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The concept of liquid biopsy and the isolation and analysis of circulating biomarkers from blood samples, has been proposed as a surrogate to solid biopsies and could have the potential to revolutionize the management of cancer patients. The relevance of circulating tumor cells (CTCs) and the importance of the information they carry is acknowledged by the medical community. But what are the barriers to clinical adoption? This review draws a panorama of the biological implications of CTCs, their physical and biochemical properties and the current technological bottlenecks for their analysis in relation with the medical needs. Keys and considerations to bridge the technological and clinical gaps that still need to be overcomed to be able to introduce CTCs in clinical routine are finally synthesized.

Introduction

Cancer is referred as a generic term for a large group of related diseases characterized by the continual and unregulated proliferation of cells. It is believed that cancer onset is the result from a series of genetic changes directly linked with cell division and growth deregulation. Cells growing in an uncontrolled manner invade normal tissues and organs resulting in an abnormal neoplasm formation, commonly referred as tumor. A tumor is considered as malignant when it is capable of both invading surrounding normal tissue and spreading throughout the body.

Although the formation of a tumor in a primary site implies a health risk for patients, the formation of distant metastases is the deadliest phase of cancer progression. Patients with metastatic disease often present one or more clinically detectable micrometastatic/macrometastatic foci. However, it is likely that many others could be present but not detectable.

Currently the spreading of cancer, or metastasis, is impossible to prevent and treatments at this stage of the disease are much less successful. One of the reasons of the poor outcome of treatments is that current treatment strategies are usually based on the pathological and molecular analysis of tissue biopsies obtained from the primary tumor and not from the overall setting including metastatic lesions. Diagnosis based on the analysis of a single-tumor biopsy is not always accurate, as it only reflects a single point in time of the whole intratumoral heterogeneity, and limits its application for prognosis and for the evaluation of treatment efficacy. [1] Given this context, there is a clinical need for repeated biopsies at different timepoints and tissues, which is often impractical and represents a risk for the patient, in order to access to the cancer-related biological information that could improve the clinical management of patients.

The field of oncology is in a continuous quest for reliable biomarkers that could provide relevant information for diagnosis, risk stratification and prognosis of patients. Moreover, cancer biomarkers could also be analyzed to predict response to treatment and enable monitoring of disease progression. Ultimately, cancer biomarkers have the potential to be used for early detection of cancer. [START_REF]Welcome to EDRN -EDRN Public Portal[END_REF][START_REF]GRAIL -Detecting Cancer Early, When It Can Be Cured[END_REF] In order to significantly improve the clinical management of patients and disease outcome, those biomarkers must be easily obtained and analyzed in clinical settings in a consistent, less invasive, and repeated manner. As cancer biomarkers play a critical role in all stages of cancerous pathology, efforts have focused on investigating the biological material of diverse biological body fluids such as blood, urine, saliva, seminal plasma, cerebrospinal fluid, to name a few. [START_REF] Nakamura | [END_REF]5] In this context, cancer biomarkers, at the cellular and molecular level, carried by the bloodstream, have given rise to the emerging concept of liquid biopsy. Liquid biopsy arises as a minimally invasive approach fitting into current clinical practice and offering advantages over traditional tissue biopsies such as increased temporal and spatial representativeness of the heterogeneity of solid tumors, and more frequent sampling. [6] These added features would mainly enable real-time monitoring of the disease and study of the biological behavior of the tumor, particularly valuable during disease follow-up for the application of a treatment plan tailored at the patient scale which the community now refers to as precision medicine.

In this review, we address the most common blood-based biomarkers, in the field of liquid biopsy, having clinically-applicable potential, with a particular emphasis on one class of bloodbased biomarker: circulating tumor cells (CTCs).

Tumor progression and cancer dissemination pathway

The development of a tumor is a multistep process as a consequence of multiple abnormalities which accumulate over time. Tumor onset is thought to be the result of a genetic alteration at the cellular level. Broadly, malignant cells will proliferate and interact with many other surrounding cells forming what is known as tumor microenvironment. This heterogeneous cellular environment contains cells of the immune system, fibroblasts, vasculature and lymphatic nodes, as well as extracellular matrix. [7] Altogether, the latter interact in a dynamic manner but little is known about their biological interactions and functions during tumor progression even though they are widely investigated today. The net contribution of the interaction between the tumor and its microenvironment regulates, either positively or negatively, tumor survival and progression. At early stages, the microenvironment tends to exert anti-malignant functions, whereas at late stages it exerts pro-malignant ones. [8] According to the so-called Darwinian model, tumors evolve towards greater malignancy over time promoting an invasive behavior and dissemination in later stages of tumor evolution. Thus, the development of distant metastases is the final step in tumor progression. [9,10] This model successfully explains the steps of tumor progression and it has naturally been extended to account for cancer metastasis. However, it faces conceptual problems to explain clinical observations suggesting that metastatic seeding occurs prior to the formation of an identifiable primary tumor. [10][11][12][13] These clinical observations are the basis of a new model of cancer spreading. Currently, both hypotheses are widely studied, however, the second one faces greater challenges given its clinical nature. In 1889, Stephen Paget stated the 'seed and soil' hypothesis in order to elucidate the formation of metastases in certain organs, e.g. breast and prostate cancer often metastasizing in bone, establishing that tumor cells (seeds) from a primary tumor have a preference for specific organs (soil) concluding that metastases form only when the seed and soil are compatible. [14] This phenomenon is also known as metastatic organotropism.

Accordingly, the metastatic cascade mainly comprises the physical translocation of a cancer cell from the primary tumor to the microenvironment of a distant tissue having as end-stage its colonization. This process consists in a series of complex steps, which must be successfully completed, involving (Figure 1 for the tumor to grow. In fact, angiogenesis is a prerequisite for massive tumor growth and metastatic progression. [16] This neo-vasculature can also provide an escape route from which cells can leave the tumor and enter into the body's circulatory blood system. Tumor cells must first detach from the primary tumor and invade towards blood vessels, penetrating the basement membrane and the endothelium, and finally disseminating through the blood vessel. Cancer invasion is initiated and maintained by signaling pathways that control cytoskeletal dynamics in tumor cells and regulate the mechanism of cell adhesion (cell-matrix and cell-cell). This suggests the microenvironment plays a significant role in determining cancer cell migration. [17,18] Depending on the tumor environment, cancer cell migration can occur individually, when cell-cell junctions are absent, or collectively as multicellular groups, when cell-cell adhesions are retained. Cancer invasion is not always the result of an active cell migration. When the surrounding tissue does not hinder the expansion of the tumor, the expansive growth may displace cells by volume expansion and pushing, this phenomenon accounting for a passive migration model. [17] On the other hand, the process of cancer cell individualization and acquisition of an invasive migratory phenotype is associated with the activation of the epithelial-to-mesenchymal transition (EMT) program, which allows an active migration of cancer cells. [19] It has been observed that invading cells often display characteristic EMT markers, such as downregulation of E-cadherin and upregulation of Vimentin expression, while losing some epithelial characteristics, such as polarity. [20] However, the downregulation of E-cadherin expression is likely tunable as evidenced by the identification of hybrid phenotypes, suggesting that cells could undergo a partial EMT process during migration. [21] Tumor cells transitioning between epithelial and mesenchymal phenotypes, (i.e., partial EMT) have mixed epithelial (e.g., adhesion) and mesenchymal (e.g., migration) properties, thereby allowing them to move collectively as clusters. [22] More recently, a cooperative model has also been proposed in which EMT and non-EMT cells cooperate to complete the migration process and subsequent metastasis. [19,23] Migratory cells that detached from the primary tumor and successfully intravasate into blood vessels are likely to follow the hematogenous route for spreading through the body. Although the circulatory system is frequently considered as the major route for cancer dissemination, evidence suggests that the lymphatic system also plays a role in it. [START_REF] Wong | Cell Cycle Georget[END_REF] Gaining access to the circulatory system provide tumor cells, also known as CTCs in this stage of cancer spreading, direct access to virtually all organs of the body. The amount of cells released by the tumor and entering the blood circulation is estimated to be in the range of millions, 3 to 4 millions of cells/day per gram of primary tumor in murine models, [25] but just a few will survive within the bloodstream. Once into the blood circulation, major CTC death occurs due to anoikis, a programmed cell death that occurs when they detach from the extracellular matrix. [26] CTCs are also directly exposed to the innate immune system and most of them are cleared by natural killer (NK) cells through immune-cell-mediated lysis. Nevertheless, a small subpopulation of CTCs might evade or survive encounters with immune cells by means of diverse mechanisms. [27] Additionally, CTCs must survive the effects of fluid shear within the blood flow in order to contribute to metastatic seeding. Based on these observations, we can infer that the persistence of CTCs in blood circulation is limited. Its half-life has been estimated to be in the range of 1-2.4 h, in breast cancer patients. [28] Cancer cells in blood circulation will disseminate following blood-flow patterns. In fact, in 1920, James Ewing challenged the 'seed and soil' hypothesis suggesting that circulatory patterns between a primary tumor and determined secondary organs were sufficient to initiate organ-specific metastasis. [START_REF] Ewing | Neoplastic Diseases; a Treatise on Tumors[END_REF] Both hypotheses are not mutually exclusive but rather complementary, and it is believed that both contribute to the formation of site-specific metastasis, as evidenced by various autopsy studies and murine in vivo models. [START_REF] Gassmann | [END_REF][31][32][33] Thus, routing dictated by the innate blood circulation and the local microenvironment of the host organ determine the formation of a secondary tumor.

