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Abstract

Evaluation of circulating tumor cells (CTCs) has demonstrated clinical validity as a prognostic 

tool based on enumeration, but since the introduction of this tool to the clinic in 2004, further 

clinical utility and widespread adoption have been limited. However, immense efforts have been 

undertaken to further the understanding of the mechanisms behind the biology and kinetics of 

these rare cells, and progress continues toward better applicability in the clinic. This review 

describes recent advances within the field, with a particular focus on understanding the biological 

significance of CTCs, and summarizes emerging methods for identifying, isolating, and 

interrogating the cells that may provide technical advantages allowing for the discovery of more 

specific clinical applications. Included is an atlas of high-definition images of CTCs from various 

cancer types, including uncommon CTCs captured only by broadly inclusive nonenrichment 

techniques.
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INTRODUCTION

Improvements in cancer prevention and control as well as changes in medical practice have 

contributed to cancer death rates decreasing by 22% over the last two decades. However, 

cancer still remains the second-leading cause of death in the United States, resulting in more 
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than half a million deaths and 1.6 million newly diagnosed patients yearly (1). Cancer is a 

heterogeneous disease, with each type linked to its own prognostic outcome. Each type can 

often be further subdivided into a subtype that has a specific phenotype with targets, like 

hormone receptors or growth factors, that are expressed and allow for specialized targeted 

therapy (2). However, the clinical experience in both leukemias and solid tumors of the 

emergence of resistance, as well as many studies describing discordance between the 

primary site and metastatic lesions, indicates that these biomarker expressions are not static, 

but dynamic (3–5). The dynamic phenotype of neoplastic cells poses a challenge for 

oncologists trying to optimize treatment. Ideally, each time the cancer progresses and a 

therapy change is considered, a fresh biopsy of tumor tissue would be obtained to be certain 

that it contains the target(s) against which the next round of therapy could be aimed. 

However, unlike in the leukemias, for which repeat bone marrow biopsies are frequently 

obtained when disease seems to change its behavior, in solid tumors repeat biopsies are 

clinically unfeasible and pose risks for patients. A possible solution to the dilemma is to 

utilize ever-improving technological breakthroughs to obtain small portions of solid tumors 

that are easily accessible via blood draw. Thus, interest in the concept of the fluid biopsy is 

growing. A further advantage of this approach, especially in a patient with multiple 

metastatic sites, is that the circulating component likely represents cells from multiple 

locations and may thus provide a more informative sample than a single biopsy of a single 

metastasis. After dissociation from a solid tumor mass, circulating tumor cells (CTCs) travel 

through the vasculature as single cells or aggregates and contribute to forming a distant 

metastasis. Although not every CTC represents a potential future metastasis, many distant 

metastases are considered to be established by hematogenous spread of these cells, rather 

than by lymphatic or direct intracavitary spread, which likely occurs by a different 

mechanism. These rare cells therefore provide a rich source of tissue material and may 

eventually be analyzed by pathologists alongside other cancer cells recovered from body 

fluids such as pleural and peritoneal fluid. This review discusses what is known regarding 

the nature of CTCs and the mechanisms of CTC circulation and focuses on the challenges, 

opportunities, and new insights. Established and novel methods for CTC identification and 

characterization are discussed, along with these methods’ implications for CTC research and 

potential translation to clinical practice.

CIRCULATING TUMOR CELLS: BACKGROUND

CTCs are surrogates of a tumor in the bloodstream. They were first described nearly 150 

years ago by Thomas Ashworth (6), who noticed cells with an unusual morphology in the 

blood of a patient who had died from cancer. Ashworth considered these cells’ possible 

tumor origin because of morphologic features in common with the solid tumor tissue he had 

found elsewhere in the patient’s body (6). CTCs arise from the tumor, pass through various 

intervening structures either actively or passively, and reach the lumen of nearby vasculature. 

Only approximately 0.0000001% of all tumor cells will reach the bloodstream, according to 

estimations by Fischer (7). CTCs circulate alongside normal blood cells in the vasculature, 

where they account for such a tiny percentage of nucleated cells that they are virtually 

unrecognizable on routine peripheral blood smears and are extremely challenging to detect, 
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even using sophisticated instrumentation. If CTCs are present in a peripheral blood draw, 

they account for only a fraction of 0.0001% of all nucleated cells (1–10 cells/mL) (8).

Sensitivity of CTC detection in patient blood is highly dependent on the method of detection 

that is used, as different methods likely detect different subpopulations of these cells. 

Because the true number of CTCs in patients is unknowable, approximations of sensitivity 

for each method are generally determined by spiking experiments using a known number of 

cells from a cancer cell line spiked into healthy donor blood. For the CELLSEARCH® 

system (Veridex, Warren, NJ), the only FDA-approved CTC detection system, sensitivity of 

≥85% has been reported (9).With other methods, like microchips or a platform that considers 

all nucleated cells, such as the high-definition single-cell analysis (HD-SCA) platform (Epic 

Sciences, San Diego, CA), sensitivity can be as high as 99.9% (10, 11).

Regarding specificity, healthy people and the limited sets of people with benign disease thus 

far studied rarely have CTCs (0.3% of samples show ≥2 CTCs/7.5 mL blood sample). Like 

sensitivity, specificity varies with the method used. Specificity for CTC detection can be as 

high as 99.7%, as reported using the CELLSEARCH® system in 145 healthy women and 

199 women with benign breast disease (9), or even up to 100% with a microchip platform 

(acquired from 20 healthy subjects, although none with benign disease were studied in this 

publication) (11).

CTC prevalence in patients who harbor malignant disease differs with carcinoma type and 

stage. In early breast cancer, CTCs are detected in 18–30% of patients compared with 

detection rates of ~70% in patients with metastatic disease (12). A study using 

CELLSEARCH® and blood samples of metastatic patients with colon, breast, rectal, gastric, 

ovarian, and prostate cancer resulted in 54% of total samples with detected CTCs, including 

71% CTC-positive samples for breast cancer, 64% for colon cancer, 33% for gastric cancer, 

66% for rectal cancer, 60% for ovarian cancer, and 20% for prostate cancer (13). Another 

study showed similar results for CTC occurrence in breast cancer, with a detection rate of 

~70% in metastatic breast cancer patients in a large cohort (14).

The prognostic potential of CTCs has been discussed since the 1960s, when they were 

reported to be associated with decreased overall survival (OS) (15). However, other CTC 

studies between 1955 and 1962 resulted in varying incidences of CTCs in the peripheral 

blood, and this disparity led to an official statement by the World Health Organization 

(WHO) in 1963 that CTCs were not yet established as a detection or diagnostic method and 

needed further studies before clinicians should draw conclusions (16, 17). This and other 

interesting developments in CTC history over the last 150 years are summarized in Table 1.

Today, studies confirm the correlation of CTC presence with decreased OS or decreased 

progression-free survival (PFS) in many cancer types, including breast, colon, lung, ovarian, 

and prostate cancers (8, 18). The National Comprehensive Cancer Network even defined a 

new category of disease for CTC-positive breast cancer patients in its 2015 clinical practice 

guidelines on breast cancer (19).

CTCs have been demonstrated in various cancer types, and numerous studies show an 

association of CTC presence with poor prognosis for patients with melanoma (tumors 
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derived from melanocytes) (20) and sarcoma (tumors of mesenchymal origin) (21).However, 

the best-developed applications and methodologies are those for carcinomas, and we focus 

on this area in this review.

