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Abstract

:

The comprehensive analysis of biological and clinical aspects of circulating tumor cells (CTCs) has attracted interest as a means of enabling non-invasive, real-time monitoring of cancer patients and enhancing our fundamental understanding of tumor metastasis. However, CTC populations are extremely small when compared to other cell populations in the blood, limiting our comprehension of CTC biology and their clinical utility. Recently developed proteomic and genomic techniques that require only a small amount of sample have attracted much interest and expanded the potential utility of CTCs. Cancer heterogeneity, including specific mutations, greatly impacts disease diagnosis and the choice of available therapeutic strategies. The CTC population consists primarily of cancer stem cells, and CTC subpopulations are thought to undergo epithelial–mesenchymal transition during dissemination. To better characterize tumor cell populations, we demonstrated that changes in genomic profiles identified via next-generation sequencing of liquid biopsy samples could be expanded upon to increase sensitivity without decreasing specificity by using a combination of assays with CTCs and circulating tumor DNA. To enhance our understanding of CTC biology, we developed a metabolome analysis method applicable to single CTCs. Here, we review―omics studies related to CTC analysis and discuss various clinical and biological issues related to CTCs.
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1. Introduction


Cancer is the second leading cause of death in the United States [1]. Comprehensive analysis of the biological and clinical aspects of circulating tumor cells (CTCs) has attracted considerable interest as a means of enabling the non-invasive, real-time monitoring of cancer patients and enhancing our fundamental understanding of tumor metastasis. CTCs, which are released into the bloodstream from primary tumors and metastatic lesions, are now used as liquid biopsy markers that reflect the biological and clinical aspects of cancers, thus facilitating non-invasive, real-time monitoring of cancer patients. Since CTCs were first observed by Thomas Ashworth in 1869 [2] and analysis of CTCs as “liquid biopsy” was first mentioned by Pantel and Alix-Panabieres in 2010 [3], many scientists have demonstrated the usefulness of CTCs as liquid biopsy prognostic biomarkers [4,5,6,7] and for evaluating the efficacy of treatments for a variety of cancers [8,9,10], even in the early stages of disease [11].



A drawback to the use of CTCs is their rarity. The median CTC count in various cancers is only 1 to 84 per 7.5 mL of peripheral blood [12]. Indeed, only 1.43% of patients with progressive breast cancer have more than 500 CTCs per 7.5 mL of blood [13]. Although the CTC population is extremely small when compared to other cell populations in the blood, thus limiting our understanding of their biology and clinical utility, unlike the case of tissue biopsy repeated sampling to obtain more cells is possible. This makes CTCs an ideal and clinically practical material for investigations of not only basic biological and clinical characteristics of cancer cells but tumor heterogeneity and drug resistance as well [14]. Due to recent technological advances, proteomic and genomic techniques that require only a small amount of sample are now available. These techniques have attracted considerable interest and expanded the potential utility of CTCs. Here, we review―omics studies related to CTC analysis and discuss various clinical and biological issues related to CTCs.




2. Cancer Heterogeneity


The heterogeneity of cancers, including specific mutations, greatly impacts disease diagnosis and the choice of available therapeutic strategies. The advent of genomic medicine and single-cell analysis techniques has increased research focused on intratumoral heterogeneity in individual patients. Intratumoral heterogeneity includes the uneven distribution of genetically diverse tumor subpopulations across different lesions as well as dynamic variations in the genetic diversity of individual tumors over time [15]. Substantial intratumoral heterogeneity was revealed by analyses of different regions of 327 tumors independently sampled from 100 patients with early stage non-small cell lung cancer (NSCLC) [16]. Similar intratumoral heterogeneity has been reported for other cancer types [17,18,19]. Johnson et al. reported that the degree of intratumoral heterogeneity is highly variable; in patients with glioma, they found that the number of coding mutations varied from 0 to over 8000 within primary tumors or between primary and metastatic or recurrent sites [20]. In a study of six lung cancer patients with MET amplification and the epidermal growth factor receptor (EGFR) T790M mutation, 33 gefitinib-refractory lesions were collected at autopsy [21]. Each patient harbored identical activating mutations in the EGFR gene within their tumors. In two of the six patients, the T790M mutation and/or MET amplification was present, depending on the lesion site. In contrast, four other patients had either the T790M mutation or MET amplification in all metastatic sites. A mutual complementary relationship between the incidence of the T790M mutation and the degree of MET amplification was observed in these gefitinib-refractory tumors.



