp, P.; Andergassen, U.; Jäger, B.; Trapp, E.; Alunni-Fabbroni, M.; Friedl, T.W.; Hecker, N.; Lorenz, R.;
Fasching, P.; Schneeweiss, A.; et al. Association of CA27.29 and Circulating Tumor Cells Before and at
Different Times After Adjuvant Chemotherapy in Patients with Early-stage Breast Cancer-The SUCCESS
Trial. Anticancer Res. 2016, 36, 4771–4776. [CrossRef]

80. Lelièvre, L.; Clézardin, P.; Magaud, L.; Roche, L.; Tubiana-Mathieu, N.; Tigaud, J.D.; Topart, D.; Raban, N.;
Mouret-Reynier, M.A.; Mathevet, P. Comparative study of neoadjuvant chemotherapy with and without
zometa for management of locally advanced breast cancer with serum VEGF as primary endpoint:
The NEOZOL study. Clin. Breast Cancer 2018, 18, e1311–e1321. [CrossRef]

81. Tokudome, N.; Ito, Y.; Takahashi, S.; Kobayashi, K.; Taira, S.; Tsutsumi, C.; Oto, M.; Oba, M.; Inoue, K.;
Kuwayama, A.; et al. Detection of circulating tumor cells in peripheral blood of heavily treated metastatic
breast cancer patients. Breast Cancer 2011, 18, 195–202. [CrossRef]

82. Gonzalez-Angulo, A.M.; Lei, X.; Alvarez, R.H.; Green, M.C.; Murray, J.L.; Valero, V.; Koenig, K.B.;
Ibrahim, N.K.; Litton, J.K.; Nair, L.; et al. Phase II randomized study of ixabepilone versus observation
in patients with significant residual disease after neoadjuvant systemic therapy for HER2-negative breast
cancer. Clin. Breast Cancer 2015, 15, 325–331. [CrossRef] [PubMed]

83. Agelaki, S.; Kalykaki, A.; Markomanolaki, H.; Papadaki, M.A.; Kallergi, G.; Hatzidaki, D.; Kalbakis, K.;
Mavroudis, D.; Georgoulias, V. Efficacy of lapatinib in therapy-resistant HER2-positive circulating tumor
cells in metastatic breast cancer. PLoS ONE 2015, 10, e0123683. [CrossRef] [PubMed]

84. Paoletti, C.; Schiavon, G.; Dolce, E.M.; Darga, E.P.; Carr, T.H.; Geradts, J.; Hoch, M.; Klinowska, T.;
Lindemann, J.; Marshall, G.; et al. Circulating biomarkers and resistance to endocrine therapy in metastatic
breast cancers: Correlative results from AZD9496 oral SERD phase I trial. Clin. Cancer Res. 2018, 24,
5860–5872. [CrossRef] [PubMed]

85. Pierga, J.Y.; Bidard, F.C.; Cropet, C.; Tresca, P.; Dalenc, F.; Romieu, G.; Campone, M.; Aït-Oukhatar, C.M.;
le Rhun, E.; Gonçalves, A.; et al. Circulating tumor cells and brain metastasis outcome in patients with
HER2-positive breast cancer: The LANDSCAPE trial. Ann. Oncol. 2013, 24, 2999–3004. [CrossRef]

86. Babayan, A.; Hannemann, J.; Spötter, J.; Müller, V.; Pantel, K.; Joosse, S.A. Heterogeneity of estrogen receptor
expression in circulating tumor cells from metastatic breast cancer patients. PLoS ONE 2013, 8, e75038.
[CrossRef]

87. Somlo, G.; Lau, S.K.; Frankel, P.; Hsieh, H.B.; Liu, X.; Yang, L.; Krivacic, R.; Bruce, R.H. Multiple biomarker
expression on circulating tumor cells in comparison to tumor tissues from primary and metastatic sites in
patients with locally advanced/inflammatory, and stage IV breast cancer, using a novel detection technology.
Breast Cancer Res. Treat. 2011, 128, 155–163. [CrossRef]

