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Abstract

:

Circulation tumor cells (CTCs) play an important role in metastasis and highly correlate with cancer progression; thus, CTCs could be considered as a powerful diagnosis tool. Our previous studies showed that the number of CTCs could be utilized for recurrence prediction in colorectal cancer (CRC); however, the odds ratio was still lower than five. To improve prognosis in CRC patients, we analyzed CTC clusters/microemboli, CTC numbers, and carcinoembryonic antigen (CEA)/carbohydrate antigen 19-9 (CA19-9) levels using a self-assembled cell array (SACA) chip system for recurrence prediction. In CRC patients, the presence of CTC clusters/microemboli may have higher correlation in metastasis when compared to the high number of CTCs. Additionally, when both the number of CTCs and serum CEA levels are high, very high odds ratios of 24.4 and 17.1 are observed in patients at all stages and stage III of CRC, respectively. The high number of CTCs and CTC clusters/microemboli simultaneously suggests the high chance of relapse (odds ratio 8.4). Overall, the characteristic of CTC clusters/microemboli, CEA level, and CTC number have a clinical potential to enhance CRC prognosis.
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1. Introduction


Cancer was the second leading cause of human deaths worldwide in 2017 [1]. Colorectal cancer (CRC) is ranked as the third most common cancer and the second largest cause of cancer death in Europe and the United States [2,3]. Studies have estimated that the burden of CRC is expected to increase by 60% in the next decade. Moreover, almost half of CRC patients eventually develop metastasis, even with advances in treatment and monitoring [4,5]. Therefore, early diagnosis and recurrence prognosis are the key to preventing death in CRC patients.



Recurrence in CRC patients might be related to the expression of carcinoembryonic antigen (CEA) and carbohydrate cell surface antigen19-9 (CA19-9) [6,7,8]. However, the expression of CEA and CA19-9 might be influenced by several factors, including the liver status, inflammation, and chemotherapy, limiting the precision of recurrence prognosis, especially in advanced-stage cancers [9,10].



Circulating tumor cells (CTCs) are disseminated cells that detach from the primary tumors. They infiltrate the blood vessels and migrate to distant tissues, inducing cancer metastasis [11,12]. The number of CTCs in the blood is associated with disease progression in several types of cancer [13,14,15,16]. Our previous research has shown that the combination of CTC number and CEA levels can improve the precision of cancer prognosis in CRC patients [17]. Several studies have shown that tumor cells would form CTC clusters/microemboli in the stage of metastasis [18,19,20]. Moreover, patients with CTC clusters were more likely to develop metastasis in breast cancer [20,21].



CTC is known to be a type of rare cell, comprising fewer than 100 cells per 109 blood cells in patients [22,23]. The most common approach to detect CTCs relies on antibody-based selection of cells expressing epithelial cell adhesion molecules (EpCAM) on the surface and immunocytochemical identification of cytokeratin-positive and 45 (CD45)-negative nucleated cells [24,25,26]. However, the analysis of CTC clusters is relatively rare in mainstream research due to the fact that these clusters are vulnerable during the pre-treatment process. In addition, it is hard to distinguish CTC clusters using the fluorescence detection systems on the market [27,28,29,30]. To address these issues, we have developed a microfluidics-based cell self-assembling array chip (SACA) [31] and automatic imaging system [32]. The SACA chip can perform multiple rounds of fluid exchange on top of a cellular monolayer, with minimal cell loss. It is possible to perform multiple antibody labeling of CTC for image analysis within 4 h by coupling to an optimized three-dimensional microwell dialysis (3D-microDialysis) chip. This device can identify one CTC per 105 cells.




2. Results


2.1. The Process for Preparing Clinical Samples


2.1.1. Identification and Detection of CTCs


In brief, samples were preserved by a blood tube with K2EDTA (BD Vacutainer®, Plymouth, UK) for both PB and MVB; this stage lasted less than 24 h. Then, red blood cells were removed using Leucosep TM tubes (bio-check LABORATORIES LTD, New Taipei City, Taiwan). In this step, red blood cells were removed through Ficoll–Paque PLUS (GE Healthcare Life Sciences, Taipei, Taiwan) using a concentration gradient. Hoechst (Thermo Fisher Scientific Taiwan Co., Ltd., Taipei, Taiwan) staining was used to mark cell nucleus DNA. CD45 (Beckman Coulter Inc, Brea, CA, USA) was employed to recognize white blood cells. EpCAM (BioMab Inc., Taipei, Taiwan) was used to identify CTC candidates. The details of the process and antibodies were described in a previous work [17]. The SACA chip system was used in CTC and CTC clusters/microemboli enumeration, and the technical details of the SACA chip were described previously [31].




2.1.2. Introduction of SACA Chip


The SACA chip consists of two parts: a 5 μm SU-8 structure made by a lithography process on the glass slide and the acrylic slide with 7 mm wide wells, as shown in the design schematic in Figure 1. Cells are spread on the well bottom by gravity force and capillary fluid force. The side fluid is driven by evaporation force, and cells are restricted by the 5μm gap between well and bottom surface. Each well can contain more than 500,000 cells. The erythrocyte removed samples from a patient’s blood are directly loaded into the well; about 2 SACA chips/15 wells are needed per one blood sample of 7 mL.