CTCs usually get trapped in the first (or second) capillary bed they encounter during their first pass through the heart, this due to size restriction since they are generally 2 to 4-fold larger in diameter than capillaries (~8-μm diameter) (Figure 2,A). Other physical factors such as hemodynamic forces and deformability of the cancer cell will determine their arresting in the microvasculature. [34] It is thought that physical trapping within capillaries is one of the mechanisms exploited by tumor cells for extravasation. However, CTCs can undergo adhesive lodging in pre-capillary vessels (venules) that are larger than the cancer cell, via adhesion molecules which facilitate direct interaction with the endothelium (Figure 2,B). [33,35,36] Only those cells that find a stable adhesion and chemoattractive gradient arising from a particular tissue will extravasate into a new site.

Infiltrated cancer cells may invade the local extracellular matrix and colonize the targeted distant tissue. In addition, CTCs can also re-infiltrate their primary tumors of origin (selfseeding) and affect tumor progression. [37] Molecular interactions between the local microenvironment and the extravasated CTCs, also known as disseminated tumor cells (DTCs), are critical and will determine DTCs survival and adaptation. This stage of the metastatic cascade is considered to be the less efficient, only a small subset (<0.01%) of infiltrated cancer cells is able to initiate cell division and proliferate, [38] and the vast majority will undergo apoptosis within 24 hours of extravasation. [39,40] Accordingly, cells that survive to the new microenvironment will form micrometastases and an even smaller portion of them will continue their growth to form macroscopic metastases (Figure 2E-F). This suggests that only a subset of CTCs has a metastasis-initiating capacity. [41,42] It is thought that CTCs with an epithelial-like phenotype are more suitable for colonization implying that metastases might arise from CTCs with preserved epithelial characteristics or from cells having undergone EMT, and upon reaching a secondary organ undergo the reverse process (mesenchymalto-epithelial transition or MET). Moreover, infiltrated CTCs can adopt a dormancy state, meaning that viable DTCs may persist and survive within the host tissue for long periods of time in a quiescentnonproliferative state (Figure 2,D). The mechanisms governing this quiescent state remain elusive and are the subject of intense investigation. [43,44] In line with this idea, the parallelprogression model of cancer metastasis is reinforced proposing that early dissemination of cancer cells from the primary tumor may occur and may undergo parallel progression. [12] To add an additional layer of complexity, it was recently suggested that distant tissue microenvironment could undertake a series of molecular and cellular changes to form a premetastatic niche before the arrival of tumor cells, and subsequently, facilitate tumor cell colonization and promote metastasis. [45] This phenomenon could be driven by the interplay among primary tumor-derived factors, tumor-mobilized bone marrow-derived cells, and local stromal components. [46] As here discussed, the fate of metastasis relies on the translocation of tumor cells and their colonization in a distant host environment. From a therapeutic standpoint, understanding the mechanisms of physical translocation would provide insights and new therapeutic strategies for preventing metastasis in patients who are diagnosed with early cancer lesions. The comprehension of mechanisms leading to a successful colonization could lead to more effective therapies in patients with already-established metastases. Therefore, the successful translation of new research findings into clinical routine depends, among many other things, on the sampling of clinically accessible biological targets.

Liquid biopsy: blood-based cancer biomarkers

Liquid biopsy has become recognized as a novel source of cancer biomarkers (Figure 3), and these blood-based signatures can be addressed by analyzing tumor-derived materials such as CTCs, cell-free fragments of nucleic acids (DNA, mRNA, miRNA, and lncRNAs), proteins, peptides, or extracellular vesicles. More recently, tumor-educated platelets have also been reported as another source of tumor signature in blood. [47] Among the vast range of tumorderived material in the bloodstream, circulating tumor cells, circulating free DNA (cfDNA), and extracellular vesicles dominate the research field of liquid biopsy. Historically, the presence of epithelial cells in blood was first documented by Thomas Ashworth in 1869. Nonetheless, the detection of epithelial cancer cells hidden among hematopoietic cells was intensively investigated and recognized in bone marrow during the 90's in the field of minimal residual disease (MRD) monitoring. [START_REF] Braun | Cytokeratin-Positive Cells in the Bone Marrow and Survival of Patients with Stage I, II, or III Breast Cancer[END_REF][START_REF] Fehm | [END_REF] Following those findings, researchers focused on peripheral blood as an easier access to cancer epithelial cells, later named CTCs. [50][51][START_REF] Gertler | Mol. Staging Cancer[END_REF][START_REF] Sabbatini | [END_REF] Along this line, the presence of fragments of cell-free DNA in human blood was first described in 1948 by Mandel and Métais, but it was until 1989 that Stroun reported at least some cfDNA in the plasma of patients with cancer originates from cancer cells. [54] A few years later, the term circulating tumor DNA (ctDNA) was introduced when it was formally confirmed that mutant DNA fragments in plasma were of tumor origin. [55] The relative ease of isolating cell-free DNA from plasma samples and the advent of digital PCR and next-generation sequencing-based technologies have spurred research activity in this field. [56] In the last decade, tumor-secreted extracellular vesicles have emerged as a source of intracellular components such as proteins and RNA. [57,58] Hereafter, a broad introduction of these categories of blood-based biomarkers will be provided, with a particular emphasis on the field of CTCs, since this biomarker is the main subject of this review.

Circulating tumor DNA (ctDNA)

Cell-free DNA is continuously released in fragments into the blood circulation through processes such as apoptosis and necrosis, and possibly also active secretion, by both normal and cancerous cells (Figure 4). [56] Circulating free DNA (cfDNA) has a half-life in the circulation ranging from 16 minutes to 2.5 hours and a characteristic length in integer multiples of 180-200 base pairs. [56,59] On the other hand, circulating tumor DNA (ctDNA) only represents a small fraction (<1%) of total cfDNA and these molecules are shorter than non-mutant cfDNA (134-144bp). [56] Thus, the size of DNA fragments is one of the accessible parameters to discriminate between tumor-derived and non-tumor DNA, but still, the biology behind cfDNA fragmentation is unclear. [60] However, longer fragments of cfDNA could potentially provide complementary information.