The evidence clearly indicates that tumors exhibit heterogeneity and may differ before and after cancer treatment. This heterogeneity can lead to different responses to therapy. Single CTCs have been used to elucidate the complex tumor genomic profiles of colon cancer tumors [22]. Mutations detected within driver genes (e.g., adenomatous polyposis coli (APC), KRAS, or phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha (PIK3CA)) in primary tumors and metastatic sites were also found in the corresponding CTCs. In some cases, however, mutations have only been identified in CTCs. For example, one patient harbored 25 mutations in 17 genes in the analyzed samples. Among these mutations, four constitutional mutations were detected in all of the samples. In addition, three somatic mutations were identified in all of the tumor samples, including the CTCs. Two other mutations were detected in metastatic sites and CTCs. The rest of the mutations were identified in single CTCs. Most driver mutations associated with cancer development that were first detected only in CTCs were also present at the subclonal level in the primary lesions and metastatic sites of this patient. Even though a correlation was found between mutations in driver genes and single CTCs, single-cell analysis revealed the presence of different mutation patterns in single CTCs from primary and metastatic sites. This study highlighted the possibility that CTCs could be used as liquid biopsy specimens, thus providing a more effective strategy for monitoring genomic profiles that are prone to change during cancer progression, treatment, and relapse, at the primary site of a tumor. This study also revealed that the mutation profiles of single CTCs do not perfectly match the mutation profiles of primary tumors or metastatic sites. Collectively, these results suggest that CTCs exhibit marked heterogeneity at the subclonal level.




3. Epithelial-Mesenchymal Transition


Traditionally, CTCs are thought to induce epithelial–mesenchymal transition (EMT) during dissemination. Although normal epithelial cells are immobile, some cancerous epithelial cells may begin expressing proteins associated with motility and cease expressing proteins involved in forming connections between cells during embryonic development. This transformation produces mobile ‘mesenchymal’ cells that can migrate and form other lesions. Cancer cells that have an EMT phenotype can penetrate and pass through blood vessel walls and enter the bloodstream. These CTCs eventually attach to endothelial cells of blood vessels and exit the bloodstream, forming new metastatic lesions in other organs [23,24,25]. Three types of CTCs have been described: epithelial, mesenchymal, and epithelial/mesenchymal hybrids [26].



Moreover, EMT is associated with the properties of cancer stem cells (CSCs). The metastatic potential of a tumor depends upon the appearance of CSCs in the primary tumor tissue. These CSCs exhibit two characteristics: self-renewal and the ability to efficiently regenerate phenotypic heterogeneity in the parental tumor [27,28,29,30]. Therefore, the induction of EMT leads to the expression of stem cell markers, increased self-renewal, and increased tumor-initiating potential [31,32]. However, which CTC subtype exhibits the highest metastasis-initiating activity remains unclear, but it was recently reported that epithelial-type CTCs have a higher potential to translate protein and proliferate [33]. From another report, though EMT led to improve capacity to migrate, epithelial-type CTCs had the most metastatic potential and the proportion of epithelial-type CTCs had associations with distant metastases and prognosis [34]. Hence, immunoaffinity-based enrichment technologies relying on epithelial cell surface markers can underestimate the number of CTCs, but may quantify metastatic potential cells.




4. CTC Enrichment


Various CTC enrichment technologies have been developed [35], including density gradient centrifugation [36,37,38], microfiltration in two and three dimensions [36,39,40,41], inertial microfluidics [42,43], dielectrophoresis (DEP) [44], acoustophoresis [42], direct imaging modalities [42,43,44,45], functional assays [42], and immunoaffinity techniques [46,47,48,49] (Table 1). Each of these technologies has specific working principles and different features. Density gradient centrifugation is separation based on the migration of cells through a medium of varying density. Microfiltration in two and three dimensions involves the filtration of a sample through an array of microscale constrictions and isolation of CTCs based on size and deformability. Inertial microfluidics is a size-dependent separation technique based on the position of cells in a flow channel. DEP separates cells based on their electrical properties as they pass through a non-uniform alternating current field. Acoustophoresis is a size-dependent separation method based on the acoustophoretic mobility of cells. Direct imaging modalities integrate microscopy and flow cytometry for the identification of specific subpopulations of cells. Functional assays enable enrichment of target cells based on the bioactivity of viable cells. Immunoaffinity technologies enable positive or negative cell enrichment based on selected antibodies and target antigens. Aneuploidy (the aberrant alternation of chromosomes) occurs in cancer cells, and aneuploidy of chromosomes in CTCs exhibiting drug resistance have been reported [50]. To detect aneuploid CTCs, immunostaining-fluorescence in situ hybridization (iFISH) is applied. Among the technologies for CTC enrichment, the only one approved by the U.S. Food and Drug Administration for use in clinical settings is the CellSearch system. However, immunoaffinity-based enrichment technologies relying on epithelial cell surface markers (e.g., epithelial cell adhesion molecule (EpCAM) or cytokeratins (CKs)) can miss CTCs that have undergone EMT or those that exhibit stem cell potential, which could lead to underestimation of the total number of actual CTCs present in the bloodstream. In addition, patients with benign disease typically have a lower frequency of EpCAM- and CK-positive CTCs when compared to patients with malignant cancer [51]. To overcome these drawbacks, development of label-free CTC enrichment technologies has received considerable research attention.