88. Reis-Filho, J.S.; Pusztai, L. Gene expression profiling in breast cancer: Classification, prognostication,
and prediction. Lancet 2011, 378, 1812–1823. [CrossRef]

http://dx.doi.org/10.1186/s13058-018-0976-0
http://www.ncbi.nlm.nih.gov/pubmed/29884204
http://dx.doi.org/10.1016/j.jamcollsurg.2016.02.021
http://www.ncbi.nlm.nih.gov/pubmed/27049782
http://dx.doi.org/10.1001/jamaoncol.2018.0163
http://www.ncbi.nlm.nih.gov/pubmed/29800954
http://dx.doi.org/10.1016/j.clbc.2016.11.008
http://www.ncbi.nlm.nih.gov/pubmed/28190761
http://dx.doi.org/10.1186/s12885-016-2454-3
http://dx.doi.org/10.21873/anticanres.11034
http://dx.doi.org/10.1016/j.clbc.2018.07.005
http://dx.doi.org/10.1007/s12282-011-0259-4
http://dx.doi.org/10.1016/j.clbc.2015.03.004
http://www.ncbi.nlm.nih.gov/pubmed/25913905
http://dx.doi.org/10.1371/journal.pone.0123683
http://www.ncbi.nlm.nih.gov/pubmed/26083256
http://dx.doi.org/10.1158/1078-0432.CCR-18-1569
http://www.ncbi.nlm.nih.gov/pubmed/30082476
http://dx.doi.org/10.1093/annonc/mdt348
http://dx.doi.org/10.1371/journal.pone.0075038
http://dx.doi.org/10.1007/s10549-011-1508-0
http://dx.doi.org/10.1016/S0140-6736(11)61539-0


Cancers 2020, 12, 3782 20 of 21

89. Eroles, P.; Bosch, A.; Perez-Fidalgo, J.A.; Lluch, A. Molecular biology in breast cancer: Intrinsic subtypes and
signaling pathways. Cancer Treat. Rev. 2012, 38, 698–707. [CrossRef]

90. Kapp, A.V.; Jeffrey, S.S.; Langerod, A.; Borresen-Dale, A.L.; Han, W.; Noh, D.Y.; Bukholm, I.R.; Nicolau, M.;
Brown, P.O.; Tibshirani, R. Discovery and validation of breast cancer subtypes. BMC Genom. 2006, 7, 231.
[CrossRef]

91. Crown, J.; O’Shaughnessy, J.; Gullo, G. Emerging targeted therapies in triple-negative breast cancer.
Ann. Oncol. 2012, 23 (Suppl. 6), vi56–vi65. [CrossRef]

92. Jaeger, B.A.S.; Neugebauer, J.; Andergassen, U.; Melcher, C.; Schochter, F.; Mouarrawy, D.; Ziemendorff, G.;
Clemens, M.; Abel, E.V.; Heinrich, G.; et al. The HER2 phenotype of circulating tumor cells in HER2-positive
early breast cancer: A translational research project of a prospective randomized phase III trial. PLoS ONE
2017, 12, e0173593. [CrossRef] [PubMed]

93. Fehm, T.; Müller, V.; Aktas, B.; Janni, W.; Schneeweiss, A.; Stickeler, E.; Lattrich, C.; Löhberg, C.R.;
Solomayer, E.; Rack, B.; et al. HER2 status of circulating tumor cells in patients with metastatic breast cancer:
A prospective, multicenter trial. Breast Cancer Res. Treat. 2010, 124, 403–412. [CrossRef] [PubMed]

94. Ligthart, S.T.; Bidard, F.C.; Decraene, C.; Bachelot, T.; Delaloge, S.; Brain, E.; Campone, M.; Viens, P.;
Pierga, J.Y.; Terstappen, L.W. Unbiased quantitative assessment of Her-2 expression of circulating tumor cells
in patients with metastatic and non-metastatic breast cancer. Ann. Oncol. 2013, 24, 1231–1238. [CrossRef]
[PubMed]

95. Ignatiadis, M.; Litière, S.; Rothe, F.; Riethdorf, S.; Proudhon, C.; Fehm, T.; Aalders, K.; Forstbauer, H.;
Fasching, P.A.; Brain, E.; et al. Trastuzumab versus observation for HER2 nonamplified early breast cancer
with circulating tumor cells (EORTC 90091-10093, BIG 1-12, Treat CTC): A randomized phase II trial.
Ann. Oncol. 2018, 29, 1777–1783. [CrossRef]