As a cancer biomarker, ctDNA is attractive due to the ease with which plasma can be collected and analyzed using a simple workflow. However, its analysis requires highly sensitive techniques such as conventional PCR-based assays and more advanced technologies as targeted/whole-genome sequencing, since tumor-specific mutations can represent as low as 0.01% of the total cfDNA. [61] These assays provide information about cfDNA levels or genomic signatures such as point mutations, copy number alterations, and methylation changes (Figure 4). The quantitative information obtained allows for the assessment of molecular heterogeneity, monitoring of tumor dynamics, identification of genetic determinants for therapy, tracking of genomic evolution and development of acquired resistance. [56,59] A hallmark of ctDNA analyses is its high degree of specificity as mutations found in cfDNA are in essence unique signatures of cancer. In terms of sensitivity, ctDNA levels are high enough to be detected in most patients with advanced cancer. However, its extrapolation towards early-stage disease and minimal residual disease remains elusive.

Extracellular vesicles (EVs): Exosomes

Tumor-secreted extracellular vesicles (EVs) mainly comprise microvesicles and exosomes, and those are recognized as critical mediators of intercellular communication between tumor cells and stromal cells in local and distant microenvironments. Moreover, they are also implicated in cell-cell communication between cancer cells. Thereby, tumor-secreted vesicles are thought to participate in multiple steps during cancer invasion and perhaps contribute to early steps involved in metastasis. [58] Emerging evidence suggests that EVs, particularly exosomes, derived from cancer cells along with the molecular information they contain can be used as cancer biomarkers. Exosomes are small, 30-150 nm in diameter, membranous vesicles that contain multiple molecules inside, such as nucleic acids (DNA, mRNA, miRNA, and lncRNAs), proteins (receptors, transcription factors, enzymes, extracellular matrix proteins), and lipids. A representation of the tumor transcriptome can be addressed by analyzing exosomal nucleic acids.

Particularly, exosomal miRNAs have been the subject of growing attention as a potential cancer biomarker for diagnosis and monitoring of therapeutic efficiency due to its stability. [57,62] A limiting factor to establish the routine application of exosomes as cancer biomarkers has been limited by fundamental technical and methodological challenges relying on their small size and the extensive sample preparation required prior to analysis. [63] Nevertheless, given their rich molecular content, exosomes could provide a complementary proteomic and genetic profile of the cell of origin, a trait that cfDNA cannot achieve by itself.

Circulating tumor cells (CTCs)

Intravascular transit of CTCs

As previously stated, tumor cells can reach the systemic circulation, ~4 million of cells/day per gram of primary tumor, [25] as individual cells or as clusters, and clear from circulation within a couple of hours. [28] These epithelial cells exposed to non-adherent conditions are more likely to undergo anoikis, a form of apoptosis. However, tumor cells with an increased malignant potential could develop anoikis resistance through diverse mechanisms, these features being mainly acquired during tumor development and cell invasion in the primary tumor. [26] In addition to the developed anoikis resistance, other threats present in the blood environment must be overcome by CTCs, which include evading the immune system and withstanding the hemodynamic forces. The survival of the rarely found CTCs in the blood circulation mainly depends on the favorable interactions these might have with the abundant background of normal blood cells. This interplay mainly takes place with leukocytes and platelets, cells related to the immune surveillance and coagulation respectively, and, together, represent approximately 1%

of the total blood cell population. Certainly, a direct cell-cell interaction with blood cells is unavoidable and only cancer cells adapted to the circulatory environment may survive.

In order to escape immune surveillance, tumor cells can shed the presentation of ligands involved in their recognition and interrogation by immune system cells, mainly natural killer (NK) cells and cytotoxic T lymphocytes, this representing an advantage to circumvent their elimination. NK cells are well-renowned in controlling the growth of cancer cells at the tissue level. However, their role in preventing metastatic spread has not been clearly demonstrated yet, although recent evidence suggests the necessity of direct cell-cell contact for the elimination of CTCs. [27,64] Recently, studies have also suggested the direct adherence of CTCs on top of neutrophils indicating that CTCs could potentially use immune cells as a bridge to facilitate extravasation, [65,66] as well as the presence of circulating giant macrophages capable of binding CTCs in peripheral blood indicating that CTCs interact with almost all leukocytes. [START_REF] Adams | Proc. Natl. Acad. Sci. S. A[END_REF] In line with these observations, platelets, the second most abundant population of blood cells, have been shown to actively interact with cancer cells contributing to the haematogenous spread of cancer during invasion, translocation, and extravasation. [START_REF] Yan | [END_REF] Early studies evidenced a relation between blood coagulation and cancer disease, since thrombosis is a frequent complication of cancer and it is the second most common cause of death in cancer patients. [69] The association between platelets and CTCs during translocation, known as tumor cell-induced platelet aggregation, confers several advantages to the immunoevasion. It has been reported that the aggregation/adhesion of platelets around tumor cells may form a protective 'cloak' that could shield CTCs from natural killer cell-mediated cytotoxicity and TNF-α mediated cytolysis. [70,71] Adherent platelets may also protect cancer cells from hemodynamic shear stress exerted by blood flow. Moreover, platelet aggregation may also contribute to the activation of EMT program on CTCs and aid the extravasation of CTCs by enhancing their adhesion to the endothelium. [72,73] In addition to the physicochemical interactions between blood cells and CTCs, cancer cells undergo shear stress mainly generated from blood flow but also from collisions between CTCs, blood cells, and endothelial cells lining the vessel wall. [74] It has been hypothesized that hemodynamic shear stress in human circulation (5-40 Pa in venous circulation, 40-300 Pa in arterial circulation) could affect cancer cell survival within the bloodstream inducing significant membrane and cytoskeletal changes and triggering apoptosis.

Indeed, in accordance with this hypothesis, it has recently been shown that cancer cell lines with higher metastatic potential are more resistant to shear stress. [75][76][77] However, it remains unclear whether hemodynamic shear stress can modulate the biophysical properties and functions of CTCs and confer them a metastasis-initiating capacity. As here reviewed, blood circulation is an aggressive environment for foreign tumor cells. Besides the aforementioned survival mechanisms, the survival of tumor cells disseminated through the blood circulation might be enhanced when cancer cells translocate as clusters, also called tumor microemboli.

Clusters are rare in the circulation, 2-5% of the total circulating cancer-associated cells population in comparison with single CTCs, [78,79] and it is thought that they arise from the solid tumor and not from intravascular aggregation events. [80] The number of cells within clusters, in cancer patients, varies from two to over 100 cells where the majority of them exist as small 2-4 cell-aggregates. [81,82] CTC clusters depict increased anoikis resistance due to a combination of mesenchymal properties, as compared to single CTCs, and persistent epithelial cell-cell junctions. [83] Further, the cooperation between cells within CTC clusters may confer resistance to hemodynamic forces within the circulation. In addition to its capacity to survive in the bloodstream, CTC clusters are also suggested to have an increased metastatic potential. [78] 

Biophysical differences of CTCs and blood cells

The presence of cancer cells in the blood of metastatic patients has been quantified since the early 50's evidencing its low frequency, i.e. one cancer cell among 10 5 -10 6 peripheral blood mononuclear cells. [84,85] Their identification by microscopic pathological analysis indicated that CTCs preserve the cytomorphologic features of tumor cells in tissue, characterized by a high nuclear-to-cytoplasm ratio, and irregular size and shape, when compared to normal epithelial cells. Cancer cells are frequently found having extremely large nuclei and being multinucleated, as a sign of abnormal division. [86] It is worth noting that CTCs exhibit a high degree of pleomorphism, cell variations in size and shape, similar to those observed in primary and metastatic tumor tissue. [79,87,88] Given those characteristics, cancer cells are normally larger than normal blood cells. Indeed, S. H. Seal, a pioneer in the field of CTCs, was the first suggesting that cancer cells are generally, but not always, larger than normal cellular blood elements and also more rigid. [89] However, the presence of a population of small CTCs should not be ignored.

It is generally accepted that the vast majority of tumor cells, but not all, have distinct biophysical properties compared to normal blood cells. In terms of size, CTCs range from <4 to >30 μm in diameter, [90] and this dimension varies depending on the tissue of origin as well as among patients. When compared to blood cells, CTCs' diameter is usually larger than that of erythrocytes and platelets, and it mostly overlaps with the diameter of leukocytes. Additionally, and in line with reported observations, CTCs' volume is on average at least 2-fold the one of leukocytes.