Microfluidic technologies are well suited for label-free analyses. As such, microfluidic methods for size-based isolation and concentration of cells (positive test rate using cell line of 84%) as well as automated size-based selection (positive test rate using cell line between 42% and 70%) have been developed [52,53]. In addition, Hou et al. (2013), reported a novel microfluidic flow method for isolating CTCs [43]. Their method, based on the application of inertial microfluidics, enriches intact and viable CTCs. The sensitivity and specificity of the microfluidic flow method for detecting CTCs were 80.4% and 85.7%, respectively, based on analyses of 77 clinical samples from 21 healthy donors and 56 cancer patients [54,55]. This system efficiently isolates CTCs without the need for affinity purification using antibodies against epithelial biomarkers, thus avoiding potential underestimation of CTC subpopulations undergoing EMT, such as CTCs exhibiting downregulated expression of EpCAM. In addition, because this system does not require antibodies, which could produce unwanted biological effects, it is advantageous for isolating CTCs for subsequent culture or biological analyses, such as proteomic or metabolomic studies.




5. Increasing Sensitivity for the Mutation Profile Using a Combination of Assays for CTCs and Circulating Tumor DNA


The sensitivity of genomic profiling using liquid biopsy specimens could be increased without decreasing specificity by employing a combination of assays for CTCs, circulating tumor DNA (ctDNA), and cell-free DNA (cfDNA).



Table 2 lists previous reports describing the use of combinations of assays for CTCs, ctDNA, and cfDNA. Combinations of assays for determining the number of CTCs and analyzing ctDNA and cfDNA have been reported for breast cancer [56,57], follicular lymphoma [58], non-small cell lung cancer (NSCLC) [59,60], and urothelial cancer [61]. In breast cancer, the number of CTCs detected, the ratio of the number of mutant genes to the total number of genes at a given genomic position (%ctDNA), the number of alterations, and levels of cfDNA were associated with prognosis. In follicular lymphoma, a significant correlation was found between the total tumor volume and both the number of CTCs detected and cfDNA level. In NSCLC, the EGFR mutation status of cfDNA was analyzed. The presence of EGFR mutations detected in CTCs was correlated with the presence of cfDNA. Another study of patients who underwent immune checkpoint therapy with nivolumab showed that those patients in which the baseline cfDNA level and number of CTCs were below the median survived significantly longer than patients in which the baseline number of CTCs and cfDNA level were above the median values. In urothelial cancer, no correlation was observed between the number of CTCs and ctDNA. A ctDNA fraction >2% was associated with significantly worse prognosis compared with patients in which CTCs could not be detected.



Recently, we investigated whether CTCs can be used as a tool for selecting clinical strategies by observing molecular changes in real time in patients with advanced stages of cancer [62]. We enriched CTCs from four different cancer types (head and neck, esophageal, gastric, and colorectal) using the microfluidics flow method and carried out targeted sequencing of CTCs and ctDNA using next-generation sequencing (NGS). We designed an experimental strategy that combined analyses of alterations in the genomic profiles of CTCs and ctDNA from individual patients who underwent therapy with anti-EGFR antibodies. Using this approach, we identified unique mutations in the CTCs and ctDNA of individual patients with metastatic colorectal cancer before and after anti-EGFR therapy. However, concordance was not always observed between the genetic mutation profiles of the CTCs and ctDNA of individual patients (Figure 1A,B), and the concordance rate was generally low. These results suggest that the genetic alteration profiles of the CTCs and ctDNA differed. Therefore, combined analyses of CTCs and ctDNA could improve the detection of genomic alterations when compared to assays targeting CTCs or ctDNA alone. We identified missense mutations in 5 out of 10 cases of head and neck cancer (50%) and 15 out of 18 cases of gastrointestinal cancer (83.3%) using this combination analysis approach. The same amino acid changes were detected in both CTCs and ctDNA in 6 of the 28 total cases. Our data indicate that CTCs and ctDNA exhibit genetic heterogeneity, such that both must be evaluated for optimal monitoring of disease progression and treatment selection in the clinical setting. Indeed, we identified increased rates of mutation in the KRAS, NRAS, and PIK3CA genes in patients exhibiting resistance to anti-EGFR therapy via combined NGS analysis of CTCs and ctDNA. Moreover, mutations in codon 61 in KRAS and NRAS were detected more frequently in colorectal cancer patients with acquired resistance to anti-EGFR therapy than before initiation of anti-EGFR therapy.