The concept of a fluid biopsy is not limited to evaluation of circulating cells derived from 

tumor. Other components of tumor-produced material, or tumor-associated material, are 

often discussed under this broad umbrella. For example, a lot of exciting work is currently 

being done in evaluation of isolation of circulating tumor DNA (ctDNA) (22), exosomes, 

and platelets (23). Platelets accompany and interact with CTCs through direct signaling in 

the bloodstream (24). Exosomes are membrane-bound vesicles and are part of the signaling 

process for intercellular molecular communication. Tumor-derived exosomes carry DNA 

that reflects the genome and mutational status of the tumor and therefore have potential as 

biomarkers for cancer and metastasis detection or monitoring (25). Additionally, fragments 

of ctDNA may be released to circulate freely in the bloodstream by apoptotic or necrotic 

CTCs, primary tumor cells, or cells from a metastatic site (22). However, white blood cells 

(WBCs) also release DNA and therefore contribute to the bulk of DNA detected in the 

bloodstream, which makes the specific detection of ctDNA challenging. Ultrasensitive 

sequencing techniques allow mutation identification with 96% specificity in late-stage 

disease, but very low concentrations of ctDNA in the total circulating DNA fraction lowered 

detections in stage I non–small cell lung cancer (NSCLC) to 50% (26). Specificity is also a 

challenge, but ctDNA is nonetheless another biomarker that is obtainable from a blood 

sample, providing information about genomic aberrations affecting the efficiency of targeted 

drugs or revealing the effect of chemotherapeutics on the genome (22).

PHYSICAL PROPERTIES OF CIRCULATING TUMOR CELLS

Diameters of Circulating Tumor Cells

CTCs can derive from many different carcinoma types, and their size varies depending on 

the tissue of origin or possibly other factors such as changes in protein expression. Small cell 

lung cancer cells might reach a diameter of only 10 μm, whereas breast cancer CTCs might 

have a diameter of up to 70 μm, and prostate CTCs can occasionally be larger than 100 μm 

(27). The surrounding WBCs—erythrocytes (~8-μm diameter), granulocytes (~15-μm 

diameter), lymphocytes (6–18-μm diameter), and monocytes (12–20-μm diameter)—are 

generally smaller (28).

Deformability of Circulating Tumor Cells

Deformability (the ability to change shape under the application of stress) can be measured 

using a microfluidic optical stretcher, which is a two-beam laser trap that deforms single 

cells in suspension by optically induced surface forces. A mixture of cell line CTCs can be 

sorted according to whether they derive from benign (MCF-10), nonmotile/nonmetastatic 

(MCF-7), or highly metastatic (MDAMB-231) cells on the basis of varying optical 

deformability, with cells derived from highly metastatic tumors showing increased 

deformability (29). The difference in deformability results from various factors like 

extracellular matrix (ECM) signaling, chemotherapy, or DNA rearrangements that may 

cause a shift in protein expression. This shift transforms the structure of the cytoskeleton in 
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cancer cells, causing their shape, motility, and deformability to differ as well (30). The 

nucleus of a cancer cell is often enlarged, which causes the cell to be more rigid than a 

WBC. In 2016 Park et al. (31) enriched CTCs from the blood of prostate cancer patients on 

the basis of their lower deformability relative to blood cells, with a 25-times-higher yield 

relative to enrichment by surface epithelial marker positivity using CELLSEARCH®. In 

cancer cell lines, in contrast, higher deformability has been linked to higher metastatic 

potential of the tumors from which the cell lines were derived (29, 32), and in studies with 

patient-derived CTCs, the comparison of benign epithelial cells with CTCs demonstrated 

higher deformability of CTCs (33). Therefore, the literature seems to conclude that CTCs 

are less deformable than WBCs but show increasing deformability as they increase in 

metastatic potential (34).

Polarity and Electrical Charge of Circulating Tumor Cells

As a result of changes in shape, nuclear size, and cytoplasm as well as protein expression 

changes during mobilization and/or activation of survival mechanisms in circulation, the 

ratio of suspensoid polarizable particles (e.g., proteins, nucleic acids, and peptides) to their 

solvent is different in CTCs than in WBCs and benign epithelial cells. This altered ratio 

becomes an important and very useful dielectric property (35). One method to exploit 

electrical properties is dielectrophoresis (DEP), in which a nonuniform electrical field 

separates cells by either pulling them away or moving them toward the electromagnetic 

field, depending on the cells’ own electrical charge (35). Gascoyne & Shim (36) 

demonstrated a lack of overlap in dielectric properties of cancer cells from cell lines versus 

blood cells so that DEP can be used for CTC enrichment. The isolated cells were transferred 

to cell culture medium and demonstrated viability. Proof of concept in multiple cancers was 

shown in a study with patient samples from NSCLC, breast cancer, and prostate cancer; 

dielectric properties were successfully used to enrich CTCs (37).

Density of Circulating Tumor Cells

Other normal constituents of whole blood provide a convenient internal control against 

which to measure various properties of CTCs. A predominant cell type in whole blood is red 

blood cells (RBCs). Their cytoplasm contains hemoglobin, a protein bound to iron atoms, 

which causes RBCs to have higher density (weight per volume) than WBCs or CTCs (38). 

In 2012 Phillips et al. (39) compared densities (cellular dry mass density) of CTCs, RBCs, 

and leukocytes in an ovarian cancer patient. They reported not only 3.5–4.5-times lower 

densities of leukocytes and CTCs compared with RBC density but also a density overlap 

within the first two types of cells. Thus, CTCs would reside in the buffy coat in the clinical 

lab.

BIOLOGICAL PROPERTIES OF CIRCULATING TUMOR CELLS

Epithelial Adhesion Markers and Cytokeratins

In carcinoma patients, the most commonly used cell surface markers for the enrichment of 

CTCs from a blood sample is the epithelium-specific cell adhesion molecule (CAM) 

EpCAM, which contributes to cohesion within an intact epithelial structure. Cytokeratin 

(CK) is then often used to further confirm the epithelial nature of enriched or captured cells.
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Tumor-Specific Markers

CTCs generally retain the protein expression profile of the tissue from which they are 

derived. This proteomic profile not only is epithelium specific but also, unless the tumor is 

extensively dedifferentiated, contains an organ-specific proteomic signature. In tissue 

biopsies this characteristic is exploited by using stains such as differential CKs (e.g., CK7, 

CK20) or organ system–specific stains like prostate-specific antigen (PSA), thyroid 

transcription factor 1 (TTF-1), and the homeobox protein CDX-2. Clinically actionable 

markers, such as receptor proteins that are used in tissue biopsies to guide therapy, can be 

found in CTCs as well. These markers and their expression levels are used to validate 

detection methods for CTCs, and their potential to add prognostic information over and 

above current standard tumor markers from serum or tissue is being investigated. Studies are 

currently evaluating the comparability of marker expression in CTCs with the primary tumor 

or metastatic lesion (40). For example, the expression of receptors such as HER2 in 

metastatic breast cancer (41) and EGFR in colorectal cancer patients (42) can exhibit 

disparities between CTCs and the primary tumor. Such disparities may reflect an evolution 

of disease or may represent the true heterogeneity of a tumor that underwent only limited 

sampling. Today’s knowledge about proteomic profiles of CTCs is insufficient to guide 

therapeutic decisions, and thus only a few early trials are testing therapy alteration based on 

marker levels in CTCs, such as HER2 expression in metastatic breast cancer CTCs (43–45).

MORPHOLOGIC HETEROGENEITY OF CIRCULATING TUMOR CELLS

Because different methodologies capture varying subsets of CTCs, it is difficult to fully 

characterize the breadth of the morphologic heterogeneity of these cells. Techniques capable 

of detecting the widest spectrum of possible CTCs have the most potential to capture more 

of this morphologic heterogeneity (46, 47). With the HD-SCA platform, for example, all 

nucleated cells from a blood sample are preserved for analysis. “No cell gets left behind,” 

and from each candidate cell, images are generated from three or four fluorescent channels, 

each devoted to a separate protein.