2.1.3. Time Evaluation of Each Step for Colorectal Sample


The processes of preparing samples is shown in Figure 2. The process of separating the PBMC from the PB lasted approximately 25 min. Cells were stained by anti-epithelial cell adhesion molecules (EpCAMs) conjugated with fluorescein isothiocyanate (FITC), anti-cluster of differentiation 45 (CD45)-AF594, and Hoechst 33258; the process of staining the cell lasted about 1 h. The cells were settled down on a SACA chip and then became monolayer in 5 min. Finally, all cell images were captured by an automatic imaging system for about 40 min to 80 min. In total, the entire sample process lasted less than 2.5 h.



(The image system protocol is according to Supplementary Video S1 in supplement.)




2.1.4. Automatic Imaging Machine


Our automatic imaging machine was designed in house and manufactured by an external provider (Visionatics Inc., Tainan, Taiwan). The image sensor was chosen from Sony semiconductor products. Both color (IMX183CQJ-J) and monochrome (IMX183CLK-J) products use a high-sensitivity back-illuminated structure with 2.4 μm square unit pixels. The procedure of the machine software is shown in Figure 3. A total of 50 pictures are taken from top to bottom and from left to right for a single well of the SACA chip, and 3 fluorescence images are acquired at the same position before changing to the next place. The system takes 14 min to detect 500,000 cells for 3 fluorescence and one bright view. Overall, the system needs 1 to 2 h to detect CTCs and CTC clusters on a 2 mL blood sample from each patient.





2.2. CTC Phenotyping Analysis in Fluorescence Microscopy


2.2.1. Recovering Rate Analysis in SACA Chip by Spike-In Samples


Fluorescent immunoassay was utilized to detect CTCs in accordance with our previous study [17]. In brief, Hoechst 33258, EpCAM-FITC, and CD45-PECy-7 were used to identify nuclear, EpCAM, and CD45, respectively. HCT 116 CRC cells were spiked into leukocytes using a 1:100,000 ratio and were detected by the SACA chip. The recovering rate was more than 89% (Supplementary Table S1). As shown in Figure 4, HCT116 cells were stained in Hoechst 33258 positive/EpCAM-FITC positive/CD45-PECy-7 negative, but leukocytes were stained in Hoechst 33258 positive/EpCAM-FITC negative/CD45-PECy-7 positive. In addition to fluorescence images, the Optical Microscope (OM) images of cells can also be easily acquired using the same SACA imaging system.



As shown in Figure 5, HCT116 cells were also stained in Hoechst 33258 positive/CK-18 positive/CD45-PECy-7 negative and leukocytes were stained in Hoechst 33258 positive/CK-18 negative/CD45-PECy-7 positive. All of them were observed under the same SACA imaging system, which verified that the EPCAM-identified HCT 116 cells can also be stained by CK-18 specific antibody for CRC tumor cells.




2.2.2. Different Types of CTC Detected by the SACA Chip for CRC Patients


CTCs and CTC clusters were detected in blood samples from CRC patients. Figure 6 shows single-cell CTC (Type I) and two types of CTC clusters (Types II and III). Here, the green fluorescence shows the EpCAM+ cells, the yellow fluorescence shows CD45+ cells, and the blue fluorescence marks the cell nuclei.





2.3. Affirmation in Clinical Samples


Patient Characteristics


We collected blood samples from 166 patients. Among them, both peripheral vein blood (PB) and mesenteric vein blood (MVB) samples were collected from 138 patients. The remaining 28 patients provided either PB (25) or MVB (3) samples. As shown in Table 1, samples of PB, MVB, and lymph node metastasis from 166 patients were analyzed dependent on age, sex, and tumor, nodes, and metastasis (TNM) classification stages. The number of PB, MVB, and lymph node metastasis are 163, 141, and 166, respectively. Among all the cases, the percentage of patients earlier than the T2 period was 36%, and 64% of these patients had not developed lymph node metastasis. Nevertheless, 16 patients had developed metastasis in other organs. We analyzed these data by different TMN stages for different clinical meanings.





2.4. Clinical Implications of CTCs, CTC Clusters, and CEA in Colorectal Cancer


2.4.1. Results of CTC Detection by the SACA Chip


The number of CTCs from patients with different cancer stages were counted by a SACA chip in the automatic imaging system. Patients were separated into two groups according to their neoadjuvant chemotherapy status. The related statistical data for different cancer stages are shown in Table 2. Figure 7 shows the relationship between CTC counted numbers and the cancer stage of patients. Among them, 65.6% of PB cases were CTC positive (107/163), 70.2% of MVB cases were CTC positive (99/141), and 18.1% of patients had CTC clusters (30/166).




2.4.2. CEA, CA19-9 Value, and CTC Cluster Counts


The increase of CEA and CA 19-9 levels with the increment of disease stage can been observed in Figure 8. However, both tumor markers would be disrupted by liver status, inflammation, and chemotherapy [9,10]. Therefore, a single tumor marker is insufficient to predict disease progression, and more biomarkers are required to improve CRC prognosis.