In another study of 28 patients with multiple myeloma [63], discordance was observed in the tumor fractions of enriched CTCs and cfDNA. A higher tumor fraction was detected in cfDNA compared with enriched CTCs in several patients, but there were also patients in which the tumor fraction was higher in enriched CTCs. For example, one patient had a tumor fraction of 91% in cfDNA and 4% in the enriched CTCs, whereas another patient had a tumor fraction of 80% in the enriched CTCs and 6.7% in ctDNA. As a result, there was no correlation between the tumor fractions of cfDNA and enriched CTCs in the 28 samples examined. These data suggest that CTCs and ctDNA have different genetic alteration profiles. Therefore, combining analyses of CTCs, ctDNA, and cfDNA could enable more sensitive detection of genetic alterations without decreasing the specificity, thus facilitating the establishment of precision oncology.



In our recent study, we used the microfluidics flow method to enrich CTCs and found an average of 14.5 CTCs/mL of blood (range, 3 to 133 CTCs/mL) in one patient, and CTCs were observed in 27 of 31 patients enrolled in our study [62]. These results suggest that the label-free microfluidics flow method enables more efficient enrichment of CTCs that have undergone EMT compared with immunoaffinity-based enrichment technologies.




6. Metabolome Analysis With a Single CTC


To enhance our understanding of CTC biology, we developed a metabolomic analysis method that can be performed with a single CTC [64]. Although unique metabolomic profiles in the primary tumor site have been reported for different cancer types [65,66,67], we were the first to report the metabolomic profiles of single CTCs from gastrointestinal cancer. In this study, by integrating live single-cell mass spectrometry (LSC-MS) and a microfluidics-based CTC enrichment technique, untargeted analysis was undertaken for CTCs obtained from patients with gastric and colorectal cancer (Figure 2). For LSC-MS, a single cell is captured in a tapered glass microcapillary under video microscopy, and then the cell is ionized and directly inserted into the mass spectrometer. This technique has also been applied to other types of cells [68,69]. In this study, we investigated whether CTCs and lymphocytes obtained from different patients could be distinguished at the single-cell level and whether we could distinguish CTCs obtained from different cancer types. As shown in Figure 3A, even though samples obtained from different patients exhibited different profiles, the CTCs clustered into two distinct groups corresponding to the original cancer type. This suggests that CTC metabolomic characterization could become an efficient tool for cancer diagnosis in the future. By further analyzing the data obtained from gastric cancer samples, in which a high m/z peak was detected, we identified a trend in the frequency of peaks distributed along the m/z scale. This trend was noticed following the comparison of histograms of the average spectra of CTCs from gastric cancer patients to those from colorectal cancer patients, as shown in Figure 3B. As primary metabolites have a relatively low molecular weight, the increased number of peaks of relatively high molecular weight in the CTCs of gastric cancer patients suggested a distinctive metabolic hallmark for this cancer that most likely involves a higher distribution of lipids, which could be a potential future biomarker for gastric cancer. Furthermore, we analyzed gastric cancer and colorectal cancer patient groups (n = 9 and n = 13, respectively) to identify possible metabolites or lipids that are unique to these specific cancers. Among the statistically significant peaks identified, acyl carnitine metabolites and sterol lipids levels were more elevated in colorectal cancer than gastric cancer. Eicosanoids were also more abundant in the CTCs of colorectal cancer patients, a finding that was corroborated by other studies examining this cancer type [70].



Although robust analysis of MS signals from single cells remains a challenging task, our method has the potential to be utilized as a novel biomarker on the single-cell level.