Heterogeneity of Circulating Tumor Cells and Circulating Tumor Cell Candidates Within 
Single Samples and Within Single Cancer Types

CTCs are not uniform, even within a single sample or within a single cancer type. Under 

investigation are not only traditional CK-positive, CD45-negative cells with a strong DAPI 

signal (HD-CTCs), but also other, less-understood cells that are captured by detection 

systems and that morphologically or immunophenotypically differ from cells of the 

hematopoietic lineage (see Figure 1). Conventional HD-CTCs show a wide variety of shapes 

and sizes, with a distinct cytoplasmic CK signal surrounding a nucleus that is larger than the 

surrounding WBC nuclei. Other categories of cells captured and annotated with the HD-

SCA platform, and described as well by other investigators, are CTCs with low or no CK 

signal (CTC-LowCK), CTCs with a nucleus that does not differ in size from WBC nuclei 

(CTC-Small), and CTCs that show apoptotic characteristics such as a disrupted nucleus 

and/or CK stain and that are theorized to be a source of tumor DNA [CTC–cell free DNA 

(cfDNA) producing] (48). CTC-LowCKs show an enlarged, irregularly shaped nucleus. The 

loss of CK signal in these cells may be due to a transition to a mesenchymal phenotype, 
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which would imply that these cells, generally not identified with EpCAM-based methods, 

may be more invasive and thus even more important for the prediction of disease progression 

than their epithelium-like counterparts (49). Preliminary data in breast cancer have also 

shown that these cells indeed frequently have an aberrant copy number variation (CNV) 

profile, and further investigations using single-cell next-generation sequencing (NGS) will 

give more insight into this cell category. Alternative possibilities include stripped cells with 

absent cytoplasm resulting from sample preparation effects. Such cells may also represent an 

entirely different cell type, for example, immature megakaryocytes. The next category of 

cells that are of potential interest are those that appear apoptotic (labeled in Figure 1 as 

CTC-cfDNA producing). Tracking of these cells potentially allows for evaluation of the 

extent of dying CTCs in the blood, with potential treatment response implications. Another 

category of small but CK-positive and CD45-negative cells is confounding to many groups, 

particularly because in tissue biopsies of cancer, tumor cells are virtually always larger than 

any surrounding benign cells.

Heterogeneity of Circulating Tumor Cells in Cancer Types

Finally, comparison of intertumor morphologic features of CTCs may be studied as well. 

Park et al. (50) observed, in prostate cancer patients, small CTCs only ~8 μm in diameter 

(similar in size to leukocytes) but with an elongated shape (50). These findings concur with 

those from another study that demonstrated that CTCs of prostate and colorectal cancer are 

smaller in size than breast cancer cells (51). Figure 2 shows some differences in CTC 

morphology in four cancer types. Thorough and extensive comparisons of the morphologic 

features of CTCs from various tumor types, with attention to the grade(s) and specific 

histologic features of the tumors from which they have arisen, are lacking, but such 

comparisons may emerge as techniques for isolation and visualization of these rare cells 

become more available.

KINETICS OF CIRCULATING TUMOR CELLS

There are many theories about the origination of CTCs. What mechanisms are in play as 

these anchorage-dependent tumor cells leave the tumor to face harsh hemodynamic stress, 

immune response, a CTC-hostile microenvironment, and probable death (52)? How do they 

get into the bloodstream, how do they get out, and how long do they circulate? Experimental 

evidence has been collected over the years, and although mysteries remain, some progress 

can be reported (Figure 3).

Passive Shedding of Circulating Tumor Cells

Many research groups have investigated the existence of passive tumor cell shedding into the 

bloodstream (53, 54). Even with complex experimental setups, distinguishing between 

passive shedding and active intravasation is difficult. Therefore, the theory of passive 

shedding as a frequent mechanism producing CTCs is supported only by circumstantial 

evidence. Pathologists routinely observe microscopic invasion of small blood vessels on 

histologic slides. Such invasion appears to occur via tongues or clusters of contiguous tumor 

cells growing directly into blood vessels. This commonly observed phenomenon suffers both 

from being a rather gross observation in terms of individual cell behavior and from being a 
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moment frozen in time at the point of tissue fixation, and abstracting more detailed 

mechanistic information is difficult. Abundant mosaic blood vessels (endothelial and tumor 

cells constituting the luminal surface) in various tumors indicate an erosion type mechanism. 

A study of colorectal carcinoma showed that 13.4% of the 367 vessels analyzed were mosaic 

(55).

Active Migration into Blood Vessels

Possible more active mechanisms of vascular intravasation include macrophage interactions 

with tumor cells; such interactions may induce tumor cell movement along collagen fibers 

toward blood vessels. Tumor cells and macrophages collaborate in a paracrine loop in which 

the cancer cells express the epidermal growth factor receptor (EGFR) and secrete colony-

stimulating factor 1 (CSF-1), which attracts macrophages, whereas macrophages secrete 

epidermal growth factor (EGF), which binds to the corresponding receptor of the cancer cell. 

The collagen fibers along which the macrophages and the attracted tumor cells are moving 

can be envisioned as a spider web, with the center of this web being the blood vessel. 

Growth factor and nutrient gradients are directing the tumor cells toward the vasculature 

(56). This movement of tumor cells along collagen fibers is often described as occurring 

through a crawler mechanism (57).

The invasive movement of epithelial cancer cells away from their collective and through 

stromal tissue and vascular walls is an area of extensive research. One of the main theories 

regarding the mechanisms for such invasion is epithelial-to-mesenchymal transition (EMT). 

EMT is frequently theorized to help explain active intravasation mechanisms of tumor cells 

into the vasculature. In this process, epithelial tumor cells lose their characteristic cell-cell 

contacts and apical-basal polarity to gain elongated morphology with increased mobility and 

invasive properties (58). Activation of this process, which leads to a more invasive cell type, 

is thought to be induced by the microenvironment of the tumor (59). EMT-triggering signals 

include transforming growth factor β (TGF-β) secretion by platelets (24), integrin-

macrophage interactions through EGF supply (as mentioned above) (56), secretion of 

proinflammatory cytokines by fibroblasts (60), and hypoxia (the tumor outgrowing its blood 

supply) (61), in addition to others (62, 63).

As a result of the EMT-triggering signals, transcription factors like snail family 

transcriptional repressor 1 (SNAIL), snail family transcriptional repressor 2 (SLUG), and 

forkhead transcription factor 2 (FOXC2) are activated (58). A series of signaling networks 

are induced and cause, for example, the loss of the CAM E-cadherin. E-cadherin 

downregulation triggers the so-called cadherin switch and enhances expression of N-

cadherin, a promoter of motility and invasion (64). CK expression is also reduced, whereas 

expression of vimentin and many more key regulators of EMT—like the helix-loop-helix 

protein Twist, E-box-binding repressors Zeb1 and Zeb2, β-catenin, Rac1, Akt2, and the 

cytoskeletal regulator integrin—increases (65–67). All these factors finally cause a redesign 

of the cytoskeleton, mainly by a switch from a CK-rich filament network to one composed 

mainly of vimentin (68). Adherent junctions are destabilized, polarity is lost, and filo- and 

lamellipodia for migration form. The cell finally reaches the mesenchymal, mobile, and 

protected phenotype, which allows for invasion through stroma and possibly intravasation 
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and survival in the bloodstream (66, 68). All these factors are being investigated as markers 

for determining the cell state and invasive character of isolated CTCs.

Diagnostic pathologists recognize tumor types that have characteristics of EMT. Certain 

tumors are known to have lost some of their cohesive epithelial nature. This loss can be 

immunohistochemically demonstrated; one example is the loss of E-cadherin staining in 

lobular breast cancer and certain diffusely infiltrating gastric cancers. Within an individual 

tumor, however, histologic identification of specific cells or areas that may be undergoing 

EMT at the invading front of a tumor is challenging from a pathologic standpoint and has 

not historically been pursued. These cells usually do not display a typical spindle-shape 

mesenchymal phenotype and for that reason are rarely observed in the clinical 

histopathologic environment (69). However, in 2014 Ueno et al. (70) developed an approach 

to visibly detect and evaluate EMT potential in colorectal cancer histologically. They 

developed the HistologyEMT system by using poorly differentiated clusters, desmoplastic 

reaction, and stroma maturity to analyze EMT at the leading edge of the primary tumor and 

showed that this method has significantly higher prognostic value than the current standard 

of TNM staging for disease-free survival (70). Recent papers evaluated the leading invasive 

edge of various cancers by immunostain panels and describe an immunohistochemically 

recognizable diminution in the staining intensity of some surface epithelial markers with 

increased vimentin or other mesenchymal marker positivity in cells at the leading invasive 

edge relative to those within the central tumor mass. In fact, the plasticity of cells at the 

leading invasive edge has been proposed to be an inherent quality that may be a better 

indicator of invasive and metastatic potential than overall tumor differentiation (71, 72).