Cancer cell deformability has also been investigated since this property is associated with invasive and migratory phenotypes. Deformability, rigidity and motility measurements using various techniques, evidenced that malignant cancer cells are often more deformable than non-malignant cells, the latter related to their mesenchymal phenotype. [91][92][93][94] However, the majority of these biomechanical measurements have been performed on patient tumor cells under adhesion conditions which may change the cytoskeletal properties, a determinant factor of cellular mechanics, and measurements do not necessarily reflect the properties of CTCs in blood circulation. More recently, the mechanical properties of suspended cancer cells prior and after exposure to fluid shear stress were measured, indicating that transformed cancer cells adapt to the magnitude of the stress by increasing their rigidity. [START_REF] Chivukula | Alterations in cancer cell mechanical properties after fluid shear stress exposure: a micropipette aspiration study[END_REF] This is in agreement with results obtained by computational modeling, where it is suggested that a CTC with a stiff cell cortex should better survive during its passive transport in the blood flow. Interestingly, the model showed that dynamic changes in the stiffness of the cytoskeleton during intravenous transport are required for successful adherence to the endothelium. [START_REF] Rejniak | [END_REF] Based on the aforementioned, a high degree of cytoskeletal deformability seems to be a predominant trait of malignant cancer cells at the tumor level since it may confer to cancer cells the ability to invade surrounding tissue and gain vascular access, while a more solid-like cytoskeleton may be able to develop the required internal stresses to counteract hematological forces and resist lethal deformations. [97] Nevertheless, relating these insights derived from the biophysical characterization of stiffness/deformability of cultured cancer cells back to the metastatic processes that occur in vivo remain at the level of speculation. Regarding CTC and blood cell differences in deformability, the fact that a significant fraction of CTCs is physically retained in the microvasculature is perhaps the clearest evidence that cancer cells have stiffer mechanical characteristics in comparison with normal blood cells. This increased stiffness could be related to the higher nuclear-to-cytoplasm ratio of cancer cells which confers them a greater resistance to deformation, knowing that the nucleus is the stiffer organite of the cell. Some efforts have been made to directly compare the intrinsic cell deformability of tissue tumor cells and leukocytes, finding that cancer cells are significantly stiffer, [98,99] but the transposition to patient-derived CTCs is still uncertain. In this context, the deformability of CTCs versus blood cells in suspension has been recently explored by Bagnall et al., confirming that tumor cells and CTCs could be less deformable than blood cells. [100] However, we cannot exclude that a small part of CTCs in circulation may be as deformable as blood cells.

Membrane surface markers of CTCs

In terms of biochemical properties, CTCs also differ from blood and normal epithelial cells.

Most of the scientific research has focused on this field, given that the identification of specific biochemical signatures driving their altered behavior could be used as therapeutic targets to treat or reverse the malignant disease. The alterations in the cell surface membrane of cancer cells are believed to be the result of changes in their genome. Most of tumor-associated markers are proteins. However, patterns of gene expression are also considered as tumor markers but these are cancer-type dependent. [101] Vast efforts have targeted the accessible cell-surface receptors at the membrane level, since this is the main structure through which cells communicate and interact with other cells and their microenvironment. The extracellular molecules of cancer cells may range from cell adhesion molecules, cytokines/growth factors, hormone receptors, and neurotransmitters receptors. At the cell level, the identification of cell surface markers, also known as surface antigens, has been used to classify CTCs according to the expression-level of specific molecules. The three most accepted families of antigen signatures that may be present alone or in different combination on CTCs are the epithelial, mesenchymal and stem-like markers. [START_REF] Barriere | [END_REF] However, variations of diverse extracellular molecules can also be found depending on the cancer type, the stage of the disease, and the disease progression during treatment. [103] Additionally, non-cancerous conditions can also cause the overexpression of these molecules. Due to the epithelial nature of carcinomas, some CTCs could express the Epithelial Cell Adhesion Molecule (EpCAM), a cell surface glycoprotein normally found in neoplastic epithelial cells and at lower levels in normal epithelia. [104,105] However, the downregulation of EpCAM commonly occurs during the epithelial-to-mesenchymal transition which is a process widely associated with the enhanced ability of cells to enter the blood circulation, survive within the bloodstream, and develop treatment resistance. [19][20][21]106,107] Additionally, cancer of non-epithelial origin such as melanoma and glioblastoma do not express this molecule. Along with EpCAM, other epithelial markers could also be expressed, such as E-cadherin, Cytokeratin (CK), and Zonula Occludens (ZO). [107] Epithelial carcinoma cells can be transformed into a higher mesenchymal state, and during this process hybrid phenotypes can be present. [21] For this reason, it is difficult to find CTCs having a pure mesenchymal phenotype. EpCAM could still be expressed on those hybrid phenotypes but it is dependent on the EMT stage and when downregulated, it can be coexpressed together with mesenchymal markers such as N-cadherin, Vimentin, ZEB1, and Twist1, just to mention a few. [107] EpCAM could finally disappear in the same manner as Ecadherin. Among the whole CTC population, it has been suggested that only a specific subpopulation may have the ability to self-renew and differentiate in order to create new tumors at distant sites from the primary one. [108] In this context, Cancer Stem Cells (CSC) possess all of these fundamental requisites for cancer cell invasion and metastasis, thus there is special interest in detecting this CTC subpopulation. The CTC population identified as CSC has usually mixed epithelial, mesenchymal and stemness properties and the diversity of surface markers can be increased according to the organ/tissue of origin. Apart from epithelial and/or mesenchymal markers, specific molecular signatures of CSC have been suggested to identify this population of cells. For example, CD44, CD24 and Aldehyde dehydrogenase-1 (ALDH1)

surface antigens have been used to identity CSC in breast cancer. [109] However, stemness markers on CTCs are still under deep investigation and discussion.

Taken together, these findings evidence that our knowledge of the biophysical, biochemical and behavioral characteristics of CTCs is in contrast with our understanding of the normal constituents of the peripheral blood. More in-depth studies using a variety of platforms and patient-derived CTCs are necessary to fully reveal their properties, since CTCs provide the unique opportunity to study the whole cell, allowing DNA, RNA and protein-based molecular profiling, which can be used as cancer biomarkers but also to identify cells with an increased tumor-initiating capacity. However, one of the main challenges concerns the isolation of such abnormal cell type from the vast blood cell population and, perhaps with the same level of importance, keeping them alive to perform systematic and precise proteomic and functional characterization. Along this line, an overview of the technological efforts (Table 1) that have been recently developed to face the challenges of their isolation, identification, and characterization. Those technologies evidence a wide diversity in the population of CTCs, accordingly to the tissue of origin.

Methods and technologies for CTC separation from blood samples

Currently, CTCs must be first isolated prior to any phenotypic or genotypic analysis to confirm their nature. The separation of extremely rare CTCs from blood samples is the initial step of the non-standardized CTC workflow and the advent of techniques and processes to achieve it has been driven by the relatively easy access to blood samples directly from cancer patients. The guidelines for phlebotomy, drawing or removing blood from the circulatory system, allow the frequent access to specific volumes of blood. These samples are collected in 2-10 mL sterile tubes, which preserve the specimen for a determined period of time. the entire population (i.e., blood cells) while a negative one is an indirect method for CTC separation based on the depletion of the unwanted cell types. Some platforms also combine both positive and negative selection approaches to reduce the background of blood cells and improve the purity of separated cells. Extensive reviews on technologies available for the isolation and identification of CTCs have been published. [118] Hereafter some of the current and most employed methods (commercially available) for CTC enrichment are briefly presented.

Immunoaffinity-based technologies

Immunoaffinity-based separation strategy, or immunocapture, is the most widely used approach for the isolation of CTCs from blood samples. This method uses engineered antibodies directed against antigens expressed by the targeted cells. A particular antibody or cocktail of antibodies can be coated onto a surface and be in turn placed directly in contact with the blood sample allowing the antigen-antibody interaction. This interaction binds the targeted cell to the functionalized surface and enables cell separation. It is important to emphasize that there is currently no CTC-specific antigen, which renders their separation from blood cells challenging.