7. Culture of CTCs


Culturing CTCs represents a future challenge and goal. Several reports of attempts to culture CTCs have been published. CTC culture is very challenging due to the extremely low number of CTCs when compared to other cell populations in the blood and because the behavior of CTCs is unclear. The formation of heterotypic cell clusters between CTCs and white blood cells (WBCs) has been previously reported [71,72,73], and this interplay between CTCs and WBCs has been linked to a worse prognosis [74,75]. A recent study involving both patients and a mouse model revealed that in the majority of cases, these WBCs are neutrophils [76]. The formation of clusters between CTCs and neutrophils is caused by vascular cell adhesion molecule 1, which is involved in the formation of cell-to-cell adhesions [73]. In addition, neutrophils mediate the formation of neutrophil extracellular traps (NETs) during infection. NETs can capture CTCs at sites distant to the primary lesion and thus promote metastasis [77]. Therefore, various methods, such as those that enable CTC enrichment or clustering with WBCs, have been attempted for the culture of CTCs.



To date, there are reports of successful culture of CTCs from colon cancer [9], head and neck cancer [78], and breast cancer [79] by employing CTC enrichment methods. Successful culture of breast cancer CTCs using a method that involves clustering with WBCs was also reported [80]. Such reports of successful culturing of CTCs remain few, however, and although the culturing of CTCs is still challenging, it may lead to the development of new omics (genomic, transcriptomic, proteomic, metabolomic, and secretomic) analytical methods that can further enhance our understanding of CTC biology. The development of CTC culturing techniques may also facilitate new drug screening methods, and there are also approaches for evaluating patient drug responses using an integrated microfluidic system involving microfabricated microwells [81]. Integrating custom microfabricated tapered microwells with microfluidics allows for the formation of robust CTC clusters without the need for pre-enrichment as well as subsequent drug screening in situ. Feedback can be obtained rapidly (after only 2 weeks), thus enabling immediate intervention upon detection of drug resistance or tolerance. This new technique could potentially be used to evaluate patient prognosis during treatment using CTC clusters.




8. Conclusions and Perspectives


The heterogeneity of cancers, including specific mutations, greatly impacts disease diagnosis and the choice of available therapeutic strategies. Tumors are heterogeneous, and they may also exhibit differences based on the time of assessment (e.g., before versus after cancer treatment). Heterogeneity is also related to differences in response to therapy. As noted above, cancer heterogeneity may lead to discordance between the results of assays for primary and metastatic lesions, as well as for CTCs, ctDNA, and cfDNA. A number of studies on the biological behavior of tumor cells have been reported. Rapid autopsies of seven individuals who died of advanced pancreatic cancer were reported [82]. To determine whether clonal evolution occurred within the primary cancer lesion or within secondary sites, the primary tumors were divided into numerous sections, organized three-dimensionally, and then examined. Analyses of distinct regions of the primary tumors clearly indicated the presence of subclones that gave rise to each of the metastases. Additionally, the sizes of the regions indicated that these subclones were not small. The subclones were placed into an ordered hierarchy, establishing an evolutionary path for tumor progression, and the genetic heterogeneity of the metastases reflected the heterogeneity already present within the primary carcinomas. From another view, tumor dissemination can also cause cancer heterogeneity. Cancer cells shed from the primary lesion that invade the blood vessels may be selected [83] (Figure 4).



These results suggest that there is slight concordance between the genetic alteration profiles of primary/metastatic sites and CTCs. Moreover, the biological behavior of tumor cells can change on a moment-to-moment basis, and clonal evolution can occur in primary tumors or in response to selective pressures associated with cancer therapies. We should not focus only on concordance between the primary tumor site and CTCs as a surrogate biomarker for monitoring the primary sites; instead, we should focus on the clinical association between CTCs and clinical findings, such as metastatic potential, the efficacy of targeted therapies, and long-term prognosis.



Liquid biopsy techniques allow for repeated sampling, which is not usually possible with tissue biopsies. Because they are cancer cells, CTCs could be used to determine the biological characteristics of cancers in individual patients. Indeed, melanoma patients with detectable programmed cell-death ligand 1 (PD-L1)-positive CTCs exhibited significantly longer progression-free survival (PFS) following treatment with an immune checkpoint inhibitor than patients with PD-L1-negative CTCs (26.6 months vs. 5.5 months, respectively) [84]. The 12-month PFS rates were 76% and 22% in the PD-L1-positive and PD-L1-negative CTC groups, respectively. In a study of NSCLC patients, upon disease progression, all patients exhibited an increase in PD-L1-positive CTCs, whereas no change or a decrease in PD-L1-positive CTCs was observed in the responding patients [85]. Representative clinical trials involving CTCs are summarized in Table 3 [86].