EMT may also be secondarily involved in the passive shedding of tumor cells. Tsuji et al. 

(73) found evidence for a synergy between cells undergoing EMT and cancer cells that do 

not (non-EMT cells). The cells undergoing EMT degraded the surrounding matrix, enabling 

invasion and intravasation of non-EMT cells.

Even though EMT has been theorized as a leading mechanism of metastasis, this theory has 

also been debated (73) and recently even challenged. Aceto et al. (74) revealed that EMT is 

not necessarily responsible for the mobility of tumor cells. In addition, recent mouse model 

experiments in which EMT regulators were downregulated showed that EMT was 

dispensable for metastasis but contributed immensely to chemotherapy resistance (75, 76).

Survival of Circulating Tumor Cells in the Vasculature

After intravasation, CTCs are confronted with multiple stress factors. The sheer force 

generated by the bloodstream is quite different from the forces exerted on cells in their tissue 

of origin. In addition, epithelial cells that lose their cell-cell and cell-matrix interactions 

usually undergo anoikis (77). CTCs may also undergo anoikis and release cfDNA (22). 

Studies of kinetics suggest a short survival time in the bloodstream. A mouse model 

experiment with renal cell carcinoma cell lines demonstrated total cell numbers shed (as 

directly measured from the renal vein of the kidney) to be as high as 6 million cells/(day·g), 

with approximately 89% of these cells being nonviable immediately after being shed and a 

predominant subset of the nonviable cells being apoptotic (78). The viable cells usually have 

a short lifetime. Meng et al. (79) measured, in breast cancer patients, a CTC half-life of 2.4 
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h, with a maximum survival of 24 h after primary tumor resection. Rossi et al. (80) recently 

detected and distinguished between spontaneous and drug-induced apoptosis of CTCs in 

breast, renal, and colorectal cancer patients. Using M30, a biomarker for apoptosis in 

epithelial cells, Rossi et al. detected a fraction of 50–80% M30-positive CTCs undergoing 

spontaneous apoptosis.

Circulating Tumor Cell Aggregates and Their Possible Contribution to Venous 
Thromboembolism

CTCs are not found just as single cells within the vasculature. They can often be detected as 

aggregates, so-called circulating tumor microemboli (CTM), which are composed of two or 

more cancer cells (81). Studies on mouse models suggest that, rather than CTCs forming 

clusters after intravasation, the aggregates of cells enter the vasculature as groups after 

dissociating from a solid tumor mass (74). This process has also been associated with 

overexpression of vascular epidermal growth factor A (VEGF-A) by tumor cells; VEGF-A 

may induce the release of CTM into the vasculature (82).CTM are theorized to play an 

important role in both tumor metastasis and venous thromboembolism (VTE), which are the 

two main causes of mortality in cancer patients (83). Cho et al. (81) detected CTM in 54% 

of breast cancer patients, in 52.5% of NSCLC patients, and in 73% of prostate cancer 

patients (all stage IV patients). Frequently, both CTM and CTCs were physically associated 

with other cell types such as fibroblasts (84), leukocytes (85), endothelial cells (86), and 

platelets (24). Experimental evidence has supported the view that CTM may be particularly 

ominous; as early as the 1970s, CTM were shown to have a higher metastatic potential in 

mouse model experiments comparing tumor growth from injection of single cells with tumor 

growth from injection of clusters (87), an observation recently confirmed by Hou et al. (88).

During circulation through blood vessels, CTCs and most notably CTM may contribute to 

VTE (83), but the mechanisms are poorly understood. The expression of the coagulation 

cascade member tissue factor (TF) by CTCs may play a role. TF is a trigger of coagulation 

and can be regulated by oncogenes, tumor suppressors, or growth factors in cancers (89). In 

2014 Phillips et al. (90) demonstrated, through a dynamic simulation of CTCs and CTM 

under flow within the vasculature, that CTM may cause a regional elevation of thrombin 

levels that is enabled by reduced flow speed caused by vessel junctures. CTCs and CTM 

have thus been suggested as mobile sources of thrombin, but their detailed role in VTE 

remains ill defined (91). Given cell counts of up to 50 within one CTM, another theory for 

VTE could be based on a pure size issue, with the cell mass clogging a small blood vessel, 

as displayed in Figure 3b (74).

Establishment of Metastasis

The last step of metastasis is the actual occupation of distant areas of preexisting normal 

tissue, and this development requires exit from the bloodstream and the establishment of a 

stable proliferative state in a new location. This process is highly complex and inefficient. In 

animal models only 0.01% of all tumor cells entering the bloodstream were able to 

extravasate into tissue and form a metastasis (92). Other potential outcomes are anoikis, 

destruction by immune cells, and transition to a dormant nonproliferating state (93). 

Whether extravasation can take place is dependent on the environment that CTCs find during 
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their travel and on the inherent metastatic potential of the CTCs. If a metastable CTC arrives 

by arrest in a small capillary with subsequent ischemic capillary wall destruction, by 

extravasation through the capillary endothelium, or by extravasation across the wall of a 

larger vessel, it may encounter a favorable microenvironment known as the metastatic niche. 

Some of the factors defining the metastatic niche are stromal cells and ECM proteins that 

support survival and self-renewal (52). Duda and colleagues (94) demonstrated in mouse 

models that CTCs may even bring their own “soil” from the primary site. They observed 

CTCs that were embedded, during circulation, in stromal components, like fibroblasts, 

macrophages, and endothelial cells, which provided the CTCs with survival and growth 

advantages. Alternatively, favorable environments may already be present within an existing 

tumor or metastatic site that a CTC might encounter (95). Therefore, Paget’s seed-and-soil 

theory (96) cannot be seen as an unidirectional process, but rather more as an encounter 

between a circulating cell and a suitable environment (97).

Finally, because well-established metastases almost always strongly resemble the primaries 

from which they arose, EMT as a mechanism of circulatory spread must be an evanescent 

state and requires a reversal step to explain the fully expressed epithelial features recognized 

by pathologists in established metastases. The cells somehow have to achieve a recognizably 

epithelial state again. The theory that CTCs undergo a reverse process, the mesenchymal-to-

epithelial transition (MET), has been proposed (58). In 2016 this potential reverse transition 

was further examined, and adenosine 3′,5′-monophosphate (cAMP) and its main effector, 

protein kinase A (PKA), were proposed to play key roles (98). MET involves activation of 

extracellular proteases that dissolve membrane proteins, as well as reactivation of CAMs, 

integrins, E-cadherin, and β-catenin (99), as portrayed in Figure 3b.

OTHER EMERGING CONCEPTS

Spreaders and Sponges

The journey of a CTC may not be a one-way trip from a primary tumor to metastatic niche 

(100, 101).Newton and colleagues (102) developed a mathematical (Markov chain) model, 

attempting to shed light on the complex circulation pathways of CTCs. They described a 

pattern of metastasis best explained by three pathways: self-seeding of the primary tumor, 

reseeding of the primary tumor from a metastatic site, and self-seeding of metastatic tumors. 