96. Azim, H.A.; Rothé, F., Jr.; Aura, C.M.; Bavington, M.; Maetens, M.; Rouas, G.; Gebhart, G.; Gamez, C.;
Eidtmann, H.; Baselga, J.; et al. Circulating tumor cells and response to neoadjuvant paclitaxel and
HER2-targeted therapy: A sub-study from the NeoALTTO phase III trial. Breast 2013, 22, 1060–1065.
[CrossRef]

97. Pierga, J.Y.; Petit, T.; Lévy, C.; Ferrero, J.M.; Campone, M.; Gligorov, J.; Lerebours, F.; Roché, H.; Bachelot, T.;
Charafe-Jauffret, E.; et al. Pathological response and circulating tumor cell count identifies treated HER2+

inflammatory breast cancer patients with excellent prognosis: BEVERLY-2 survival data. Clin. Cancer Res.
2015, 21, 1298–1304. [CrossRef]

98. Konig, A.; Vilsmaier, T.; Rack, B.; Friese, K.; Janni, W.; Jeschke, U.; Andergassen, U.; Trapp, E.; Juckstock, J.;
Jager, B.; et al. Determination of interleukin-4, -5, -6, -8 and -13 in serum of patients with breast cancer before
treatment and its correlation to circulating tumor cells. Anticancer Res. 2016, 36, 3123–3130.

99. Vilsmaier, T.; Rack, B.; König, A.; Friese, K.; Janni, W.; Jeschke, U.; Weissenbacher, T. Influence of Circulating
Tumour Cells on Production of IL-1α, IL-1β and IL-12 in Sera of Patients with Primary Diagnosis of Breast
Cancer Before Treatment. Anticancer Res. 2016, 36, 5227–5236. [CrossRef]

100. Vilsmaier, T.; Rack, B.; Janni, W.; Jeschke, U.; Weissenbacher, T. Angiogenic cytokines and their influence on
circulating tumour cells in sera of patients with the primary diagnosis of breast cancer before treatment.
BMC Cancer 2016, 16, 547. [CrossRef]

101. Paoletti, C.; Li, Y.; Muñiz, M.C.; Kidwell, K.M.; Aung, K.; Thomas, D.G.; Brown, M.E.; Abramson, V.G.;
Irvin, W.J., Jr.; Lin, N.U.; et al. Significance of circulating tumor cells in metastatic triple-negative breast
cancer patients within a randomized, phase II trial: TBCRC 019. Clin. Cancer Res. 2015, 21, 2771–2779.
[CrossRef]

102. Foroni, C.; Milan, M.; Strina, C.; Cappelletti, M.; Fumarola, C.; Bonelli, M.; Bertoni, R.; Ferrero, G.; Maldotti, M.;
Takano, E.; et al. Pure anti-tumor effect of zoledronic acid in naïve bone-only metastatic and locally advanced
breast cancer: Proof from the “biological window therapy”. Breast Cancer Res. Treat. 2014, 144, 113–121.
[CrossRef] [PubMed]

103. Smerage, J.B.; Budd, G.T.; Doyle, G.V.; Brown, M.; Paoletti, C.; Muniz, M.; Miller, M.C.; Repollet, M.I.;
Chianese, D.A.; Connelly, M.C.; et al. Monitoring apoptosis and Bcl-2 on circulating tumor cells in patients
with metastatic breast cancer. Mol. Oncol. 2013, 7, 680–692. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.ctrv.2011.11.005
http://dx.doi.org/10.1186/1471-2164-7-231
http://dx.doi.org/10.1093/annonc/mds196
http://dx.doi.org/10.1371/journal.pone.0173593
http://www.ncbi.nlm.nih.gov/pubmed/28586395
http://dx.doi.org/10.1007/s10549-010-1163-x
http://www.ncbi.nlm.nih.gov/pubmed/20859679
http://dx.doi.org/10.1093/annonc/mds625
http://www.ncbi.nlm.nih.gov/pubmed/23275633
http://dx.doi.org/10.1093/annonc/mdy211
http://dx.doi.org/10.1016/j.breast.2013.08.014
http://dx.doi.org/10.1158/1078-0432.CCR-14-1705
http://dx.doi.org/10.21873/anticanres.11093
http://dx.doi.org/10.1186/s12885-016-2612-7
http://dx.doi.org/10.1158/1078-0432.CCR-14-2781
http://dx.doi.org/10.1007/s10549-014-2840-y
http://www.ncbi.nlm.nih.gov/pubmed/24469643
http://dx.doi.org/10.1016/j.molonc.2013.02.013
http://www.ncbi.nlm.nih.gov/pubmed/23538216