When a positive selection of CTCs is performed, the antibodies against cancer cells are typically bound to the functionalized surface of either magnetic micro/nano beads or specific devices. As previously introduced, EpCAM antigen is found to be expressed in cancer cells of epithelial origin and not in normal blood cells. Thus, this antigen is widely used as target for affinitybased CTC enrichment, keeping in mind that no CTC-specific antigen has been evidenced up to now. Conversely, when a negative selection is aimed, the cell surface marker commonly targeted is the CD45 antigen expressed in WBCs. This method is usually preferred when no bias from selection markers is desired.

Cell separation platforms based on the magnetic principle pre-mix blood samples with antibodycoated magnetic beads and subsequently expose them to a controllable magnetic field.

This magnetic field acts as a filter. The magnetic beads carry the targeted cells towards the magnets where they are retained, while unlabelled cells flow through or are washed out. Based on ferrofluid nanoparticles coated with anti-EpCAM antibody, the CellSearch System (Menarini Silicon Biosystems) is the first and only clinically validated blood test cleared by the U.S. Food and Drug Administration (FDA) for detecting and enumerating CTCs. CTCs are magnetically separated from centrifugated blood samples in a fully-automated system, which can also perform their recognition. Currently, this system is considered as the gold standard within the field, since emerging technologies for CTC isolation are usually compared to this system. In a similar fashion, AdnaTest (Adnagen AG) uses antibody-coated magnetic beads but rather than using a single antibody uses a cocktail of antibodies specific to a given cancer type. Additionally, this assay allows the evaluation of gene expression on isolated cells. Other available technologies based on magnetic separation from clinically acceptable blood volumes are the Magnetic-Activated Cell Sorting (MACS, Miltenyi Biotec) and MagSweeper platforms. [START_REF] Talasaz | Proc. Natl. Acad. Sci. U. S. A[END_REF] With the technological advances in microfluidics, which allows the precise control of fluids, several platforms have been developed, combining micro-scale channels with magnetic array-patterns for CTC capture. Some examples are the commercially available LiquidBiopsy Platform (LungLife AI) and IsoFlux (Fluxion Biosciences) platforms which offer fully-automated magnetic-based CTC isolation. Some other examples are the Ephesia chip, [START_REF] Autebert | [END_REF] and the Magnetic Sifter fluidic platforms. [121] In this field, a vast range of microfluidic-based platforms have also been proposed using integrated micro-and nanopatterned surfaces decorated with antibodies. As a hallmark, microfluidic devices would allow the precise control of the flow which increases the likelihood of cell-antibody interactions, and consequently enhanced CTC capture. The first platform using this approach was the CTC-Chip which integrates an array of anti-EpCAM coated microposts along the flow path. [122] Following the same idea, other microfluidic platforms have used antibody cocktails to enhance cell capture, such as OncoCEE (Biocept). Some other platforms, such as the Herringbone-Chip (HB-Chip), [START_REF] Stott | Proc. Natl. Acad. Sci. U. S. A[END_REF] the Geometrically Enhanced Mixing (GEM) chip, [123] and the Geometrically Enhanced Differential Immunocapture (GEDI) platform, [124] have focused on enhancing interactions and contact frequency between the cell and the antibody-coated surface.

Complementary to microfluidic platforms and with the use of nanopatterning techniques, some research groups have also taken advantage of the local topographic interactions between cancer cells and a diversity of anti-EpCAM coated nanostructured substrates to improve the capture efficiency and purity of CTCs. [125] 

Technologies based on physical properties of CTCs

Some isolation platforms have taken advantage of the common features observed on CTCs, such as density, size, deformability and electric charge to separate them from normal blood cells. Those antibody-free methods are hereafter sub-classified.

Centrifugation

The fractionation of whole blood using density-based gradient centrifugation has been used for almost 100 years to separate CTCs from the background of blood cells, [126] and remains a simple 

Microfiltration

Microfiltration of blood has been used since S. H. Seal observed some of the intrinsic properties of cancer cells as being relatively larger than WBCs and less deformable than blood cells. [89] These traits enable flowing blood cells through micrometric-range constrictions designed to retain CTC population only. Using this approach, no functional modifications of the surface are required since cells are trapped by their intrinsic size and deformability. Based on this principle, ISET® (Rarecells Diagnostics) and ScreenCell® (ScreenCell) use track-etched membranes containing 8μm-pores randomly placed to isolate CTCs from buffer-diluted blood samples.

One of the limiting factors of this approach is clogging when whole blood is processed, thus high pore density and relatively high driving pressures are needed. To face these limitations, micropatterned membranes based on a photolithographic technique have also been proposed controlling the size, shape/geometry, and distribution of pores on different materials such as Silicon, [127,128] Silicon/Silicon-Nitride (VyCAP microsieve, VyCAP), [129] Nickel, [130] and polymers like SU-8 (CellSieveTM, Creatv MicroTech), [131] and Parylene-C. [132,133] The size of pore ranges from 5 to 12 μm having typically circular shapes and a total number of pores in the range of 10 3 -10 5 . Another associated issue related to microfiltration is the mechanical stress on CTCs once they are trapped into the pores, thus limiting their viability. Filtration membranes in a stacked bilayer configuration were presented as a strategy to diminish stress on captured cells. [134,135] In the field of microfluidics, some platforms have proposed the use of arrays of pillars or traps, [136][137][138] stair-like architectures (Parsortix, ANGLE), and pneumaticallycontrolled isolation gaps integrated within microchannels in order to retain CTCs by size. [139] Similarly, CTC-clusters have the intrinsic characteristic of being larger than individual CTCs.

Thus, taking advantage of this biophysical trait, a microfluidic device, Cluster-Chip, was optimized for the isolation of CTC-clusters based on an array of pillars. [81] 

Hydrodynamic cell sorting

Microfluidic channels having specific geometrical dimensions and controlled flow rate generate hydrodynamic forces (inertial forces) that allow sorting cells based on their size. [140] For example, Vortex HT Chip (Vortex Biosciences) uses inertial focusing to position CTCs along the microchannel and then trap them into vortices generated by the sudden expansion of the channel. [141] Similarly, the CTChip®FR (Clearbridge Biomedics) uses spiral microchannels to exploit the centrifugal forces (Dean drag force) in combination with the inertial focusing to separate CTCs from the rest of blood constituents. [142] In this context, some platforms have used deterministic lateral displacement (DLD) to separate large cells from blood samples. This technology uses a specific arrangement of micropillars along the channel to control the trajectory of cells. By controlling parameters such as shape and distance in-between pillars, the separation of small blood cells (RBCs and Platelets) from large ones (WBCs and CTCs) is reached. [143] This strategy has also been used to separate CTC-clusters from blood using a twostage microfluidic platform. [144] The same research group, has combined DLD, inertial focusing and magnetophoresis within the CTC-iChip to isolate CTCs from whole blood samples. [145] 

Dielectrophoresis (DEP)

This approach uses the electrical properties of cells to exert forces on them via an external electric field. Those forces can be repulsive or attractive relative to the position of the electric field source and depend on both the dielectric characteristics of the cells (diameter, membrane, density, conductivity, volume) and their surrounding environment. ApoStream® (ApoCell) uses dielectrophoretic forces to attract CTCs near the electric field and repel WBCs in continuous flow. [146] The platform requires centrifugated samples and the adjustment of the suspension medium conductivity. DEPArray™ (Menarini Silicon Biosystems) is a platform based on repellent forces to manipulate and recover individual cells in an array of electrodes.

However, this platform is not dedicated to the isolation of CTCs from whole blood samples, it is rather employed for the identification of cells from pre-concentrated samples.