Subpopulations of CTCs are thought to undergo EMT during dissemination, and as such, the CTC population consists primarily of CSCs. CSCs are associated with both initiation of primary tumors and the establishment of metastatic lesions. EMT and the acquisition of stem cell properties are related (i.e., induction of EMT leads to the expression of stem cell markers, increased self-renewal, and increased tumor-initiating potential). A recent study reported the use of CD44, CD133, and vimentin as expression markers [87]. It is thus important to elucidate the biological characteristics of CTCs. To enhance our understanding of CTC biology, a metabolomic method that can be performed with a single CTC was developed. Each cancer type has a specific metabolic profile, and metabolomic analysis methods could therefore be useful for revealing the biological behavior of CTCs as well as investigating potential new biomarkers on the single-cell level.



The development of novel CTC culturing technologies may enable the evaluation of drug response by taking advantage of liquid biopsy, a minimally invasive real-time monitoring approach, thus guiding drug discovery and development as well as therapeutic decision-making for personalized treatment.




9. Summary


Various CTC enrichment technologies have been developed, including density gradient centrifugation, microfiltration in two and three dimensions, inertial microfluidics, DEP, acoustophoresis, direct imaging modalities, functional assays, and immunoaffinity techniques. Therefore, CTCs can now be used as a liquid biopsy marker that reflects the biological and clinical aspects of cancers and enables the non-invasive real-time monitoring of cancer patients. Tumors are heterogeneous and may differ before and after cancer treatment. This heterogeneity can lead to different responses to therapy. Subpopulations of CTCs are thought to undergo EMT during dissemination, and as such, the CTC population consists primarily of CSCs. To better understand tumor cell populations, we demonstrated that information regarding alterations in genomic profiles as determined by NGS analysis of liquid biopsy samples could be expanded upon by employing a combination of assays involving CTCs and ctDNA, thus increasing sensitivity without decreasing specificity. Moreover, to enhance our understanding of CTC biology, we developed a metabolomic analysis method that can be performed with a single CTC. Each cancer type has a specific metabolic profile that could provide new biomarkers that could be monitored on the single-cell level. Among future challenges and goals is the culturing of CTCs. The development of techniques for culturing CTCs may lead to the development of novel omics (genomic, transcriptomic, proteomic, metabolomic, and secretomic) analyses and new drug screening techniques.
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Figure 1. Combined analysis of genomic alterations in circulating tumor cells (CTCs) and circulating tumor DNA (ctDNA) using targeted next-generation sequencing. (A) Genomic alterations in CTCs of head and neck cancer, esophageal cancer, gastric cancer, and colorectal cancer patients. The number of CTCs is indicated in the columns. * The number of CTCs could not be determined in 4 patients. (B) Genomic alterations in ctDNA from patients with head and neck cancer, gastric cancer, and colorectal cancer. ctDNA could not be extracted from 2 patients with colorectal cancer. Blue, yellow, orange, green, purple, and black spaces represent missense mutations, nonsense mutations, synonymous mutations, intronic mutations, frameshift deletions, and frameshift insertions, respectively [62]. 
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Figure 2. Schematic illustration of the live single-cell mass spectrometry (LSC-MS) method. Blood samples were collected from patients with gastric cancer and colorectal cancer. A microfluidics technique was used to enrich circulating tumor cells (CTCs). Single CTCs were sampled and analyzed using the LSC-MS system [64]. PCA-DA, principal component analysis–discriminant analysis; EDTA, ethylenediaminetetraacetic acid; RBC, red blood cell. 
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Figure 3. Profiling of gastric cancer (GC) and colorectal cancer (CRC) circulating tumor cells (CTCs) at the single-cell level. (A) Principle component analysis–discriminant analysis to distinguish GC CTCs, CRC CTCs, and blank cells. Each dot represents a single cell. (B) Histogram of the frequency of peak distribution across the m/z scale for GC and CRC [64]. 
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Figure 4. Graphical overview of tumor heterogeneity and circulating tumor cell (CTC) analysis. Heterogeneity is caused by (1) subclones present within the primary lesion, (2) selected cancer cells shed from the primary lesion that invade the blood vessels (e.g., interaction with the microenvironment surrounding tumor). CTC analysis is a useful tool for characterizing this heterogeneity. 
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Table 1. Technologies for circulating tumor cell (CTC) enrichment.






Table 1. Technologies for circulating tumor cell (CTC) enrichment.





	Method
	Principle of Technology
	Feature





	Inertial microfluidics
	Position of cells in a flow channel. Size-dependent separation.
	Label-free. Enrich intact and viable cells, but false-negatives due to size.