Using a large autopsy data set from lung cancer patients, they were able to classify 

metastatic sites into two distinct categories. If a metastatic site appeared to absorb more 

metastatic potential than it gave rise to, then it was classified as a sponge. If the site was 

observed to spread more to other sites, then it was classified as a spreader. It was determined 

from the model that an important metastatic site, and the most important sponge, was the 

group of regional lymph nodes. Although the model is still being developed, it is able to 

illustrate how cancer progression is a multidirectional process (102). In the future, these 

types of models could potentially be utilized for prediction of metastatic sites that will 

inform clinicians when and how to adjust treatment.
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Dormancy

How can patients go for many years with no evidence of disease and yet relapse eventually 

with the same cancer? Moreover, patients can have evidence of CTCs even years after 

surgery without disease recurrence (79). These observations suggest that there is a condition 

of CTCs in which extravasation, or growth of extravasated tumor cells into metastases, is 

temporarily stopped. This state is known as dormancy and is proposed as a mechanism often 

utilized by cells to adapt to new microenvironments (103). Dormancy is defined as a 

nondividing phenotype. Ki-67, a nuclear protein for cell proliferation, is absent or 

downregulated in CTCs that are considered dormant (104). Studies have shown that, even up 

to 22 years after mastectomy, dormant CTCs can be found in patient blood (79).The time 

from dormancy to metastatic progression has been referred to as the latent niche (105). 

Whether dormancy (Ki-67-negative CTCs) could be related to future relapse has not been 

fully established. However, authors of a study of breast cancer patients undergoing adjuvant 

chemotherapy observed that Ki-67-negative CTCs may be resistant to therapy (106). A 

better understanding of this process and identification of dormant cells would enable the 

targeting of these cells, which may represent a type of minimal residual disease.

TECHNIQUES: METHODS FOR CAPTURE AND CHARACTERIZATION OF 

CIRCULATING TUMOR CELLS

Today’s CTC technologies are pushing past mere identification and enumeration and are 

attempting to better understand the molecular features of these rare cells in a two-stage 

process. The first stage is a detection or capture stage, often utilizing some type of 

enrichment component that increases CTC concentration and/or depletes surrounding 

normal blood cells. In the second stage, either a CTC-enriched population of cells or a pure 

population of individually retrieved CTCs is further characterized by various molecular 

techniques.

To date, detection methods have been developed to target specific biological and 

physiological properties of CTCs. Initial specificity, efficiency, and purity measures are 

usually obtained by spiking cancer cell line cells into healthy donor blood followed by 

further validation with clinical specimens. Multiple methods are available and have been 

discussed at length elsewhere (107–109).Here, we provide a brief overview of different 

approaches for CTC detection (see Figure 4), including established methods as well as novel 

techniques that are under development.

Positive Detection Strategies

CTC enrichment can be performed by utilizing EpCAM as a positive detection strategy. All 

EpCAM-based technologies focus on this cell adhesion protein expressed on the surfaces of 

epithelium-derived CTCs. The detection step is based on antibody-labeled beads, columns, 

microposts, or other devices to isolate CTCs.

A commonly recognized method for CTC detection is CELLSEARCH®. An automated 

system for enumeration of CTCs, it uses immunomagnetic capturing of cells that express 

EpCAM on the cell surface; in this system, a CTC is defined as a nucleated DAPI-positive, 

Thiele et al. Page 12

Annu Rev Pathol. Author manuscript; available in PMC 2021 January 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



CK-positive, and CD45-negative cell (110). CELLSEARCH® is the only FDA-approved 

CTC detection method. Enumeration of CTCs has been proven to be a prognostic marker for 

metastatic breast, colorectal, and prostate cancers (8). CELLSEARCH® has opened the door 

for CTCs as potentially valuable clinical biomarkers. However, the mere enumeration of 

CTCs has proven insufficiently informative to engender widespread clinical adoption.

Other approaches include microfluidic platforms like the CTC-Chip. CTCs interact with 

EpCAM-coated microposts under laminar flow conditions (11). The process involves a one-

step setup and is very gentle with regard to cell handling. Over time, the CTC-Chip 

developed into the Herringbone Chip after undergoing multiple improvements (111). The 

addition of a microvortex within the device has optimized antibody affinity. Moreover, 

changing the shape from sharp grooves to wavy corners has enhanced the EpCAM-coated 

surface. These adjustments have boosted the purity of CTCs (meaning an absence of 

nonspecifically captured WBCs) from 25.7% to 39% while retaining an efficiency of 85% 

cell recovery (112). These microfluidic chips are a cheap and fast method for CTC capture, 

but as long as they depend on EpCAM detection, they face the same limitations as 

CELLSEARCH®.

Following the development of coated microposts, nanostructured substrates were also 

developed. Silicon nanopillars coated with EpCAM antibodies are combined with 

micromixing abilities. This technique achieves approximately 95% efficiency but processes 

only 1 mL/h of blood. This system can detect CTCs in 20 of 26 patients compared with 

detection in 8 of 26 patients with CELLSEARCH® (113).

Another innovation is the MagSweeper® (Illumina, San Diego, CA) (114), in which blood 

samples are diluted and prelabeled with EpCAM-coated magnetic particles that can 

subsequently be captured by a magnetic rod sweeping through the sample. The magnetic rod 

then switches to a washing well, and in a buffer solution an external magnetic field causes 

the release of labeled cells, which remain viable and unaffected and are therefore 

transferable to cell culture (115).

The CellCollector® (GILUPI GmbH, Potsdam, Germany) is an inventive device that 

captures CTCs on the basis of EpCAM surface expression in vivo. Antibodies are coated on 

a gold-plated nanoguidewire that is inserted into the patient’s cubital vein for 30 min 

through a venous cannula (116). Thereafter, adherent CTCs can be immunocytochemically 

stained and evaluated. Treatment response in lung cancer may be associated with decreasing 

CTC counts, and mutational analysis of captured CTCs was possible (117). This method 

overcomes blood volume limitations but is a rather unpleasant and more invasive procedure 

for the patient than a blood draw.

All the methods mentioned above are limited by their reliance on enrichment for EpCAM-

positive cells, and thus only the EpCAM-positive subpopulation of CTCs are detected 

through these methods. CTCs that have undergone EMT may downregulate their epithelial 

markers like EpCAM and E-cadherin, and these cells would thus be invisible to these 

methodologies (118).

Thiele et al. Page 13

Annu Rev Pathol. Author manuscript; available in PMC 2021 January 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A somewhat broader capturing approach utilizing immunoaffinity is offered by AdnaGen 

(QI-AGEN, Hilden, Germany).With prelabeled magnetic beads and its combination-of-

combination principle, the AdnaTest® offers a variety of capturing antibodies (EpCAM, 

HER2,MUC1).However, even if the limitation might not be as stringent as EpCAM-only-

based techniques, it is still a constraint on a defined subpopulation of CTCs that is being 

captured. An additional drawback of the AdnaTest® is the lysis of captured CTCs, which 

allows for bulk PCR analysis of cancer-specific biomarkers but negates the possibility of 

analyzing single cells by methods such as single-cell NGS.

Detection Based on Differential Physical Properties

Alternative methods include density gradient centrifugation like OncoQuick® 

(centrifugation only; Greiner Bio-One GmbH, Frickenhausen, Germany) (119), filtration 

systems isolating CTCs by size [the most famous example is ISET® (isolation by size of 

epithelial tumor cells, RARECELLS US Inc., Austin, TX)] (120), and microdevices using 

size and deformability like the ClearCell® FX (Clearbridge BioMedics, Singapore), which 

shows approximately 80% efficiency (121). Alternatively, CTCs can be enriched by 

electrical charge, wherein electrodes create spherical dielectrophoretic cages to detect rare 

cells and sort them by morphologic parameters.

A label-freemethod using deformability in combination with microfluidic ratchets was 

recently used to capture CTCs with a 25-times-greater yield than that of CELLSEARCH®. 

In addition, the captured cells are viable and obtainable for downstream analysis (31).