Methods and technologies for cell identification

The isolation of CTCs from blood samples using the technologies above-described is the initial which is specific to leukocytes and used to discard contamination of blood cells having similar morphology than CTCs. Complementarily, the cell nucleus is stained with DAPI (DAPI+) to exclude cellular fragments and cytomorphological analysis is also carried out. For instance, the FDA-cleared CellSearch platform identifies CTCs among the enriched cells based on the expression of cytokeratin 4-6, 8, 10, 13, 18 and 19, lack of CD45 expression, presence of a nucleus, and a cytomorphology of neoplastic cells with a minimum diameter of 4 μm. [128] However, the expression/absence of these markers only allows classifying these cells as rare epithelial cells in whole blood but does not ensure either their tumor-derived origin or malignancy. Since, it has been reported that other rare non-tumor cells with similar antigen expression could also be present in blood circulation due to various pathological conditions such as inflammatory diseases. [147] Despite this, the detection of these EpCAM-and whether CTCs express the same genomic changes as the primary tumor. [START_REF] Fehm | [END_REF] FISH assay detects already established and validated biomarkers such as Anaplastic Lymphoma Kinase (ALK) rearrangements in specific known cancerous tumors, and its implementation on CTCs could potentially guide prognosistics and therapeutic manangment in patients. Along this line, RNAin Situ Hybridization (RNA-ISH) has also been used to confirm the differential expression in epithelial versus mesenchymal phenotypes, confirming CTC heterogeneity. [82] Complementary to hybridization-based methods, padlock probes have also been used to analyze the genetic material of CTCs. [148] The probes are into circular molecules upon hybridization to the complementary target sequence. Then after, the circularized padlock probes can be amplified by rolling circle amplification (RCA) in situ. sensitive and specific to quantify specific CTC mutations at the mRNA level. [149][150][151] However, some protocols used for CTC analysis induce RNA degradation, such as formaldehyde fixation, limiting the isolation of high-quality [152] Moreover, this type of assays usually analyze the content of many cells and do not provide information concerning which of the molecules detected originate from which cells. It implies having a high purity isolation of CTCs and the implementation of strict positive and negative quality controls. More recently, next-generation sequencing (NGS) enabled massive parallel processing of the whole genome dramatically reducing sequencing time. In this way, a wide gene expression interrogation of patient-derived CTCs is possible even at the single-cell level. [125,[153][154][155][156] However, single-cell analysis does not provide direct information about CTC counts, morphology and cell heterogeneity. Moreover, in order to study a single CTC, it must first be isolated in a manner that preserves biological integrity using techniques such as laser-capture microdissection (LCM) or flow cytometry.

Nonetheless, the selective manipulation of single CTCs remains challenging.

Clinical significance of CTCs: enumeration as a prognostic biomarker

Several reports have underlined the presence of CTCs in the blood of patients with metastatic disease across all major types of carcinomas, [115] and as here reviewed, they are considered to be the main source of metastases. CTCs are believed to be representative of the tumor, both In clinical studies, the obtained data has been used as a prognostic biomarker to estimate the overall survival and the progression-free using Kaplan-Meier analysis. Both overall survival and progression-free survival measurements provide quantitative information to evaluate the response to treatment. Multicenter studies have proven the prognostic value of CTC counts in metastatic patients (M1) with breast, prostate, and colorectal cancer. [START_REF] Cristofanilli | Circulating Tumor Cells, Disease Progression, and Survival in Metastatic Breast Cancer[END_REF][START_REF] De Bono | [END_REF][159] Results from breast and prostate cancer patients evidenced that levels of circulating tumor cells ≥ 5 per 7.5 ml of whole blood, as compared with the group with <5 circulating tumor cells per 7.5 ml, had a shorter median progression-free and shorter overall survival. Based on this criterion, patients are stratified in favorable or unfavorable groups according to levels of CTCs, where 5 CTCs in 7.5 mL constitutes the cutoff value. Different cutoff values have been established for each carcinoma. For instance, a cutoff value of 3 CTCs in 7.5 mL has been defined for colorectal cancer. Moreover, these clinical studies correlate the expression of CD45-, EpCAM+, CK 8, 18+ and/or 19+ on CTCs with a more aggressive phenotype and a poor patient outcome. Other studies using small cohorts of patients have also evidenced the prognostic value of CTC counts in non-small cell lung, small-cell lung, ovarian, renal, and melanoma metastatic patients. [160][161][162][163][164] In the clinical prognostic line, complementary clinical studies have focused in non-metastatic cancer patients with early-stage disease, e.g. M0

patients. Those reports have evidenced that CTC detection both before and after adjuvant chemotherapy administrated after primary surgery, is linked to an increased risk of relapse in breast, prostate, colorectal, bladder, and liver cancer. [165][166][167][168][169] However, the very low CTC number and incidence at this stage of the disease raises doubts on whether or not CTC counts are a reliable indicator of an unfavorable prognosis. Moreover, it also suggests that the largest amount of CTCs is more likely to originate from metastatic sites rather than from primary lesions. The use of CTC counts as a predictive biomarker, assessing the likelihood of the disease to respond to a therapeutic intervention, is uncertain and still under investigation. Vast efforts have been accomplished to demonstrate the clinical validity of CTC quantification for monitoring of chemotherapy for breast and prostate metastatic cancers. [170,171] However, some drugs belonging to the targeted therapies family may modify CTC counts impacting the predictive value of CTCs. [172,173] Despite providing valuable information for prognosis, these non-interventional studies have not been able to demonstrate their capacity for therapeutic decision-making yet. Along this line, few interventional trials, also called clinical trials, are currently carried out by different groups, aiming to demonstrate that the use of CTC enumeration and monitoring could drive clinical decisions and improve the clinical outcome of metastatic cancer patients. [174] 

Current outlook of CTCs in liquid biopsy

It is evident that remarkable improvements have been made in the detection of early cancer lesions, surgical techniques, and treatment of the primary tumor to improve the outcome of patients with cancer. A major challenge is the treatment and monitoring of patients with already-established metastases which reflects our limited understanding of the biology of cancer in the metastatic setting. As here reviewed, there is an evident clinical need to repeatedly obtain biological information related to both the primary tumor and the metastatic lesion in order to provide more effective therapies to patients. Blood-based cancer biomarkers provide an opportunity to face this need. From the liquid biopsy spectrum, CTCs are the only which can provide disease-related genomic, proteomic, and functional information. The analysis of CTCs goes beyond the biological understanding of the metastatic process, its main goal being to be implemented as a cancer biomarker in clinical routine. From a therapeutic standpoint, in patients with early cancer lesions, it would be a major breakthrough to repeatedly isolate as many CTCs from blood as possible and identify these molecular and functional signatures allowing their physical translocation. Thus, the deep characterization of these cancer cells having metastasis-initiating capacity would provide insights and new therapeutic strategies for preventing metastasis. Similarly, in patients with already-established metastases, the characterization of isolated cells must aim to identify patient-specific therapeutic targets that could lead to more effective therapies.

Blood processing: blood collection and sample preparation

Liquid biopsy, similar to other clinical procedures involving the handling of biological samples such as blood, requires to be processed immediately (<24 hours) or be stabilized with fixatives.

Logistics for blood transportation and storage led to the development of dedicated containers with additives such as anti-coagulants or pH-buffers, in order to avoid platelet aggregation and deterioration of leukocytes. In addition to their rareness, CTCs are subjected to different stress factors during their transit in the human bloodstream, but perhaps to one of a greater impact during blood draw. In fact, relatively high numbers of apoptotic CTCs have been reported in blood samples from peripheral blood, [175,176] evidencing their fragility. It has been reported that cancer cell numbers in blood samples rapidly decline over a time span of 5 hours, revealing that the time from blood draw to cell harvest is critical. [177] Other reports have shown that a significant RNA degradation occurs within a period of 2 to 4 hours. [178][179][180] These reports highlight the need for an adequate sample preservation for subsequent gene expression profiling.