	Immunoaffinity techniques
	Antibodies and target antigens. Positive (CTC) or negative (other blood cells) selection.
	Relatively high sensitivity, but false-negatives due to epithelial–mesenchymal transition.



	Density gradient centrifugation
	Migration of cells through a medium of varying density.
	Label-free. Low cost, but low purity.



	Microfiltration in two and three dimensions
	Filtration of a sample through an array of microscale constrictions. Size- and deformation-dependent separation.
	Label-free. Low cost, but low purity and false negatives due to size variations.



	Dielectrophoresis
	Electrical properties of target cells as they pass through a non-uniform alternating current field.
	Enables capture of single cells, but pre-enrichment is required.



	Acoustophoresis
	Acoustophoretic mobility of cells. Size-dependent separation.
	High cell viability. Recovery efficiency dependent on blood concentration.



	Direct imaging modalities
	Identification of specific subpopulations of cells using microscopy and flow cytometry.
	Real-time fluorescence intensity. Time consuming.



	Functional assays
	Bioactivity of viable cells. Enrichment of target cells.
	High sensitivity, but time consuming and requires continuous activity.
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Table 2. Summary of combination assays for circulating tumor cells (CTCs), circulating tumor DNA (ctDNA), and cell-free DNA (cfDNA).
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	Cancer Type
	CTC Enrichment
	Number of Patients and Sensitivity
	Average Number of CTCs (range)
	CTC Analysis Method
	ctDNA and cfDNA Analysis Method
	Authors





	Breast cancer
	Immunoaffinity

(EpCAM, CKs)
	91

Not provided
	2 CTCs/sample in all patients

(0–5612)
	Number of detected CTCs
	Panel with NGS (ctDNA)
	Rossi et al. [56]



	Breast cancer
	Immunoaffinity

(EpCAM, CKs)
	112

46%
	5 CTCS/sample in CTC-positive patients

(1–701)
	Number of detected CTCs
	Panel with NGS and digital droplet PCR (ESR1, PIK3CA, KRAS) (cfDNA)
	Shaw et al. [57]



	Follicular lymphoma
	-
	133

94%
	7 CTCs/103 peripheral blood cells in CTC-positive patients

(5/105–9/101)
	Number of detected CTCs
	Digital droplet PCR (bcl2-JH)

(cfDNA)
	Delfau-Larue et al. [58]



	Non-small cell lung cancer
	Immunoaffinity

(CKs)
	28

33%
	6.5 CTCs/sample in CTC-positive patients

(1–24)
	Number of detected CTCs
	Real-time PCR (EGFR)

(cfDNA)
	Isobe et al. [59]



	Non-small cell lung cancer
	Microfiltration in two and three dimensions
	89

91%
	2 CTCs/sample in all patients

(0–21)
	Number of detected CTCs
	Quantitative PCR (telomerase reverse transcript)

(cfDNA)
	Alama et al. [60]



	Urothelial cancer
	Immunoaffinity

(EpCAM, cytokeratin)
	16

75%
	2.5 CTCs/sample in all patients

(0–170)
	Number of detected CTCs
	Panel with NGS (ctDNA)
	Chalfin et al. [61]



	Head and neck, gastrointestinal cancer
	Inertial microfluidics
	37

87%
	14.5 CTCs/mL in CTC-positive patients

(3–133)
	Genome
	Panel with NGS (ctDNA)
	Onidani et al. [62]



	Multiple myeloma
	Immunoaffinity

(CD138)
	28

Not provided
	Not provided
	Genome
	Copy number alterations with WGS and WES

(cfDNA)
	Manier et al. [63]







CKs, cytokeratins; EpCAM, epithelial cell adhesion molecule; NGS, next-generation sequencing; PCR, polymerase chain reaction; WEG, whole-exome sequencing; WGS, whole-genome sequencing.
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Table 3. Summary of representative circulating tumor cell (CTC) clinical trials.
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	Cancer Type
	CTC Enrichment
	Number of Patients
	Objective
	Treatment





	Breast cancer [4]
	Immunoaffinity
	547
	Risk stratification for late recurrence
	Chemotherapy



	Breast cancer [7]
	Immunoaffinity
	177
	Predict prognosis
	Chemotherapy, hormonal treatment, and immunotherapy



	Pancreatic cancer [5]
	Immunoaffinity
	69
	Predict prognosis
	Surgery



	Colorectal cancer [6]
	Immunoaffinity
	430
	Predict prognosis
	Chemotherapy



	Prostate cancer [86]
	Immunoaffinity
	231
	Predict prognosis
	Chemotherapy
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media/file4.png
" W Cancer1

