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Objective

The circulating tumor cells (CTCs) could be captured by the peptide functionalized magnetic nanoparticles (Pep@MNP) detection system in pancreatic ductal adenocarcinoma (PDAC). CTCs and the CXCR4 expression were detected to explore their clinical significance. The CXCR4+ CTCs, this is highly metastatic-prone stem cell-like subsets of CTCs (HM-CTCs), were found to be associated with the early recurrence and metastasis of PDAC.





Methods

CTCs were captured by Pep@MNP. CTCs were identified via immunofluorescence with CD45, cytokeratin antibodies, and the CXCR4 positive CTCs were assigned to be HM-CTCs.





Results

The over-expression of CXCR4 could promote the migration of pancreatic cancer cell in vitro and in vivo. In peripheral blood (PB), CTCs were detected positive in 79.0% of all patients (49/62, 9 (0–71)/2mL), among which 63.3% patients (31/49, 3 (0–23)/2mL) were HM-CTCs positive. In portal vein blood (PVB), CTCs were positive in 77.5% of patients (31/40, 10 (0–40)/2mL), and 67.7% of which (21/31, 4 (0–15)/2mL) were HM-CTCs positive CTCs enumeration could be used as diagnostic biomarker of pancreatic cancer (AUC = 0.862), and the combination of CTCs positive and CA19–9 increase shows improved diagnostic accuracy (AUC = 0.963). in addition, PVB HM-CTCs were more accurate to predict the early recurrence and liver metastasis than PB HM-CTCs (AUC 0.825 vs. 0.787 and 0.827 vs. 0.809, respectively).





Conclusions

The CTCs identified by Pep@MNP detection system could be used as diagnostic and prognostic biomarkers of PDAC patients. We identified and defined the CXCR4 over-expressed CTC subpopulation as highly metastatic-prone CTCs, which was proved to identify patients who were prone to suffering from early recurrence and metastasis.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is one of the most malignant and lethal digestive system neoplasm with 5-year survival rate lower than 10% (1). In China, approximately 88,000 patients died of PDAC in 2016 (2). The poor prognosis was attributed to the insidious onset and late diagnosis. At the time of diagnosis, approximately half of the patients have distant metastases (3). And 80% of patients who undergo radical surgery experience recurrence at remote or local sites within 2 years (4). Current radiological examination and blood tests (carbohydrate antigen 19–9) could not identify pancreatic cancer patients who may suffer postoperative recurrence and metastasis. Therefore, it is necessary to develop precise diagnostic and prognostic biomarkers to identify the patients who are prone to suffering postoperative early recurrence and metastasis due to the limited sensitivity and specificity of the current examinations. Circulating tumor cells (CTCs) are tumor cells shed from the primary tumor or metastatic foci in the blood, containing the real tumor biological information (5, 6). The CTCs can fall from the tumor into the circulatory system at the early stage, and it could form tiny metastatic foci in the “soil” of pre-metastatic niche formation (7). The highly malignant biological behavior of CTCs might lead to early occult metastasis in some early-stage patients and thus resulting in postoperative recurrence and metastasis. Therefore, the capture and detection of CTCs and CTC subsets could be used to diagnose, predict the onset of distant metastasis and evaluate the prognosis of epithelial malignancies such as breast, colorectal, and pancreatic cancers (8–10).

The CellSearch® detection system is designed to capture CTCs in whole blood (7.5 mL) based on a 10-nm ferromagnetic fluid modified by epithelial cell adhesion molecule (EpCAM) antibody, which is the FDA-approved CTC detection method (11). However, the CTCs detection rate in the peripheral blood (PB) of pancreatic cancer patients is only 7–48% at different stages (12). Our team previously developed the novel nanomagnetic bead assay (Pep@MNPs), which could capture the CTCs by using EpCAM-targeting peptide functionalized magnetic nanoparticles. We de novo designed the EpCAM-targeted peptide, Pep10, whose binding affinity to EpCAM (1.98 ×10−9 mol L−1) was similar to anti-EpCAM antibody (2.69×10−10 mol L−1). The CTC isolation method (Pep@MNPs) was designed by using the EpCAM-targeted peptide functionalized iron oxide magnetic nanoparticles (13). This technique could detect E-CTCs based on EpCAM-targeted peptide The capture efficiency and purity were higher than those of CellSearch® due to the higher density and well orientation of target peptides modified on the surface of magnetic nanoparticles (13–15). It could effectively detect CTCs in only 2 mL of whole blood, whose capture efficiency and purity was proved to reach to 90% and 93% in breast, prostate, and liver cancers (13). Lower synthesis cost of peptides in Pep@MNPs assay was another attractive advantage as compared to CellSearch® system in clinical applications.