The percentages of patients with CTC clusters at different cancer stages are shown in Figure 8C. In total, 166 patients with newly diagnosed CRC from a single institute were enrolled, and 30 had detected CTC clusters. (The related cluster count of PB, MVB cases are according to Supplementary Figure S1 in supplement.) Three out of 44 patients with stage I CRC had detected CTC clusters, and the ratio was 6.8% (3/44). Similarly, CTC clusters were found in patients with stage II CRC (15.4% (8/52)) and stage III CRC (20.8% (11/53)). It is noticeable that the ratio of patients with CTC clusters reached 50% (8/16) at stage IV CRC. This suggests that CTC clusters may be an important characteristic for CRC prognosis.





2.5. Prediction of CRC Recurrence with CTCs, CTC Clusters, CEA, CA19-9, and Their Combination


2.5.1. Recurrence Rate and Odds Ratio Analysis


We calculated the odds ratio (OR) of biomarkers (CTC counts, CEA and CA19-9 concentration, and CTC cluster counts) for recurrence prognosis of CRC. Recurrence rate was defined as (recurrence (+) / total patients), and odds ratio was defined as. The cutoff for the CTC count was 3 cells per 2 mL of blood using the Receiver Operating Characteristic (ROC) curve (Figure 9). The cutoffs with the largest area under the ROC curve (AUC) were chosen. The cutoff of CEA was selected to be 5 ng/mL, and the CA19-9 was selected to be 37 U/mL using clinical statistics from hospital. Because CTC clusters are rare, the presence of CTC clusters is defined as high risk.




2.5.2. Survival Analysis


Kaplan-Meier survival curves on progression-free survival (PFS) are plotted in Figure 10 and Figure 11; the cutoff is similar to the recurrence and odds ratio criteria. We used survival curve to reveal the relation between recurrence and follow-up time.




2.5.3. Prediction of CRC Recurrence at All Cancer Stages


At all cancer stages (163 Peripheral Vein Blood cases, Table 3), the recurrence rate of patients with CTCs > 3 was 32%, but for those with CTCs ≤ 3, it was 6.2% (p = 0.0034, OR = 7.1, Figure 10A). Recurrence rates for patients with and without CTC clusters are 45.2% and 6.8%, respectively (p < 0.0001, OR = 11.3, Figure 10D). Although CA19-9 showed a high prognosis sensitivity (recurrence rate of CA19-9 > 37 U/mL was 36.4%), it also gave a high false-negative result (recurrence rate of CA19-9 ≤ 37 U/mL was 10.6%); thus the OR value could only reach 4.8. Importantly, CRC prognosis could be improved by combining two or more biomarkers together. For example, the recurrence rate of patients with both CTCs > 3 and CTC clusters was 64.7%, and that of the rest of the patients was 8.2% (p < 0.0001, OR = 20.5, Figure 10E). The recurrence rate in patients with CTCs > 3, CEA > 5 ng/mL, and CTC clusters was 75%, but that of the rest of the patients was 11% (p < 0.0001, OR = 24.4, Figure 10F). The recurrence rate in patients with CTCs > 3, CEA > 5 ng/mL, CA19-9 > 37 U/mL, and CTC clusters was 100%, but that of the rest of the patients was 12.5% (p < 0.0001, OR = N/A, Figure 10G).




2.5.4. Prediction of Recurrence at Stage III CRC


At stage III CRC (51 cases, Table 4), the recurrence rate of patients with CTCs > 3 is 28.6%, but with CTCs ≤ 3 is 13.3% (p = 0.0034, OR = 7.1, Figure 11A). The recurrence rate of patients with CEA > 5 ng/mL is 30.8%, but with CEA ≤ 5 ng/mL is 8% (p = 0.0369, OR = 5.1, Figure 11B). The recurrence rate of patients with CA19-9 > 37 U/mL is 50%, but CA19-9 ≤ 37 U/mL is 14% (p = 0.0048, OR = 6.2, Figure 11C); and the recurrence rate of patients with CTC clusters is 36.4%, but without CTC clusters is 15% (p < 0.0001, OR = 11.3, Figure 11D). We found that false-negative results occurred when using CTCs and CTC clusters as prognosis indicators, but CEA and CA19-9 have higher odds ratio at stage III CRC. To improve prognosis, we combined two or more biomarkers together to reach higher prognosis odds ratio, and the results are similar to that analyzed at all stages of CRC.






3. Materials and Methods


3.1. Sample Resource


The Colorectal cancer samples were sourced from the Taipei Veterans General Hospital for colorectal surgery in Taiwan. The purpose of the trial was to compare the CTC counts with different TMN stages using cell images. The amount of the sample was 133 patients, seen between September 2018 and September 2019, and all the cases were enrolled with a median follow-up of 272 days. The Institutional Review Board (IRB) of Taipei Veterans General Hospital approved the acquisition of the samples, and the case number was IRB-TVPEGH: 2017-11-002ACF. All patients signed the consent for IRB.