Along this line, diverse strategies have been proposed for the stabilization of CTCs in blood samples such as CellSave tubes (CellSearch System, Menarini Silicon Biosystems), [181][182][183] the most employed approach allowing up to 96 hours of blood preservation at room temperature conditions. In addition to collection and blood preservation issues, a common trait of CTC isolation platforms is the use of cell fixatives. However, the use of a fixative solution sacrifices cell viability and degrades RNA. [184,185] Another predominant trait of CTC isolation platforms is the requirement of extensive sample preparation, such as RBC lysis, centrifugation, staining, multi-step washing, etc., just to list a few. Thus, those platforms are prone to CTC loss during the isolation process. For instance, in a direct comparison between CellSearch and Flow cytometry platforms, a 3.3-fold loss of CTCs was reported due to the isolation and staining procedures where flow cytometry yielded better results. [186] 

Processing larger volumes of blood

Intrinsically, low CTC counts are closely related to the amount of blood screened. CTC enumeration from the processing of clinically relevant blood volumes of 7.5 mL, suffers from low statistical power, mainly because this volume represents less than 0.2% of the total blood volume. Various reports have emphasized the need for a larger volume of blood in combination with high sensitivity assays in order to increase CTC counts and detection rates. [51,[186][187][188][189][190] For example, CTC counts in metastatic patients range from one to few tens, reaching up to thousands in very particular cases, and detection rates vary in the interval of 30-80%, depending on the cancer type. These numbers are even lower in non-metastatic cancer.

However, the volume of blood taken from the patient cannot be substantially increased. In line with this need, CellCollector (GILUPI Nanomedizin) arose as a technology claiming to access large volumes of blood by placing the detection device intravenously. [191,192] This device is a structured medical guidewire coated with a hydrogel layer which, in turn, is covalently coupled with antibodies against EpCAM. Authors claim that the device is exposed to approximately 1

L of blood during 30min-residence in the vein. In small patient cohorts, this technology has shown greater numbers of CTCs and in more patients as compared with the CellSearch system. [193][194][195][196] Complementarily, an EpCAM-independent strategy, diagnostic leukapheresis, has been recently proposed to increase the volume of blood sampled. This density-based method, processes up to 62% of the total blood via continuous centrifugation, and collects mononuclear cells with high levels of CTCs. The approach combined with CellSearch technology, revealed a significantly higher detection rate, from 28% to 72%, in a side-by-side comparison between the 7.5 mL peripheral blood and the matched 2 mL diagnostic leukapheresis product. [90,[START_REF] Fischer | Proc. Natl. Acad. Sci[END_REF] More recently, the work by Kim et al. has demonstrated the advantage of placing CTC enrichment systems in aphaeretic conditions for longer periods of time (2h) to substantially increase the number of isolated cells. [START_REF] Kim | [END_REF] Alternatively and along the same line, some techniques for in vivo detection/isolation of CTCs and early recruitment of metastatic cells, have also been reported. [199][200][201][202][203] Despite that sophisticated methods have been proposed in the field of microfluidics to increase sensitivity (efficiency 80-100%) and selectivity (purity <70%), their intrinsic nature as point-of-care platforms limits the processing of large blood volumes (throughput ≤10 mL h -1 ). This evidences even more that no single platform is currently capable of detecting more CTCs at higher rates. For this reason, recent studies have combined different CTC-detection platforms aiming to yield clinically useful information. [148,196] Thus, in the perspective of utilizing CTCs in clinical routine, it is clear that beyond CTC enumeration, it will be of utmost importance to harvest more CTCs and to identify those having clinical relevance, in order to complement enumeration data. In addition to the single sampling-point processing of large blood volumes, blood sampling strategies are also required at multiple times and at different venipuncture sites in order to elucidate the actual kinetics of CTC dissemination and phenotypic and molecular changes in the blood of cancer patients. Typically, in clinical settings, blood samples from cancer patients are collected at monthly intervals. However, a recent report based on case studies and hypothetical simulation models, [204] has suggested that weekly, or even more frequent sampling could result in better diagnosis and patient management. introduced, EPISPOT technology, and it is based on the release of CK19 marker from tumor cells. [START_REF] Alix-Panabières | Minimal Residual Dis. Circ. Tumor Cells Breast Cancer[END_REF] This platform has allowed the establishment of CTC-derived cell lines from blood samples with different cancerous pathologies. [START_REF] Alix-Panabières | [END_REF] Another alternative is the use of in vivo models or xenograft, to create clinically relevant cancer pathologies from CTCs. This technique has also allowed the identification of a subset of CTC population with increased metastatic potential, and the evaluation of anticancer drugs. [41,[START_REF] Alix-Panabières | [END_REF] However, the routine implementation of these techniques is currently hampered by the difficulty to systematically and frequently isolate viable CTCs in large numbers, as well as the technical difficulties encountered to culture CTCs.

Conclusion

If CTCs content and relevance as biomarkers is not questioned, their implementation in clinical routine is hampered by various biological implications and technical bottlenecks. As discussed Figure 1. The main steps in the formation of metastasis. [15] Reprinted by permission from Springer Nature from IJ Fidler, Nature Reviews Cancer, Copyright (2003). Chaffer and R.A Weinberg, Science, 2011. [36] Reprinted with permission from AAAS.

Figure 3.

Tumor-derived materials of liquid biopsy. [47] Reprinted from S.A. Joosse and K.

Pantel, Cancer Cell, 2015 with permission from Elsevier. Origins and range of alterations in cell-free DNA. [56] Reprinted by permission from Springer Nature from J.C.M. Wan, Nature Reviews Cancer, Copyright (2017).

  ): b) angiogenesis, forming new blood vessels, c) intravasation, where tumor cells detach and leave the primary tumor via the bloodstream or the lymphatic system, d) tumor cells survival in the bloodstream and arrest in capillaries of distant organs, e) extravasation of tumor cells, and f) colonization and formation of a secondary tumor still in interaction with the primary one and capable to create a new microenvironment favouring proliferation At early stages of tumor formation, neoplastic cells are supplied with nutrients and oxygen by simple diffusion. When the tumor reaches a specific size, 1-2 mm, vascularization is needed

  Thus, CTC separation processes used in clinical and research laboratories fit into the conventional volumes. Cell separation has been widely used in clinics and research laboratories for the analysis of heterogeneous cell populations such as immune cells from the peripheral blood. The basic principle of separating CTCs from blood cells is to utilize one or more properties, biochemical or biophysical, that are unique to this cell type. Two main groups are commonly proposed to classify the technologies dedicated to the separation of CTCs. Those platforms taking advantage of the cell surface markers of cancer cells are classified under the immunoaffinity category. The others benefit from the biophysical differences of CTCs with respect to blood cells and fall under the biophysical category. Additionally, cell separation can also be classified as positive and negative selection. Positive selection aims at isolating the target cell type (i.e., CTC) from

  and inexpensive method. Centrifugation of whole blood results in the fractionation of cells in three layers, where plasma and RBCs are on the top and bottom layer respectively, and a mixture of WBCs, platelets, and CTCs is located at the middle layer. Although it was not originally designed for the isolation of CTCs, early studies reported the use of Ficoll-Paque (GE Healthcare) density gradient media to improve the fractionation of blood. More recently, OncoQuick (Greiner Bio-One) developed a specialized separation tube to allow a further depletion of erythrocytes, granulocytes, lymphocytes and mononuclear cells towards the bottom layer. RosetteSep™ (STEMCELL Technologies), combines centrifugation with immunoaffinity-based enrichment, crosslinking unwanted cells to RBCs to increase the purity of targeted CTCs. Based on the principle of centrifugation as well, Accucyte® (RareCyte) is another available platform for blood fractionation. However, in all these technologies, the fraction corresponding to enriched CTCs still contains platelets and some WBCs sharing similar characteristics to those enriched CTCs. Thus, centrifugation-based platforms are usually a preenrichment step for subsequent specialized CTC-isolation platforms.