Another platform consists of a spiral microchannel using Dean drag forces to separate larger 

cells (CTCs) by strong inertial lift forces. Dean flow fractionation is able to recover 85% of 

CTCs in spiked blood samples and isolates CTCs in a completely antibody-independent 

manner at a rate of 3 mL/h. However, only a low purity of ~10% could be achieved. 

Validation with clinical samples of metastatic lung cancer patients showed a 100% detection 

rate (122).

Negative Detection Strategies: Leukocyte Depletion

The biantibody leukocyte depletion kit EasySep® (STEMCELL Technologies, Vancouver, 

Canada) allows CTC enrichment through leukocyte depletion by using CD45-labeled 

magnetic beads (123). Leukocyte depletion methods have been reported to result in lower 

purities than purities obtained by using positive CTC selection (109) and are therefore often 

combined with other enrichment techniques. However, after depletion methods of 

enrichment, CTCs are viable and can be used for further experiments (124).

Combined Methods

The approaches described above often do not alone obtain the desired purity or specificity; 

therefore, a combination of methods can be utilized for detection of CTCs. Negative 

selection by CD45 sorting can, for example, be combined with a functional-type assay 

(107). Such a technology, EPISPOT, detects protein secretion of viable CTCs through 

labeled antibodies on the bottom of the culture dish (125).Through this method, researchers 

were able to classify metastatic breast cancer patients into high- and low-risk groups. In 
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combination with the CELLSEARCH® method, reported data were a strong predictor for 

OS (126). Another combinational platform is maintrac (Simfo GmbH, Bayreuth, Germany), 

which consists of RBC lysis, centrifugation, and detection through EpCAM-labeled 

antibodies (127). Another example is CanPatrol® (SurExam Biotech Ltd., Guangzhou, 

China), which involves CTC enrichment by filtration followed by RNA in situ hybridization. 

For example, by using EMT-related markers like Twist and vimentin, recovery rates of 80% 

were reported (128).

A combination strategy consisting of microfiltration and a telomerase-selective adenovirus 

takes advantage of the enhanced telomerase activity of tumor cells. Experiments were 

executed without filtration, but the viruses were not specific for cancer cells, and therefore 

filtration by size was included as an enrichment step. With this strategy, sensitivity was 

between 75% and 93%, but false-positive cells were detected as well (129). This method 

needs further investigation before any statement about clinical value can be made.

Another method that is still in its infancy is aptamer-based CTC detection. Aptamers are 

small nucleotide sequences that can be designed against any molecular target and can bind to 

it with high specificity and affinity. Zamay at al. (130) were able to select and identify DNA 

aptamers for lung cancer cells from surgical excision tissue. These aptamers were then used 

to identify CTCs from patient blood plated onto slides after RBC lysis. Of 52 primary lung 

cancer patients, 44 were positive for CTCs, and of that subset, 15 of those had less than 2 

cells/3 mL.

ScreenCell® (ScreenCell SA, Paris, France) is a newer filtration device with choices of pore 

sizes (8 or 6.5 μm) and buffers for either fixation or cell culture. It is possible to filter CTCs 

and directly culture them for further experiments. Recovery of cell line samples has been 

demonstrated at approximately 90%, with more than 85% of the sample being viable cells 

(131), suggesting that ScreenCell® may be a useful combination method by which to obtain 

living CTC cultures or xenograft models.

A big step toward automation was achieved by the fully automated DEPArray™ (Silicon 

Biosystems, San Diego, CA) instrument, which detects, quantifies, and recovers CTCs for 

downstream analysis from CTC-enriched blood samples. This method needs a CTC 

enrichment step like CELLSEARCH® before further analysis, but subsequently everything 

is automated, with minimal hands-on requirements. The enriched cell solution is pipetted 

into a chip and is loaded to the DEPArray™ instrument. Within the chip are various 

microelectrodes, which produce electric cages to trap (up to 40,000) single cells. Once the 

cells are trapped in individual cages, they can be identified and selected on the basis of 

fluorescent markers. Single cells can be moved within the chip by electrical forces and 

recovered in a tube for further genomic analysis (132, 133). Fernandez et al. (132) reported 

CTC subclones in metastatic breast cancer patients; some patients showed genomic 

concordance with the primary tumor, and some did not. These highly automated techniques 

could therefore be a useful tool to monitor disease progression and tumor heterogeneity.
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Nonenrichment Strategies for Detection: Direct Analysis

The HD-SCA assay developed by Kuhn and colleagues (10) is under commercialization by 

Epic Sciences (San Diego, CA). This technique uses amore holistic approach to CTC 

detection. Peripheral blood is drawn, and within 48 h, RBC lysis is performed, and 

peripheral blood mononuclear cells (PBMCs) are plated on customized glass slides and 

stained for HD-CTC identification with antibodies against a CK-pan mix, CD45, and a 

nuclei counterstain with DAPI. For image analysis, an automated system is used, and 

custom-made software generates a report that presents the candidate cells to a 

hematopathologist-trained technical analyst for analysis and interpretation. This approach 

not only allows nucleated CK-positive, CD45-negative cells to be reported in CTC analysis, 

but also records all cells of interest as shown in Figure 1. No subpopulation is selected for, 

as in other methods described, which use surface markers or other limited properties for 

detection. All cells of the PBMC fraction of each patient are recorded and imaged, and no 

image is discarded. In a study of 28 small cell lung cancer patients, Kuhn and colleagues 

(134) detected numbers as low as 0.3 CTCs/mL at study enrollment. This number increased 

to an average of 13.4 CTCs/mL, with higher CTC counts in follow-up samples. This 

platform recently underwent major enhancement by integrating NGS at the single-cell level. 

Any CTC detected in a patient sample can be picked from its slide and can undergo CNV 

analysis or mutation screening to uncover the clonal relationships within and between CTC 

populations and the primary tumor. A drawback of this direct-analysis platform is the 

fixation of all cells such that no viable CTCs can be obtained for further studies.

DOWNSTREAM CHARACTERIZATION OF CIRCULATING TUMOR CELLS

Establishment of Circulating Tumor Cell Cultures and Xenograft Models

One highly attractive downstream option for further investigation of CTCs after they are 

identified is the culturing of viable CTCs. Due to the scarcity of CTCs, this approach cannot 

be implemented for all patient samples. For example, in cases of prostate cancer, at least 100 

cells are required for successful culture of CTCs (135). Once a CTC cell line is established, 

it can either be used for direct testing of drug sensitivity (47, 136) or be implanted into 

immunosuppressed mice to create xenograft models and thus permit further drug testing and 

genetic profiling studies (137). However, either option limits the ability to study 

fundamental heterogeneity, as only the most robust cells are likely to survive the process of 

ex vivo engraftment. Moreover, the cells will have been removed from their host 

environment and immune system, which may alter their nature, precluding meaningful 

conclusions regarding disease evolution or treatment resistance (138).

Molecular Characterization of Circulating Tumor Cells

The recent prevailing aim is characterization of the DNA content of single CTCs. Over the 

past decade, NGS methods have immensely increased our knowledge about cancer 

genotypes and their derived CTCs(139, 140).Performing any single-cell method at the DNA 

level first requires whole-genome amplification (WGA) to increase the minute amount of 6.6 

pg total DNA/cell before further analysis (42). This process increases copy numbers of the 

entire genome but increases the risk of bias and thus false findings (141). Therefore, studies 

have to include a comparison of CTCs to normal cells or in some other way demonstrate 
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fidelity during amplification. After WGA the genome can be analyzed in multiple ways: 

mutation analysis of therapeutic target genes (42, 142), massive parallel sequencing for the 

detection of new druggable mutations (143), or CNV detection through NGS(144).Mutations 

in KRAS, for example, can blockEGFR-targeted therapy efficiency in colorectal cancer. 

Studies revealed high intrapatient and interpatient heterogeneity of KRAS mutations (143). 

One theory is that CTCs carrying the mutation may escape therapy and then cause relapse or 

disease progression. The ability to detect and identify these cells early could lead to 

adjustments in precision medicine (22).