It was reported that CTC counts are important for the prognosis evaluation and treatment strategy selection of cancer patients, and CTCs were enriched with important information about tumor biology (16–18). The CTCs could be classified into different subgroups based on biomarkers, thus interpreting their biological information which could help identify CTCs subtypes with highly malignant behavior. The transitional CTCs (vimentin+ CTCs) were identified and presumed to mediate cancer metastasis. The transitional CTCs were highly correlated with the late recurrence in pancreatic cancer patients (area under curve = 0.72). The transitional CTC positivity was associated with higher subsequent recurrence rates, different recurrence patterns and poorer recurrence-free survival (19, 20). CTC counts and vimentin+ CTCs were also significantly associated with response to chemotherapy in pancreatic cancer (21). The HER2-positive CTCs were associated with worse overall survival (OS) and recurrence-free survival (RFS) in breast cancer (22). And they could be used to identify a subset of breast cancer patients with high HER2 expression and dynamically evaluate the efficacy of anti-HER2 therapy during treatment (23–26). In summary, CTCs with different biomarkers could be used to identify patients with different malignancy tumor biology, thus help translate the interpretation of biological information into diagnosis and treatment evaluation.

The C-X-C motif chemokine receptor 4, CXCR4, is a chemokine stromal cell-derived factor 1α (CXCL12)-specific receptor, played an important role in promoting the PDAC progression. Studies reported that the expression of CXCR4 was strongly associated with local and distant recurrence, metastasis and poor prognosis in PDAC patients (27, 28). CXCR4 could promote the proliferation and invasion of PDAC by activating the AKT signaling pathway (29, 30). Singh et al. reported that CXCL12 can induce sonic hedge-hog (SHH) gene expression in pancreatic cancer cells through CXCR4 activation of the downstream Akt and ERK pathways (31). Saur et al. (32) revealed that CXCR4 expression significantly increases the metastatic potential of pancreatic cancer cells in vivo, leading to liver and lung metastases in mice. Large amounts of the chemokine CXCL12 are produced by organs normally affected by cancer metastasis, such as the lungs and liver (33). This can attract CXCR4-positive tumor cells to specific metastatic sites (33). Thus, it is possible that CXCR4-expressing tumor cells could be prone to forming metastatic tumors in the liver and lungs. In the present study, our data analysis implied that the over-expressed genes of PDAC patients were significantly enriched in the cell adhesion, cell-cell signaling, positive regulation of migration and positive regulation of proliferation signaling pathways. We focused on the CXCR4 gene, and existing studies suggested that CXCR4 could promote the progression and liver metastasis of PDAC, which was also verified in our research. Therefore, we defined the CXCR4 over-expressed CTC subpopulation as highly metastatic-prone CTCs (HM-CTCs), which could help identify patients who were prone to suffering early recurrence and metastasis before surgery.

CXCR4 may also influence the PDAC tumor immune microenvironment (TIME) and the CXCR4 inhibitor could improve the prognosis of PDAC by regulating the TIME. Bockorny et al. reported that the combined blockade of CXCR4 and PD-1 enhanced the chemotherapeutic effect in metastatic PDAC (NCT02826486) (34). Nanoparticles-based preclinical studies also implied that the combination of CXCR4 inhibitor and anti-PD1 could enhance the immune response by increasing the infiltration of CD4+ T cells, CD8+ T cells and polarization of macrophages, thus significantly inhibiting the progression of PDAC (35, 36). Therefore, it is necessary to early identify CXCR4-high expression patients, whose prognosis may benefit from the combination of CXCR4 and immunochemotherapy.

Herein, we verified the function of CXCR4 gene in vitro and in vivo, which could promote the pancreatic cancer liver metastasis. Then we used the Pep@MNP platform to capture and detect CTCs and HM-CTCs in the PB and PVB of PDAC patients. HM-CTCs could help evaluate the occurrence of metastasis, early recurrence and prognosis in pancreatic cancer patients. It can be used to identify pancreatic cancer patients who can benefit from the combination of CXCR4-targeted therapy and immunochemotherapy. This investigation showed well application prospects for precise treatment of PDAC.