Cancers 2020, 12, 3782 21 of 21

104. Guan, X.; Ma, F.; Li, C.; Wu, S.; Hu, S.; Huang, J.; Sun, X.; Wang, J.; Luo, Y.; Cai, R.; et al. The prognostic and
therapeutic implications of circulating tumor cell phenotype detection based on epithelial-mesenchymal
transition markers in the first-line chemotherapy of HER2-negative metastatic breast cancer. Cancer Commun.
2019, 39, 1–10. [CrossRef] [PubMed]

105. Barriere, G.; Riouallon, A.; Renaudie, J.; Tartary, M.; Rigaud, M. Mesenchymal characterization: Alternative
to simple CTC detection in two clinical trials. Anticancer Res. 2012, 32, 3363–3369.

106. Horimoto, Y.; Tokuda, E.; Murakami, F.; Uomori, T.; Himuro, T.; Nakai, K.; Orihata, G.; Iijima, K.; Togo, S.;
Shimizu, H.; et al. Analysis of circulating tumour cell and the epithelial mesenchymal transition (EMT)
status during eribulin-based treatment in 22 patients with metastatic breast cancer: A pilot study. J. Transl.
Med. 2018, 16, 287. [CrossRef]

107. Onstenk, W.; de Klaver, W.; de Wit, R.; Lolkema, M.; Foekens, J.; Sleijfer, S. The use of circulating tumor cells
in guiding treatment decisions for patients with metastatic castration-resistant prostate cancer. Cancer Treat.
Rev. 2016, 46, 42–50. [CrossRef]

108. Scheel, C.; Weinberg, R.A. Cancer stem cells and epithelial-mesenchymal transition: Concepts and molecular
links. Semin. Cancer Biol. 2012, 22, 396–403. [CrossRef]

109. Paoletti, C.; Muniz, M.C.; Thomas, D.G.; Griffith, K.A.; Kidwell, K.M.; Tokudome, N.; Brown, M.E.; Aung, K.;
Miller, M.C.; Blossom, D.L.; et al. Development of circulating tumor cell-endocrine therapy index in patients
with hormone receptor-positive breast cancer. Clin. Cancer Res. 2015, 21, 2487–2498. [CrossRef]

110. Hashemi Goradel, N.; Najafi, M.; Salehi, E.; Farhood, B.; Mortezaee, K. Cyclooxygenase-2 in cancer: A review.
J. Cell Physiol. 2019, 234, 5683–5699. [CrossRef]

111. Alix-Panabieres, C. The future of liquid biopsy. Nature 2020, 579, S9. [CrossRef]
112. Cabel, L.; Proudhon, C.; Gortais, H.; Loirat, D.; Coussy, F.; Pierga, J.Y.; Bidard, F.C. Circulating tumor cells:

Clinical validity and utility. Int. J. Clin. Oncol. 2017, 22, 421–430. [CrossRef] [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1186/s40880-018-0346-4
http://www.ncbi.nlm.nih.gov/pubmed/30606259
http://dx.doi.org/10.1186/s12967-018-1663-8
http://dx.doi.org/10.1016/j.ctrv.2016.04.001
http://dx.doi.org/10.1016/j.semcancer.2012.04.001
http://dx.doi.org/10.1158/1078-0432.CCR-14-1913
http://dx.doi.org/10.1002/jcp.27411
http://dx.doi.org/10.1038/d41586-020-00844-5
http://dx.doi.org/10.1007/s10147-017-1105-2
http://www.ncbi.nlm.nih.gov/pubmed/28238187
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Evidence Acquisition 
	Isolation Methods 
	Evidence Synthesis Prostate Cancer 
	CTC Enumeration—Prostate Cancer 
	Functional Characterization of CTCs—Prostate Cancer 

	Evidence Synthesis—Breast Cancer 
	CTC Enumeration—Breast Cancer 
	Functional Characterization of CTCs—Breast Cancer 

	Perspectives of Real-Time Monitoring 
	Discussion 
	Conclusions and Future Perspectives 
	References