  step in the CTC-based liquid biopsy workflow. In order to use these cells and the biological information they contain, their interrogation and identification as cancerous cells are required. The conventional methods currently used for CTC identification are based on cytometric and polymerase chain reaction (PCR) techniques. In the early 50's the papanicolaou staining (by George Papanikolaou in 1928) became widespread, allowing the visual assessment and identification of specific proteins on cancer cells and tissue fragments under a fluorescence microscope. At the same time, cytopathology had become a major tool for cancer diagnosis. These protocols were initially applied for the identification and discrimination of CTCs from blood cells. Currently, no standardized detection method exists for CTCs; nonetheless, the cytomorphological analysis combined with immunostaining (immunohistochemistry or immunofluorescence) protocols is the most frequently used strategy since it allows the visual inspection and enumeration of cells. Along this line and given the lack of CTC-specific markers, CTCs have been commonly discriminated from blood cells by the positive expression of the epithelial cell adhesion molecule (EpCAM+), cytokeratins (CK+) which are intracellular structural proteins found in epithelial cells, and the negative expression of CD45 (CD45-)

  cytokeratin-positive cellular events is known to have prognostic significance in a variety of metastatic cancer types. The expression of these fluorochrome-conjugated antibodies on CTCs is verified by measuring the fluorophore intensity with high-definition (HD) fluorescencebased optical systems such as fluorescence microscopy (static) and flow cytometry (in flow). Using this approach, the associated detection rates are strongly dependent on the technology used to this end. Sample imaging using fluorescence microscopes is a time-consuming step particularly when large areas are required to be inspected. In order to address this point, platforms as CellSearch and DEPArray have incorporated semi-automated fluorescence imaging systems into their workflow. Some other independent technologies such as FASTcell™ (SRI Biosciences), Epic platform (Epic Sciences), and CytoTrack (CytoTrack) combine HD imaging with computer algorithms for the identification of CTCs. In the same line, ImageStream® (Amnis-Merck) combines conventional flow cytometry with fluorescence imaging to identify CTCs from a background of cells in suspension. Moreover, systems based in flow cytometry, a standard and largely employed procedure, offer a fast method to process samples. However, these systems require a relatively large quantity of cells to sample. Isolated cells are usually further characterized at the molecular level to evaluate their malignancy and tumor-derived nature. Hybridization-based methods using fluorescent probes, such as Fluorescent In Situ Hybridization (FISH) are frequently applied for the visual localization of a specific segment of a nucleic acid in individual cells. Dual color or tricolor fluorescent probes are implemented for the detection of chromosomal abnormalities such as the presence or absence of specific DNA sequences related to the tumor, and this information be used to infer the malignant nature of the isolated cells. For example, this tool has been used to determine

  Finally, the amplified products are targeted by fluorophores resulting in bright quantifiable signals. These highly selective and specific padlock probes allow differentiation between sequences differing by only a single base pair, e.g., splice variants and point mutations, providing visual information about clinically relevant molecular markers at the single-cell level. In general, imaging-based techniques allow morphological identification, cell counting, and molecular characterization. However, they are susceptible to false-positive or false-negative results due to the intrinsic biology of CTCs or experimental factors impacting the staining protocols. These techniques require carefulness in setting appropriate signal thresholds with respect to fluorescence intensity making it prone to low specificity and subjective interpretation of the acquired data which can preclude accurate CTC identification. Moreover, immunostanning-based cell enumeration and identification is time-consuming. Thereby, aside from the visual identification of CTCs by protein expression-based techniques, indirect techniques based on the analysis of nucleic acids have also been used to identify CTCs, in particular PCR-based assays. Following the extraction of nucleic acids by cell lysis, the analysis of mRNA provides real-time information about intracellular activity since they are the direct products of RNA synthesis or transcription. Quantitative reverse transcription polymerase chain reaction (qRT-PCR) has been used to find tumor-associated expression patterns using mRNA strands transcripted into cDNA. This technique has shown to be highly

  primary and metastatic sites, and thus, their presence in the bloodstream is associated with an increased risk of disease malignancy. Their isolation, detection, and enumeration based on a determined volume of blood at multiple time points have been set as the acknowledged workflow to offer quantitative information during the evolution of the disease. Enumeration of CTCs has been widely performed using the CellSearch system which has been set as the gold standard for CTC enumeration. Broadly, reports focused on monitoring changes in the number of CTCs in peripheral blood both before and after a new treatment, observing that an increase in the number of CTC counts, over a specific threshold, is associated with cancer progression.

7. 3 .

 3 Isolation of a widely heterogeneous CTC populationAside from the biological and medical constraints, the implementation of the CTC-derived data for the therapeutic management of patients in clinical routine is also hindered by technical limitations. Despite the extensive development of technologies for CTC isolation from blood, so far there is no technology or method capable to identify and/or isolate all tumor cell types present in human blood circulation. As here reviewed, many of the CTC isolation methods rely on the detection of cells that express epithelial-related markers in blood. Moreover, most recent clinical trials enumerate CTCs using platforms based on this approach, i.e. CellSearch, targeting the population of cells expressing the cell surface glycoprotein EpCAM. However, it has been extensively postulated that during detachment and dissemination of tumor cells, EpCAM may be downregulated due to the activation of the EMT program, thus some CTCs that either express low levels or completely suppress this antigen are omitted by these methods. Moreover, EMTlike events could occur during the intravascular transit due to EMT inducers secreted by platelets. In general, EpCAM-based isolation systems are an alternative to enumerate tumorderived cells from epithelial cancer types that often express high levels of EpCAM, but they do not ensure detection of the entire pool of CTCs present in the blood circulation. Thus, EpCAM cannot be taken as a universal marker for CTC detection. The transient and variable expression of EpCAM in CTCs points out to a dynamic and heterogeneous population where the mechanisms driving EpCAM and other different molecular expressions are not well understood. This opens up new opportunities for multimarker-based and antigen-independent methods in the pathway of capturing more and a phenotypically wider range of tumor-derived cells. As a consequence, improved identification methods would be required to discriminate between subpopulations, particularly those relevant for patients with either early (i.e., metastasisinitiating phenotype) or metastatic (i.e., drug-resistance phenotype) cancer lesions.

7. 4 .

 4 Functional studies on CTCsBeyond CTC enumeration from blood samples, there is no strong data demonstrating their clinical utility to drive therapeutic decisions, up to date. The latter is perhaps the main obstacle to their implementation as cancer biomarker in clinical routine. The long-term culture of CTCs and the establishment of CTC lines are the first step enabling the acquisition of and quantitative information related to the biological activity of CTCs. The data obtained from this type of studies could offer, for instance, the possibility to identify the biological properties of metastatic cells, develop new anticancer drugs, or understand drug resistance mechanisms. In this context, the isolation of viable CTCs is a necessary prerequisite. A platform dedicated to the detection of viable CTCs and subsequent short-term culture of CTCs has been recently

Figure 2 .

 2 Figure 2. Homing and colonization of circulating tumor cells. Figure extracted from C.L.

Figure 4 .

 4 Figure 4. Origins and range of alterations in cell-free DNA.[56] Reprinted by permission from
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in this review, the latter include defining the right sampling time, localisation and frequency.

They also include isolating a population of CTCs statistically representative of CTC diversity and heterogeneity with minimal bias. This is correlated to sample volume CTCs should be isolated from to bring statistical confidence to the measure, and to the specificity and sensitivity of the isolation technique to maximize the number of captured CTCs with minimum levels of contamination and with no selection a priori. Other bottlenecks include the isolation of CTCs from fresh unprocessed blood to be able to conduct functional and molecular studies from viable and unaltered material. Overcoming these considerations could unveil many aspects of disease spreading and metastatic processes and could offer a route towards routine analysis of CTCs in clinical practice to guide medical decisions and improve patient care, a step forward towards precision medicine. [115] Volume, µm [START_REF]GRAIL -Detecting Cancer Early, When It Can Be Cured[END_REF] Breast CTC 851.6 ± 45.8 HD-CTC Phillips et al., 2012. [116] Ovarian CTC 518.3 ± 24 HD-CTC Phillips et al.,2012. [117] Leukocyte 234.1 ± 4.1 Phillips et al., 2012. [116] Erythrocyte 100.6 ± 4.0 Phillips et al., 2012. [116] Table 1