RNA-based CTC profiling also offers promise. Gene expression studies at the RNA level 

may reveal important information about tumor heterogeneity. Popular techniques are 

fluorescence in situ hybridization (FISH) (145), reverse transcription PCR followed by other 

PCR techniques (like quantitative real-time PCR) (42), and microarray mRNA sequencing 

(115).Using quantitative real-time PCR, Steinestel et al. (146) investigated the two major 

mutations—the AR-V7 and AR point mutations—in the androgen receptor gene (AR) in 

advanced prostate cancer CTCs in the context of probable drug resistance. Patients 

underwent a molecularly uninformed therapy switch with a response rate of 38%. Steinestel 

and colleagues then discovered in retrospect that 71.4% of the responders had had CTCs that 

showed a matching molecular profile for the therapy switch. The overall calculated benefits 

of known molecular profiles of CTC for the success of a therapy switch were estimated to be 

~27%.

Finally, CTCs can be interrogated at the protein level. The most common approach by which 

to attain expression data from CTCs is protein detection through direct antibody-target 

binding. This method has become standard and is integrated within many techniques like 

CELLSEARCH® (41). These techniques usually evaluate the hormone status of patients and 

compare protein expression levels of the tissue sample with CTC expression rates. Examples 

of proteins of interest are HER2 in breast cancer (41, 147) and PSMA in prostate cancer 

(148). Studies are still ongoing to determine whether patients can benefit from a therapy 

switch based on CTC marker expression. Techniques using antibody-target binding include 

immunohistochemistry approaches using either labeled fluorophores or magnetic particles 

with subsequent microscopy (10, 149) and enzyme-linked immunosorbent assay (150). 

Improved high-throughput methods include protein microarrays (which have a device 

surface covered with capture antibodies) and mass spectrometry, both of which offer high 

sensitivity and specificity (151). Additionally, nanotechnology can be used to detect protein 

expression in CTCs through labeled nanoparticles or nanowires (116).

CLINICAL IMPLICATIONS

Using these new technologies to fully interrogate CTCs could lead to many possible clinical 

applications. Studies demonstrating the predictive value of CTCs for OS or PFS in cancer 

patients have been copious over the last decade (79, 110, 150, 152). However, CTCs carry 

much greater promise than has yet been realized, and within the last three years the focus in 

CTC research has shifted to studies focusing on the transfer of research results to clinical 

practice (138).
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Therapeutic Target Discovery

CTCs may allow for the detection of known therapeutic targets in situations in which tissue 

is limited. An excellent example is lung cancer. In NSCLC the diagnostic test for crizotinib 

treatment effectiveness in rearranged anaplastic lymphoma kinase (ALK) patients is 

currently performed on tumor biopsy samples. To determine whether CTCs could provide 

the same diagnostic information—which could be especially useful when biopsy tissue is 

limited, as it so often is for fine-needle lung biopsies—Pailler et al. (153) designed a 

platform for CTCs, using a filter-adapted FISH method in combination with the FDA-

approved companion diagnostic FISH probe. They used a NSCLC cohort of 32 patients and 

compared results from CTCs with those from tumor biopsies. This study produced 

concordant results of CTCs with biopsy examinations for ALK rearrangements. All ALK-

positive patients had CTCs with ALK rearrangements, and there was only one ALK 
rearrangement in CTCs of the ALK-negative patients. Interestingly, ALK-rearranged CTCs 

were positive for EMT markers like vimentin and N-cadherin but had no CK; the authors 

suggest that these cells thus showed a more mesenchymal phenotype, which implies a higher 

metastatic potential. The group later showed the system to be effective with c-ros oncogene 
1 as well (154).

Disease and Treatment Monitoring

CTCs may provide markers for treatment sensitivity. In 62 prostate cancer patients, men 

with AR-V7-positive CTCs had shorter PFS and OS than did AR-V7-negative patients, 

which shows that AR-V7-positive CTCs predict resistance to enzalutamide and abiraterone 

(155). One year after this study, the group investigated the same marker in correlation with 

taxane treatment and observed that taxane is more effective in men with AR-V7-positive 

CTCs and shows an efficiency comparable to that of enzalutamide and abiraterone in AR-

V7-negative patients (156).

CTCs may predict treatment response. For example, Wallwiener et al. (157) demonstrated 

that in metastatic breast cancer a continuously high CTC level after one cycle of 

chemotherapy predicts shorter OS and PFS and that CTCs therefore may be useful in 

adjusting systemic therapies. The SWOG S0500 trial confirmed CTC counts to be a 

predictive marker for PFS and OS but failed to show improved survival after a therapy 

switch based on CTC counts (158). The Wallwiener group stated that these results could also 

indicate that there is a need for more effective treatment for this subpopulation of patients 

(157).

CTCs may allow us to recognize heterogeneity and better investigate therapy resistance 

mechanisms and to even identify novel therapeutic targets. NGS has revealed that tumor 

heterogeneity is dynamic, with biomarkers changing during disease progression (4). CTCs 

may provide an even more precise representation of the mutation spectrum of the primary 

tumor. This theory is supported by findings of Heitzer et al. (143), who investigated 

concordance between the primary tumor, the metastasis, and CTCs for KRAS. Driver 

mutations like those in the genes encoding KRAS, APC, and PIK3CA were found mostly in 

metastases and the corresponding CTCs, but some mutations appeared only in CTCs. This 

theory could potentially explain some cases of treatment resistance seen in, for example, 
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hormone receptor–positive patients who show no benefit from endocrine treatment. Changes 

in estrogen receptor and/or progesterone receptor expression between solid tumor sites and 

CTCs may explain the therapy failure (3). CTCs that derive from an overall marker-positive 

site may in fact be heterogeneous, and the important subpopulations that survive treatment 

and cause disease progression or recurrence may for this reason be found among the CTCs.

Prediction of Risk of Relapse

CTCs may be prognostic of relapse. A large multicenter study was conducted with 2,026 

early breast cancer patients by using the CELLSEARCH® system. The worst prognosis was 

shown for patients with ≥ 5 CTCs/30mL of blood, and the detection of CTCs before and 

after chemotherapy was linked to an increased risk of relapse (12). In addition to this breast 

cancer study, studies of prostate cancer (159) and bladder cancer (160) have shown a 

predictive correlation of CTC counts with metastatic relapse.

Technologies incorporating downstream analysis and characterization of CTCs after 

detection can be applied to determine the metastatic potential of CTCs by characterizing 

mutations, CNVs, or protein expression changes in one or more of the factors involved in the 

metastatic cascade. Baccelli and colleagues (124) characterized the metastatic potential of 

CTC subpopulations. The presence of a group of EpCAM-positive, CD44-positive, CD47-

positive, and MET-positive CTCs was correlated with patient survival and metastasis. This 

identification of metastasis-initiating CTCs and the markers used could play a key role in 

prognosis of relapse or metastasis. Given that CTCs can be detected before metastasis, their 

analysis may allow for more precise staging of early-stage patients and thus function as a 

prognostic tool for therapy decision making—one that can easily, reproducibly, and 

repeatedly be obtained through a fluid biopsy from cancer patients (161).

Treatment Vehicles

Finally, at the very cutting edge, CTCs have been proposed as treatment vehicles in a 

potential Trojan horse role. Targeting CTCs with genetically modified platelets that express 

TRAIL (tumor necrosis factor–related apoptosis-inducing ligand) could induce apoptosis in 

tumor cells (162). Due to platelet interactions in the bloodstream, CTCs would be the first 

target of these modified platelets, as successfully shown in vitro and in mouse models. This 

strategy could be a next step toward slowing down the metastatic cascade (162).
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CTC:

circulating tumor cell
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HD-SCA:

high-definition single-cell analysis
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OS:

overall survival
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PFS:

progression-free survival
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ctDNA:

circulating tumor DNA
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NSCLC:

non–small cell lung cancer
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NGS:

next-generation sequencing
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CTM:

circulating tumormicroemboli
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VTE:

venous thromboembolism
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Figure 1. 
Candidate cells of circulating tumor cell (CTC) detection by the high-definition single-cell 

analysis (HD-SCA) approach of Kuhn and colleagues (J.-A. Thiele, P. Pitule, P. Ostašov, V. 