Methods




Cell culture and transfection

Nine cell lines (human pancreatic cancer cell lines AsPC-1, PANC-1, MIA-PaCa-2, BxPC-3, T3M4 and Capan-1; normal human pancreatic ductal epithelial cells (HPNE) and 293T cells) were all purchased from American Type Culture Collection (ATCC) (Manassas). The cells were cultured in different basic media supplemented with 100 U/ml penicillin-streptomycin (PS) (Gibco) and 10% fetal bovine serum (FBS) (Gibco), including DMEM medium (Gibco) for PANC-1, MIA-PaCa-2, Capan-1, 293T and HPNE and 1640 medium (Gibco) for AsPC-1 and T3M4. The cells were maintained at 37°C in an atmosphere with 5% CO2 and 95% moisture. The lentiviral vector for CXCR4 over-expression (OE-CXCR4) was constructed by SyngenTech. Lipofec-tamine™ 3000 was used to produce the lentiviruses by the transfecting the 293T cells. AsPC-1 cells were transfected using the Lentiviruses and screened in puromycin.





Flow cytometry analysis

The FCM was performed to evaluate the expression of CXCR4 in cells. The cells were blocked by the 5% bovine serum albumin (BSA) (Sigma-Aldrich) for 30 min at 37°C. Then, the blocked cells were incubated with Alexa Fluor® 647-conjugated antibodies for 60 min at 37°C, including anti-CXCR4 (Abcam, ab216548), and IgG isotype controls. The BD Accuri™ C6 flow cytometer (BD Biosciences) was applied to detect the expression of CXCR4.





Migration assay

AsPC-1 cells and OE-CXCR4 AsPC-1 cells were suspended in starvation media (1×106 cells mL-1). Then 100 µL of the cells were plated in the upper chamber of the transwell chamber (Millipore) with a pore size of 8 µm in a 24-well plate, while 600 µL medium supplemented with normal FBS were added into the lower chamber and served as a chemotactic agent. Cells invading into the lower chamber were fixed after incubation for 48 h, stained with crystal violet, and recorded under the upright micro-scope (five fields per chamber). The crystal violet was washed by the 33% ethylic acid and collected in the 96-well plate. Then the optical absorbance of each well at 570 nm was measured using a microplate reader.





Animal liver metastatic model

The 5×105 AsPC-1 cells or OE-CXCR4 AsPC-1 cells were planted into the spleen to construct the pancreatic cancer liver metastatic mice (3 mice/group). On day 30, the mice were sacrificed, and their livers were collected and photographed. The metastatic nodules were counted and recorded.





Patients and blood sample collection

Sixty-two pancreatic cancer patients at the Peking University First Hospital between September 2019 and September 2021 and ten healthy subjects were enrolled in our study. The inclusion criteria for pancreatic cancer patients were (1) voluntary participation and signing of the informed consent form, (2) postoperative or puncture pathology confirmed as PDAC, and (3) the willing to observe the study’s follow-up protocol. The exclusion criteria included (1) a history of other malignant tumors and (2) a history of surgery, radiotherapy, chemotherapy, or immunotherapy for PDAC. Our multidisciplinary team developed treatment strategies for patients with pancreatic diseases. All the surgeries were performed by the same team.

Demographic data, laboratory tests, imaging tests, and pathology reports, including sex, age, carbohydrate antigen 19–9 (CA19–9), tumor staging, margin status, and lymph node status, were accurately recorded. During the follow-up period, CA 19–9 levels and abdominal pelvic enhancement on CT or MRI were routinely evaluated. In addition, chest CT, PET-CT, and other examinations were performed if necessary. CA19–9 was measured in the certified clinical laboratory in the Peking University First Hospital. This study was approved by the Ethics Committee of the Peking University First Hospital.

The participants’ fasting peripheral blood was collected (2 mL) in an EDTA-containing tube before surgery or systemic therapy. For patients who underwent radical surgery, the operator obtained 2 mL of PVB from a few centimeters above the splenic and superior mesenteric vein confluences after evaluating the hepatic portal anatomy (Figure S1). A 23-gauge syringe or butterfly needle, with both wings cut off, was used to puncture the portal vein during laparoscopic or open surgery. A previous study demonstrated no significant difference in portal CTC counts before and after resection (37). Nonetheless, excessive intraoperative tumor compression should be cautiously avoided. Compression to stop the bleeding was sufficient for the puncture site. All PBs and PVBs were assessed within 4 hours of incubation at room temperature.