3.2. Cell Line Culture and Spike-In Testing


The selection of cell lines and the spike-in control method were described in detail in previous work [17]. In brief, HCT116, one type of human colon cancer cell line, was employed in this research; it was injected into white blood cells in order to simulate CTCs in patient blood. HCT116 cells were cultured in a medium containing Roswell Park Memorial Institute (RPMI-1640) (Corning INC., Brooklyn, NY, USA), 10% fetal bovine serum (FBS) (Corning INC., Brooklyn, NY, USA), and 1% penicillin/streptomycin (Pen-Strep) (GIBCO®, New York, NY, USA) under standard incubation conditions (37 °C, 5% CO2).




3.3. Statistical Analysis


The mean ± standard deviation was used to describe the data. Statistical analysis was conducted using Student’s t-test. The p values less than 0.05 were considered statistically significant. SPSS version 12.0 (IBM, Taipei, Taiwan) and GraphPad Prism 6 (GraphPad Software Inc. San Diego, CA, USA) were used for all statistical analyses. CTC threshold was calculated by the ROC curve method [33]. The time between the day of blood sample collection and the day of local recurrence, distal metastasis, or death was defined as progression-free survival (PFS).





4. Discussion


In this research, we demonstrated that using the SACA chip and the auto-imaging system not only distinguish CTCs in the blood of CRC patients but also identify different types of CTC clusters (Figure 4, Figure 5, and Figure 6). We compared CTC numbers in both PB and MVB in blood samples from a total of 133 CRC patients. The results showed that CTC numbers in PB with non-metastatic CRC showed a gradual increase with cancer stage, while the number of CTCs in MVB had no significant correlation (Figure 7). This result is similar to our previous study, showing stability of our SACA system.



CTC clusters/microemboli exist in aggressive cancers, and we speculated that the potential of using clusters/microemboli as the predictor of metastasis would be better than CTC enumeration alone. Our data proved that CTC clusters have more prognostic value than a high number of CTCs. On the other hand, CEA may not be an effective tool for assessing recurrence in metastatic patients; the prognosis efficiency could be greatly increased if regarding CTC counts as an indicator. The combination of CTC and CTC cluster counts can best predict recurrence in patients with non-metastatic CRC, enhancing prognosis dramatically when compared to our previous studies. This research for CRC recurrence prediction only covers one year; long-term observation is still ongoing for CRC patients participating in this study. As a result, we will further expand the number of participating samples for better CRC recurrence prognosis in the future.




5. Conclusions


CTC clusters/microemboli play a key role in cancer metastasis and could improve prognosis for CRC patients. Our research successfully utilized a microfluidic-based SACA chip and automatic imaging system to provide meaningful clinical information about CRC patients. The common indicator of CEA may not be an effective predictive tool in metastatic CRC, while the combination of CTCs and CTC clusters/microemboli counts can provide a much superior prediction for recurrence. Moreover, we successfully built up a useful risk stratification tool using information about CTC clusters and demonstrated the feasibility and potential of liquid biopsy in clinical prognosis.
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Figure 1. The SACA chip consists of 8 wells with a 5 μm gap on the well bottom for cell restriction during the self-assemble process. 
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Figure 2. The experimental processes of preparing samples. 
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Figure 3. Automatic imaging machine and software procedure. 
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Figure 4. Phenotypic analysis in spike-in samples. The HCT116/leucocyte suspension at 1:100,000 dilution was prepared into a self-assembled cell array (SACA) chip and was stained by anti-epithelial cell adhesion molecules (EpCAMs) conjugated with fluorescein isothiocyanate (FITC), anti-cluster of differentiation 45 (CD45)-AF594, and Hoechst 33258. The targeted cell is marked by an arrow. 
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Figure 5. Phenotypic analysis in spike-in samples. The HCT116/leucocyte suspension at 1:100,000 dilution was prepared into a self-assembled cell array (SACA) chip and was stained by CK-18 conjugated with fluorescein isothiocyanate (FITC), anti-cluster of differentiation 45 (CD45)-AF594, and Hoechst 33258. The targeted cell is marked by an arrow. 
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Figure 6. Different kinds of CTC detected by our system. 
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Figure 7. CTC counts for NAC positive or negative patients at different CRC stages from PB (A,B) and MVB (C,D) blood. 
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Figure 8. The relationship between CEA/CA 19-9/CTC cluster levels and disease stages. (A) The correlation between cancer stages and the carcinoembryonic antigen (CEA). It can be seen that the CEA level has a slight upward trend with the increase in disease stage, and it rises significantly at stage IV. (B) The correlation between cancer stages and the carbohydrate antigen 19-9 (CA19-9). The growth trend of CA19-9 in the first three stages is not obvious, but it is significantly increased in stage IV. (C) The percentage of patients with CTC clusters at each cancer stage. The CTC cluster proportion increases steadily as the stage increases. 
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Figure 9. The Receiver Operating Characteristic (ROC) curve of the CTC count from patient blood. 
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Figure 10. Kaplan-Meier survival curves of progression-free survival at all cancer stages of patients, stratified with CTCs, CEA, CA19-9, and CTC clusters. (A) Red line: CTCs > 3; blue line: CTCs ≤ 3; p = 0.0034; (B) red line: both CEA > 5 ng/mL; blue line: CEA ≤ 5 ng/mL, p = 0.0091; (C) red line: both CA19-9 > 37 U/mL; blue line: CA19-9 ≤ 37 U/mL, p = 0.0074; (D) red line: with CTC clusters; blue line: without CTC clusters, p < 0.0001; (E) red line: CTCs > 3 and with CTC clusters; blue line: others, p < 0.0001; (F) red line: CTCs > 3, CEA > 5 ng/mL and with CTC clusters; blue line: others, p < 0.0001; (G) red line: CTCs > 3, CEA > 5 ng/mL, CA19-9 > 37 U/mL, and with CTC clusters; blue line: others, p < 0.0001. 
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Figure 11. Kaplan-Meier survival curves of progression-free survival of patients at all cancer stages, stratified with CTCs, CEA, CA19-9, and CTC clusters. (A) Red line: CTCs > 3; blue line: CTCs ≤ 3; p = 0.3597; (B) red line: both CEA > 5 ng/mL; blue line: CEA ≤ 5 ng/mL, p = 0.0369; (C) red line: both CA19-9 > 37 U/mL; blue line: CA19-9 ≤ 37 U/mL, p = 0.0048; (D) red line: with CTC clusters; blue line: without CTC clusters, p = 0.0903; (E) red line: CTCs > 3 and with CTC clusters; blue line: others, p = 0.0143; (F) red line: CTCs > 3, CEA > 5 ng/mL, and with CTC clusters; blue line: others, p = 0.0012; (G) red line: CTCs > 3, CEA > 5 ng/mL, CA19-9 > 37 U/mL, and with CTC clusters; blue line: others, p < 0.0001. 
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Table 1. Demographics of patients. Age, sex, and TNM (tumor, nodes, metastasis-classification) stages were analyzed for patients with peripheral blood (PB) and mesenteric vein blood (MVB) samples (A,B). Lymph node metastasis was analyzed in (C). The ratio of carcinoembryonic antigen (CEA) and carbohydrate antigen 19-9 (CA19-9) in the whole assemblage was calculated (C).
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(A) Peripheral Vein Blood (PB)