Liška, M. Králíčková, et al., unpublished data). The images represent the pleomorphic 

population of candidate cells found in the blood (before surgery) of metastatic colorectal 

cancer patients; these cells are stained with DAPI (blue), CK-pan mix (red), and CD45 

(green). The composite image and the DAPI image are displayed for each cell type. Cell 

type abbreviations (from left to right): CTCs detected by the HD-SCA platform (HD-CTCs), 

CK-positive and CD45-negative cells with a nucleus distinct from WBC nuclei; circulating 

tumor microemboli (CTM), HD-CTC clusters (at least two or more HD-CTCs); CTC-

LowCK, cells with a nuclear shape different from that of WBCs but CK negative and CD45 

negative; CTC-Small, CK-positive and CD45-negative cells with a small (WBC-like) 

nucleus; CTC-cfDNA producing, CTCs undergoing apoptosis with irregular nuclear or 

cytoplasmic condensation and a possible source of circulating tumor DNA.
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Figure 2. 
Circulating tumor cells (CTCs) detected by the HD-SCA platform (HD)-CTCs in four 

different cancer types (C. Ruiz Velasco, L. Welter, N.A. Carlsson, P. Malihi, P. Kuhn, et al., 

unpublished data). Although this figure does not thoroughly classify CTC morphology 

differences by cancer type, these images demonstrate some subtle but recognizable 

differences. In breast HD-CTCs, the endoplasmic reticulum shows a very distinct pattern (b), 

and these CTCs are more round in shape than the HD-CTCs of other cancer types. For 

ovarian HD-CTCs, variation in shape is high. Prostate HD-CTCs are round in shape (similar 

to breast HD-CTC shape) and are often not much bigger than white blood cells (results are 

concordant with Reference 50). Lung HD-CTCs show more elliptical shapes and varying 

sizes compared with the other three HD-CTC types shown here.
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Figure 3. 
Proposed circulating tumor cell (CTC) dissemination into the vasculature and subsequent 

prospects. (Left) Epithelial heterogeneous tumors shedding tumor cells into the bloodstream. 

Such shedding can be passive (bottom) as parts of the tumor (fragile vessels) break off, 

thereby shedding epithelial CTCs (blue and yellow) into the blood, sometimes even as 

circulating tumor microemboli (CTM). Alternatively, shedding may be active (top) as cells 

undergo epithelial-to-mesenchymal transition (EMT) (green, EMT-CTCs), which may 

happen partially or completely and is often induced by platelet interaction (little white 
diamonds) (24). As these EMT-CTCs actively penetrate into the blood vessel, some 

epithelial cells may passively follow (73), driven by the bloodstream-induced low pressure. 

Once within the vasculature, a CTC has multiple fate options. (Right) (a) Cells that 

underwent partial or full EMT may reverse this process and start mesenchymal-to-epithelial 

transition as part of metastasis formation (73). However only 0.01% of CTCs are likely to 

form a metastasis at a distant site (92). (b) CTM and CTCs in the vasculature may get stuck 

in blood vessels and are suspected to have a role in causing venous thromboembolism (83). 

Additionally, CTM may initiate metastatic growth after lodging in a distal capillary (74, 87). 

(c) CTCs (epithelial or mesenchymal) may undergo apoptosis, which releases circulating 

tumor–derived DNA into the bloodstream. (d) After survival in the vasculature, CTCs may 

self-seed. This process is often observed and is supported by the CTC-friendly 

microenvironment of the primary site (95, 97).
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Figure 4. 
The principles of circulating tumor cell (CTC) enrichment. CTCs can be detected in many 

ways. A nonenrichment approach involves the direct analysis, by microscopy, of all 

peripheral blood mononuclear cells of a patient sample (➊). The enrichment approaches are 

divided into label dependent (addressing protein expression) and non–label dependent 

(enrichment by physical properties of CTCs) approaches. Positive or negative enrichment by 

physical properties (➋➌➍) is possible, for example, using filtration by size (e.g., ISET®) 

(➋), using dielectrophoretic properties (DEPs) (➌), or using centrifugation through a Ficoll 

density gradient (➍). Enrichment through immunomarker positivity (e.g., for epithelial 

markers like EpCAM or mesenchymal markers like N-cadherin) is a common and well 

developed method (➎➏). Label-dependent techniques have been optimized by many 

microdevices like the CTC-Chip by using antibody-labeled microposts (➎). Alternatively, 

negative enrichment may be performed by depletion of leukocytes using antibodies against 

CD45 (➏). Some other approaches on the market use specific CTC functions like protein 

secretion (EPISPOT) or invasive behavior on a cell adhesion matrix (CAM) (➐). DNA 

targets can be detected within CTCs through aptamer technology or through oncolytic green 

fluorescent protein (GFP)–containing, telomerase-specific adenoviruses (➑).
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Table 1

Overview of some milestones in CTC research history

Year Milestone Reference(s)

1841 Langenbeck performed a microscopic study of cancer patient blood. He reasoned that cancer cells are carried by 
blood.

163

1869 Ashworth observed cells in the blood that were similar in appearance to those in the primary tumor of a woman with 
metastatic breast cancer.

6

1889 Paget developed his seed-and-soil theory: Metastasis depends on the interaction between a CTC (seed) and an organ-
specific microenvironment (soil).

96

1955 Engell used saponin to lyse red blood cells and produced white blood cell concentrates with CTCs. He found 50% 
positive samples for advanced carcinoma samples.

164

1959 Seal developed a floatation method with silicone oil (45% of samples contained CTCs). 165

1960 Alexander & Spriggs studied white blood cell concentrates by the dextran sedimentation technique. Slides were 
prepared and analyzed in bright field. CTCs were compared with other cell types in the blood.

166

1962 The first long-term follow-up study with 99 patients (with colon and breast cancer) found that overall survival 
correlated with the absence of CTCs.

15

1963 The WHO warned that CTCs are unreliable and that more studies would be needed before “drawing any conclusions” 
for clinical decision making.

16

1975 A review of CTCs by Salsbury summarized results of CTC research and the role of CTCs in metastasis. The review 
pointed out varying results of correlations of CTC occurrence with overall survival, drawing the conclusion that CTCs 
are not a death sentence.

16

1987 CTCs were isolated through buffy coat, and their presence was correlated with metastasis/micrometastasis or 
disseminated single tumor cells. The method used was Ficoll density gradient plus cytokeratin stain.

167, 168

1993 CTCs were detected using immunobead-PCR: Dynabeads® labeled with Ber-Ep4 (anti-EpCAM). 169

1998 The first trials of DAPI-positive, cytokeratin-positive, CD45-negative cell isolation with flow cytometry occurred. 170

2000 ISET® (isolation by the size of epithelial tumor cells) was developed. 171

2001 Terstappen combined EpCAM detection of CTCs with flow cytometry. 152

2004 The FAST system (a fiber-optic array scanning technology for direct CTC analysis) was developed. 172

2004 CELLSEARCH® was introduced (CTCs “represent a … ‘real-time’ biopsy”), with FDA approval obtained on January 
21, 2004.

173, p. 826

2007 A microfluidic device to capture CTCs, the CTC-Chip, was introduced. 11

2010 HD-CTC (direct CTC analysis through digital microscopy scanning) was introduced. 174

2014 Yu et al. and Hodgkinson et al. developed CTC-derived explants to optimize studying the tumorigenicity of CTCs and 
individual drug sensitivity.

137, 175

2015 Vita-Assay® (functional capture of invasive CTCs by preferential binding of these cells to a mimicked tumor 
microenvironment) was introduced.

176
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