Detection and enumeration of CTCs

The use of Pep@MNPs to detect and enumerate CTCs was described in our previous studies (22, 23). Briefly, Pep@MNPs (10 μL) were added to 2 mL of PB or PVB and incubated at room temperature on a horizontal shaker at 160 rpm. Thereafter, PBS was used to wash the Pep@MNPs-CTC complex under a magnetic field at least thrice to isolate the CTCs. After fixation with ethanol and 5% bovine serum albumin blocking buffer, CTCs were incubated with CD45, CK, and CXCR4 antibodies. Simultaneously, DAPI was used to stain the nucleus. The researchers identified the CK+/CD45- and DAPI-stained CTCs using an Olympus IX73 fluorescence microscope (Figure S2). In total, 200 healthy cells from the Capan-1 cell line were resuspended in 2 mL of PBS. Subsequent adsorption, washing, fixation, staining, and identification were performed using the same procedure as that used for blood samples (Figure S2).





Statistical analysis

All data were statistically analyzed using SPSS 23.0 (IBM Corp., Armonk, NY, USA) and Prism 9.0 (GraphPad, La Jolla, CA, USA) software. Continuous variables are expressed as mean (minimum - maximum), and categorical variables are expressed as numbers (percentages). Intergroup comparisons of categorical variables were performed using the nonparametric Mann-Whitney U test. The area under the receiver operating characteristic curve (AUROC) was used to evaluate diagnostic efficacy. Kaplan–Meier curves were plotted for survival analysis, and log-rank tests were performed. Statistical significance was set at p < 0.05 (* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001).






Results

This section may be divided by subheadings. It should provide a concise and precise description of the experimental results, their interpretation, as well as the experimental conclusions that can be drawn.




The over-expression of CXCR4 could promote the migration of pancreatic cancer cells in vitro and in vivo

Previous studies have reported that CXCR4 gene can promote the progression of pancreatic cancer (32, 38, 39). In order to further clarify the role of CXCR4 in pancreatic cancer, in vitro and in vivo experiments were performed to clarify the effect of CXCR4 on the metastatic ability of pancreatic cancer cells. We found that CXCR4 expression levels were higher in pancreatic cancer cell lines AsPC-1, PANC-1, MIA PaCa-2, BxPC-3, T3M4, and Capan-1 (Figure 1A, Figure S3). To further clarify the function of CXCR4 in pancreatic cancer, we established the OE-CXCR4/AsPC-1 cell line to stably over-express CXCR4 in AsPC-1 cells (Figures 1B, C). Migration experiments suggested that CXCR4 over-expression promoted the migration of AsPC-1 cells (Figures 1D, E). To verify the role of CXCR4 in promoting pancreatic cancer cell metastasis in vivo, OE-CXCR4/AsPC-1 cells and control AsPC-1 cells were injected into the splenic subcapsular of female nude mice. The number of metastatic nodules of pancreatic cancer liver metastases derived from OE-XCR4/AsPC-1 cells was significantly higher than the control group (Figures 1F, G). Therefore, the experimental results suggest that CXCR4 can promote the metastasis of pancreatic cancer in vivo and in vitro.




Figure 1 | The over-expression of CXCR4 could promote the migration of pancreatic cancer cells in vitro and in vivo. (A) CXCR4 expression in hTERT-HPNE and pancreatic cancer cell lines were detected by flow cytometry analysis. (B, C) The protein levels of CXCR4 in AsPC-1 cells transfected with over-expressing CXCR4(OE-CXCR4) were detected by flow cytometry analysis.(D, E) Transwell migration assays and quantification of migrated cells of AsPC-1 cells and OE-CXCR4 were performed to evaluate the migrated ability (Scale bar:100 μm). (F) The representative photographs of the metastatic tumors in liver from OE-CXCR4/AsPC-1 cells and the control groups were recorded. (G) The number of metastatic nodules were measured and compared (n = 3) (unpaired t test). *: p<0.05, **: p<0.01, ***: p<0.001.