	
Characteristics

	
Patients (n)

	
Percentage (%)




	
Age (years)

	

	




	
<60

	
58

	
35.60%




	
≥60

	
105

	
64.40%




	
Sex

	

	




	
Male

	
105

	
64.40%




	
Female

	
58

	
35.60%




	
T status




	
T0-T2

	
57

	
35%




	
T3-T4

	
106

	
65%




	
(B) Mesenteric Vein Blood (MVB)




	
Characteristics

	
Patients (n)

	
Percentage (%)




	
Age (years)

	

	




	
<60

	
52

	
36.90%




	
≥60

	
89

	
63.10%




	
Sex

	
Sex

	




	
Male

	
92

	
65.20%




	
Female

	
49

	
34.80%




	
T status




	
T0–T2

	
50

	
35.50%




	
T3–T4

	
91

	
64.50%




	
(C) All patients




	
Characteristics

	
Patients (n)

	
Percentage (%)




	
Lymph Node Metastasis

	

	




	
Negative

	
101

	
60.80%




	
Positive

	
65

	
39.10%




	
Preoperative Serum CEA

	

	




	
≤5 ng/mL

	
55

	
33.10%




	
>5 ng/mL

	
111

	
66.90%




	
Preoperative Serum CA19-9

	

	




	
<37 U/mL

	
143

	
86.10%




	
≥37 U/mL

	
23

	
13.90%








TNM: tumor, nodes, metastasis classification.
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Table 2. Number of circulating tumor cells (CTCs) isolated in the colon cancer cases.
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(A) CTC Count in 2 mL PB Blood




	
NAC (−)

	

	
NAC (+)




	
Disease Stages

	
No. of Cases

	
Range

	
Mean

	
Median

	
SD

	
Mode

	
Disease Stages

	
No. of Cases

	
Range

	
Mean

	
Median

	
SD

	
Mode




	
0

	
1

	
N/A

	
3

	
N/A

	
N/A

	
N/A

	
0

	
0

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A




	
I

	
40

	
0–13

	
1.95

	
1

	
2.94

	
0

	
I

	
4

	
0–5

	
1.5

	
0.5

	
2.06

	
0




	
II

	
30

	
0–9

	
2.17

	
2

	
2.27

	
0

	
II

	
21

	
0–22

	
2.48

	
1

	
4.61

	
0




	
III

	
1

	
N/A

	
3

	
N/A

	
N/A

	
N/A

	
III

	
50

	
0–24

	
5.28

	
3

	
6.22

	
0




	
IV

	
1

	
N/A

	
4

	
N/A

	
N/A

	
N/A

	
IV

	
15

	
0–16

	
4.87

	
4

	
4.51

	
4




	
(B) CTC Count in 2 mL MVB Blood




	
NAC (−)

	

	
NAC (+)