A Gncar?
T

1

l...PC,,l SEES5ES
Discrimination of Cancer type by PCA-DA
analysis

v]v |

Intensity

‘ i

I -

Sample collection
in EDTA

RBCs lysis

>

Blood sample

CTC enrichment on
the ClearCell® FX1
System

Microfluidic isolation and
enrichment of CTCs

Enriched CTC
output

Nanospray ionization

[ ——==" o3

San AENBREEER

|
m/z

Mass spectrometry detection

ans (

“Live Single Cell Mass Spectrometry” system





nav.xhtml


  cancers-12-01135


  
    		
      cancers-12-01135
    


  




  





media/file2.png
(A)

|
D Head and neck D Esophageal I:IGastn'c DCoIorectaI

Gastrointestinal cancer

(B)

Gastrointestinal cancer

l |
E] Head and neck D Esophageal I:IGastric DCoIorectaI

16|17 |18 |19|20| 21| 22|23 |24 |25]| 26| 27| 28| 29|30

31

. missense . nonsense . synonymous . intronic . MNV

PatientNo. llIZ 3|4|5|6|7|8|9 mlu 12 lSllSlG 17 |18 |19 |20 |21 |22 |23 |24 |25 |26 |27 |28 |29 |30 |31 Patient No. ll|2 3|]4|5|6|7|8|9|10j11 I!Ii!ll‘lis
RB1 H e || 11
SMADS SMADS | I
ALK ALK |
EGFR EGFR
GNAQ GNAQ
APC APC
RET RET H
SMARCEL 1
| ] FEXWT
| | | TS .
ATM
Wi
1 1 oA
| | | | Fore
| MET
ERe82
ABLL |
KDR |
| | CoF iR 1
| == 1
| FoFm
DGFI FOGF RA
SMO i =0 H
AKT1 AT
BRAF ERAF
CDH1 COH1
CTNNB1 CDXN2A
E2H2 L
FGFR2 FOFRZ
FLT3 FLIS
GNAT1 ONALL
GNAS GNAS
HNF14 HNF1A
HRA S HAAS
IDH1 1DH1
JAK2 W2
JAKI ARG
IDH2 1DH2
KRAS RRAS
MLH1 MLHL
MPL ML
NOTCHI1 NOTCH1
NP M1 NP1
NRA § NRAS
PIKICA PIGCA
PTE PTEN
PTPN1I PTPNIL
S$RC SRC
$TK11 $Txi1
VHL VHL
- 0 - - - - -
RS N RN NN Y F N N U R N RN R | . o
3% 18 25 18 20 18 23 17 ¥ . missense . nonsense . synonymous . intronic
O €0 53 . . . .
% 80 1 L] [l frameshiftDeletion B frameshitinsertion
§ 100 L
£ 120
Z 140 133

EENNEENEEE BENENESNENENENEENEEE ENNEENEE BENEEEER






media/file5.jpg
[,

w9
ac o
Bk o

(®)

-
PEPOEIROEPIIISSISIIS

“etesssescrrssssresis





media/file3.jpg
; . I
=L |
-~ ] -J}@

Discrimination of Cance type by PCA.DA

e et

~

Intensity

m/z

Massspectrometry detection






media/file1.jpg
5

- o

W D B o
[ p—






media/file7.jpg
~access to the circul
(interaction with microenvironment)

~ mediating cluster

S - ewoont

’ - Metastati lesions





media/file0.png





media/file8.png
Primary lesion

@ || - access to the circulation
Colony of subclones S (interaction with microenvironment)

- mediating cluster

o’.’ -

* Cancer cells
(subclones)

. * Neutrophil

CTC analysis

Metastatic lesions






media/file6.png
(A) (B)

Scores for D1 (50.0%) versus D2 (50.0%)
€]
1@ . .. 200 -
® 180 )
2000{® . o 190 |
g 120
® g 100
@ 80
O . “ 60
. o ¢ 0 |
1000 20
0 .
. . SCELLLS S q@x@oo@ &00@,@0 @0\@0&0\’@0 »890'590@&
)
= O m/z
o
» 0 C o
a o ©
350 -
300 -
-10001 x 250
o I
GC g 150
CRC © 5 s
-2000; & [ J Blank @ 50
@ 0 — e
' o ' ' ' L L L L ELLSS TS
-1000 -500 0 500 1000 1500 /i

D1 Score