	
Disease Stages

	
No. of Cases

	
Range

	
Mean

	
Median

	
SD

	
Mode

	
Disease Stages

	
No. of Cases

	
Range

	
Mean

	
Median

	
SD

	
Mode




	
0

	
1

	
N/A

	
0

	
N/A

	
N/A

	
N/A

	
0

	
0

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A




	
I

	
35

	
0–24

	
4.31

	
2

	
5.76

	
0

	
I

	
2

	
6–7

	
6.5

	
6.5

	
0.5

	
N/A




	
II

	
25

	
6–7

	
3.16

	
2

	
4.09

	
0

	
II

	
18

	
0–8

	
2.72

	
2

	
2.45

	
2




	
III

	
2

	
0–17

	
6.5

	
6.5

	
0.5

	
N/A

	
III

	
45

	
0–35

	
4.44

	
2

	
7.69

	
0




	
IV

	
1

	
N/A

	
28

	
N/A

	
N/A

	
N/A

	
IV

	
12

	
0–24

	
8.08

	
5

	
7.16

	
5








NAC—neoadjuvant chemotherapy; SEM—standard error of mean; N/A—not available.
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Table 3. Odds ratios (ORs) of CTCs, CEA, CA19-9, and CTC clusters and their combination to predict recurrence for patients at all cancer stages. N/A: not analyzable due to the absence of recurrent events.
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All Cancer Stages (163 Cases)

	
No. of Cases

	

	






	
CTCs per 2 mL Blood

	
Recurrence

	
No Recurrence

	
Recurrence Rate

	
(Odds Ratio, OR)




	
CTCs > 3

	
16

	
34

	
32%

	
7.1




	
CTCs ≤ 3

	
7

	
106

	
6.2%




	
CEA > 5

	
13

	
41

	
24%

	
3.1




	
CEA ≤ 5

	
10

	
99

	
9.2%




	
CA19-9 > 37

	
8

	
14

	
36.4%

	
4.8




	
CA19-9 ≤ 37

	
15

	
126

	
10.6%




	
With CTC clusters

	
14

	
17

	
45.2%

	
11.3




	
Without CTC clusters

	
9

	
123

	
6.8%




	
CTCs > 3; CEA > 5

	
10

	
12

	
45.5%

	
8.2




	
Others

	
13

	
128

	
9.2%




	
CTCs > 3; CA19-9 > 37

	
4

	
3

	
57.1%

	
9.6




	
Others

	
19

	
137

	
12.8%




	
CTCs > 3; With CTC clusters

	
11

	
6

	
64.7%

	
20.5




	
Others

	
12

	
134

	
8.2%




	
CEA > 5; CA19-9 > 37

	
5

	
7

	
41.7%

	
5.3




	
Others

	
18

	
133

	
11.9%




	
CEA > 5; With CTC clusters

	
7

	
8

	
46.7%

	
7.2




	
Others

	
16

	
132

	
10.8%




	
CA19-9 > 37; With CTC clusters

	
5

	
4

	
55.6%

	
9.4




	
Others

	
18

	
136

	
11.7%




	
CTCs > 3; CEA > 5; CA19-9 > 37

	
3

	
1

	
75%

	
20.9




	
Others

	
20

	
139

	
12.8%




	
CTCs > 3; CEA > 5; With CTC clusters

	
6

	
2

	
75%

	
24.4




	
Others

	
17

	
138

	
11%




	
CTCs > 3; CA19-9 > 37; With CTC clusters

	
1

	
1

	
50%

	
6.3




	
Others

	
22

	
139

	
13.7%




	
CEA > 5; CA19-9 > 37; With CTC clusters

	
3

	
3

	
50%

	
6.9




	
Others

	
20

	
137

	
12.7%




	
CTCs > 3; CEA > 5;

CA19-9 > 37; With CTC clusters

	
3

	
0

	
100%

	
N/A




	
Others

	
20

	
140

	
12.5%
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Table 4. Odds ratios (ORs) of CTCs, CEA, CA19-9, CTC clusters and their combination to predict recurrence of patients with stage III CRC. N/A: not analyzable due to absence of recurrent.
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Stage III CRC (51 Cases)

	
No. of Cases

	

	






	

	
Recurrence

	
No Recurrence

	
Recurrence Rate

	
(Odds Ratio, OR)




	
CTCs > 3

	
6

	
4

	
28.6%

	
2.6




	
CTCs ≤ 3

	
15

	
26

	
13.3%




	
CEA > 5

	
8

	
18

	
30.8%

	
5.1




	
CEA ≤ 5

	
2

	
23

	
8%




	
CA19-9 > 37

	
4

	
4

	
50%

	
6.2




	
CA19-9 ≤ 37

	
6

	
37

	
14%




	
With CTC clusters

	
4

	
7

	
36.4%

	
3.2




	
Without CTC clusters

	
6

	
34

	
15%




	
CTCs > 3; CEA > 5

	
6

	
7

	
46.2%

	
7.3




	
Others

	
4

	
34

	
10.5%




	
CTCs > 3; CA19-9 > 37

	
2

	
0

	
100%

	
N/A




	
Others

	
8

	
41

	
16.3%




	
CTCs > 3; With CTC clusters

	
3

	
2

	
60%

	
8.4




	
Others

	
7

	
39

	
15.2%




	
CEA > 5; CA19-9 > 37

	
3

	
3

	
50%

	
5.4




	
Others

	
7

	
38

	
15.6%




	
CEA > 5; With CTC clusters

	
4

	
5

	
44.4%

	
4.8




	
Others

	
6

	
36

	
14.3%




	
CA19-9 > 37; With CTC clusters

	
3

	
3

	
50%

	
5.4




	
Others

	
7

	
38

	
15.6%




	
CTCs > 3; CEA > 5; CA19-9 > 37

	
2

	
0

	
100%

	
N/A




	
Others

	
8

	
41

	
16.3%




	
CTCs > 3; CEA > 5; With CTC clusters

	
3

	
1

	
75%

	
17.1




	
Others

	
7

	
40

	
14.9%




	
CTCs > 3; CA19-9 > 37; With CTC clusters

	
2

	
0

	
100%

	
N/A




	
Others

	
8

	
41

	
16.3%




	
CEA > 5; CA19-9 > 37; With CTC clusters

	
3

	
3

	
50%

	
5.4




	
Others

	
7

	
38

	
15.6%




	
CTCs > 3; CEA > 5;

CA19-9 > 37; With CTC clusters

	
2

	
0

	
100%

	
N/A




	
Others

	
8

	
41

	
16.3%

















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











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
PBNAC(+)

PBNAC(—)

<

. v bt |
33 i ’, 4
vy g "™ v
3
« sy 2 3 ”
: 2
, 8 = r
EE EE
§ 8§ & S @2 §8 8 ¢ ° ¢
wz/wnos 010 5 wz/wn0s 000
2 2
- 4
*3 I ”
F I*]
< P >
» vy 2 2
: g
e B , 8 = .
o o
qwz/wnes 010 5 wziwnesoin





media/file4.png
Density L.u Plasma stain in dark for 30 mins
—_t Lymphocytes use PBS wash once
— Monocytes

-
' m 1. CD45 ~ EpCAM at room temperature
—

Separation

Platelets 2. Hoechst at room temperature stain in
, Ficoll dark for 10 mins
15 mins b—RBCS . use PBS wash once
—. 10 mins

Whole Blood

Hoechst V/ «
' S 20~40mins

v, v7u79 OO

EpCAM Hoechst

SACA plastic chip
1. put sample in the well
2. Cell descend less than 5 mins

Fluorescence detection
Morphology analysis

CD45 Bright view





media/file18.png
PB CTCs >3
Recurrence (163 cases)
AUC =0.7644

Sensitivity
o o o
r o 92

o
N
1

0.0 L T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0

1 - Specificity






media/file21.jpg
®
P ——"
L pets
e OR=51
N
i
H
o N
i
i §_‘\=D{:_ e
:
R e e
{4
= G-
.
m. 17 sl
o | S
. - e
W e
e e
-E\““ s
2w =~ &t
: W Cluster
He
i
H
L

P -





media/file3.jpg





media/file22.png
—

A)
= 100+ - CTC>3
% - CTC=3
S5 80+
> P =0.3597
g 60- OR =26
o
S 404
—
S
S 20-
o

o 1 1 L}

0 200 400 600

—

Follow Up Time (Days)

C)
g 100+ —— CA19-9> 37
> —r g <
% 80- CA19-9 =37
— P =0.0048
o -
& OR = 6.2
(o)}
S 40+
=
S
& 20+
(o
0 ] ] ]
0 200 400 600
Follow Up Time (Days)
(E)
g 100- _, CTC>3;
b 80 _ With Cluster
? —— Others
—
O 60-
4 P =0.0143
S 40- OR=84
=
3
s 204
o
0 L} Ll |
0 200 400 600
Follow Up Time (Days)
(G)
g 10017 CTC > 3;
S W . CEA>S5;
= 807 CA19-9 > 37;
%5 60- With Cluster
§, " —— Others
e P < 0.0001
S 20- OR = N/A
a
0 L] 1 ] L}
0 200 400 600

Follow Up Time (Days)

Percentage of survival @

—

Percentage of survival O

—

Percentage of survival T

—
O 0 O
o O o o

N
o

o

-
o
S

©
<

(=2
o

H
o

N
o

o

—_
o
o

(o]
o

»
o

S
o

N
o

o

* L - CEA>S
i —— CEA<S5
1 . P =0.0369
OR=351
0 200 400 600
Follow Up Time (Days)
- With Cluster
—— Without Cluster
) P =0.0903
OR=3.2
0 260 460 660
Follow Up Time (Days)
: CTC > 3;
"‘-"\-u., - CEA>5;
4 . With Cluster
A —— Others
| P =0.0012
OR=17.1
0 200 400 600

Follow Up Time (Days)





media/file19.jpg
FR)

Percentage of survival 3
¥ 58

Percentage of
2¥5 %

H

3 Percentage of survval T
TEY)

Y]

Fotlow U T Oays)

{

~eress g — ceass
‘Nzt:j Zewen £ prapnnd
T 3 peooom
RATE % fon Eode

£

P

<

el 21

oRimy

®

3w

i

i

Fotlow U T Oays)

~—

e
Chreasar.






media/file7.jpg
EPCAM-FITC 8 Optical Microscope (OM)






media/file10.png
CD45-PECy7 EpCAM-FITC  Hoechst 33258 Merge Optical Microscope (OM)






media/file14.png
PB NAC(+)

PB NAC(—)

N/A

-,

K

I
o
o~

T I v
o o o
N A ol

qw Z/3unod 010

-4,

v

K4

151

qw Z/3unod 010

Disease Stages

Disease Stages

MVB NAC(+)

MVB NAC(—)

-,

B

K4

W 4

< _

m o

© © © ©o o o

-t ™ ~ - -
qw Z/3unod D10

-,

B

K4

~ /7

- O

-

|
qw Z/3unod D10





media/file11.jpg
Type: Single cell CTC
EpCAM-FITC  CD45-PECy7  Hoechst 33: ical Microscope (OM)






media/file6.png





media/file15.jpg
NN
g (mimeaw
3
3
lm 8 s = = =
g (%) uouodosd soisnio 910
i i L] ES





nav.xhtml


  cells-10-01149


  
    		
      cells-10-01149
    


  




  





media/file16.png
150 - (B) 450

400 -

350 4

- 100 = 300

E E 7
~— ——

- = 250

= — {

~— D -

ﬁ d') 200 ‘

S 50 < 150 -

3 )

100

50 —

0 I v 1 v 0 -

0 | ] ] v 0 | ] ]|
Disease Stages Disease Stages

(C)

50 -

40 -

30 -

20 -

CTC cluster proportion (%)

10 -

0 : .

0 I [ n v
0% 6.8% 15.4% 20.8% 50%
(01) (3/44) (8/52) (11/53) (8/16)
Disease Stages






media/file2.png
ORACKC)
OFORRS

Cell dispensing pore : /

Liquid evaporation ?

Spum

1. 3mm I

2119 00,
;??? # ??:7

PC substrate

Major mechanisms:
1.Gravitation force

2.Lateral flow by evaporation
3.Side fluid force

4.Cell restriction into center well
(5pm side channel block cells)

PC substrate

PC substrate

| Sideflow |

v

Si02 (Hydrophilic)

Aw ell urh s:de hannel A well w x@ ‘n side

. ,“\_4





media/file20.png
L

‘® 100+ s CTC >3
>
> - CTC=3
- 80-
7 P =0.0034
C 60- OR=17.1
(‘D
o)
S 40-
-
s
S5 20-
o
0 1 L 1 1
0 200 400 600 800
Follow Up Time (Days)
(C)
§ —— CA19-9 > 37
> —— CA19-9 =37
o P = 0.0074
o OR =438
Q
o)
S 40+
=
3
S 20+
o
0 | L L L}
0 200 400 600 800
Follow Up Time (Days)
(E) |
© 100+ CTC > 3;
- With Cluster
E 80- —— Others
hy
O 60+ P <0.0001
5 . OR=205
S 40+
c
S
= 20+
o
0 | | | 1
0 200 400 600 800
Follow Up Time (Days)
(G)
T 100 CTC > 3;
£ 80 CA19-9 > 37;
> With Cluster
2 W —— Others
o)
£ 40- P <0.0001
8 OR = N/A
5 204
o
0 ] ] I 1
0 200 400 600 800

Follow Up Time (Days)

(B)
§ 100+ - CEA>S
> —— CEA=5
C g0-
- . P=0.0091
- OR = 3.1
O)
S 404
[
S
= 20-
o
0 ] 1 1
0 200 400 600 800
Follow Up Time (Days)
D
(6)100- —— With Cluster
% —— Without Cluster
> 807 P < 0.0001
— OR=113
O 60+
Q
O) =
S 404
=
3
= 20-
o
0 L L] 1 1
0 200 400 600 800
Follow Up Time (Days)
F)
§ 100+ CTC > 3;
S —— CEA > 5;
> 80+ With Cluster
E 60- —— Others
oy P <0.0001
£ 40 OR = 24.4
()
O
= 204
o
0 1 | 1 L}
0 200 400 600 800

Follow Up Time (Days)





media/file5.jpg





media/file1.jpg
Najor mechanisms
1 Graviaion foce

2Lstnl flow by evsporstion

3 ide lid foee

4 Cell restiction o center well
(5um side channelblck cll)

D@

I
e

@ e

o dpemingpor
tisseopnion < 999 99

, PRS-
M 7 -

ey L — -
e | s ]

== onatoptie

_.
B,
B
=
2
5
N
I






media/file12.png
Type I : Single cell CTC
EpCAM-FITC CD45-PECy7 Hoechst 33258 Merge Optical Microscope (OM)






media/file9.jpg
CD45-PECy7  EpCAM-FITC ~ Hoechst33238  Merge  Optical Microscope (O






media/file0.png





media/file8.png
EpCAM-FITC CD45-PECy7 Hoechst 33258






media/file17.jpg
PBCTCs >3
Recurrence (163 cases)
AUC =0.7644

0.0 T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0

1 - Specificity