Patients’ characteristics

We have validated the function of CXCR4 on promoting the PDAC progression in vitro and in vivo. To further validate the clinical significance of CXCR4-high expression subsets, we use the peptide-modified nanoparticles(Pep@MNPs platform) to capture and identify the CTC and CXCR4-high CTCs. The median age of the sixty-two patients was 65 years (range, 37–89 years) in our study, and, twenty-two (22/62, 35.5%) patients were men. Forty patients (40/62, 64.5%) underwent radical resection (Figure 2), and twenty-seven patients were performed pancreaticoduodenectomy and thirteen patients were performed distal pancreatectomy. The median follow-up time was 17 months in the study, and the median RFS was 16 months in the surgical subgroup. Additionally, twenty-nine (29/40, 72.5%) patients received postoperative gemcitabine-based chemotherapy in the surgical subgroup. Until the final follow-up, 58.1% of all patients were alive, whereas 67.5% of patients in the surgical group were alive. Furthermore, 46.8% (29/62) of all patients had distant metastasis, whereas 40% (16/40) of the patients in the surgical group developed distant metastasis. In the surgical subgroup, ten patients had liver metastases after surgery; three patients suffered from liver metastasis combined with peritoneal metastasis or local recurrence, two patients were diagnosed with lung metastasis; and one patient suffered from a locoregional recurrence.




Figure 2 | The cohort of the study. (The tumor staging was according to the 8th TNM staging system).







The capture and detection of CTCs or HM-CTCs in pancreatic cancer patients

The Pep@MNPs were proved to effectively and precisely capture the CTCs in our precious study (12). In our study, forty-nine patients (49/62, 79.0%) had CTC counts >0/2 mL in the PB, and thirty-one patients (31/40, 77.5%) had CTC counts >0/2 mL in their PVB in the surgical subgroup. Thirty-one patients (31/49, 63.3%) had HM-CTCs in PB, and twenty patients (20/31, 64.5%) had HM-CTCs in PVB. In the surgical subgroup, the CTC counts of PVB (mean value 10/2 mL) were higher than those of PB (mean value 6/2 mL) (p <0.05, Figure S4A). We observed that the HM-CTC PVB counts (mean value 4/2 mL) were higher than the PB counts (mean value 2/2 mL) (p < 0.05, Figure S4B), which implied that the CTCs might reflect the real tumor biological information in PVB. The CTC counts differed in tumor location (p = 0.054), and they were higher when the tumor was in the body or tail (Table S1). We divided the surgical group into high- and low-expression subgroups based on the median number of CTCs and 1/2 mL for HM-CTCs. We also analyzed the clinicopathological differences between both subgroups (Tables S2, S3). Despite not being statistically significant, we observed tendencies in the CTC PB subgroups in terms of tumor location (p = 0.083), perineural invasion (p = 0.077), intraoperative bleeding (p = 0.083), and HM-CTC PB subgroups in CA19–9 level (p = 0.057).





Diagnostic efficacy and survival analysis in all patients

The diagnostic efficacy of PB CTCs in distinguishing patients with PDAC from healthy participants was compared based on AUROC curves (Figure S5). Only CTC-like cells (3/2 mL) were detected in the PB of one healthy participant. The AUROC of PB CTCs for distinguishing PDAC patients from healthy controls was 0.862 (Figure S5A). In addition, we tested the diagnostic efficacy of combining PB CTCs with CA19–9 levels, which increased to 0.963 (Figure S5B). In the patients’ survival analysis, no significant differences were observed between the high- and low-CTCs subgroups in PB (p = 0.13, Figure S6A.). In contrast, the prognosis of high HM-CTCs subgroup was worse than that of the low HM-CTCs subgroup in the PVB (p = 0.043, Figure S6B). The HM-CTCs showed attractive value for diagnostic and prognostic evaluation in pancreatic cancer.





The prognosis analysis of the CTC or HM-CTC subgroup in the surgical group

We compared RFS and OS based on CTCs and HM-CTCs levels in PB and PVB (Figures 3, 4). Although it was not statistically significant, we observed that the RFS of low CTC subgroup was longer in PB (HR, 2.683; 95% CI, 0.9407–7.652, p = 0.065) (Figure 3A). The RFS of the low HM-CTC subgroup was longer than that of the high HM-CTC subgroup in PB (HR, 3.126; 95% CI, 1.153–8.475, p = 0.025) (Figure 3B). In addition, the RFS of the low CTC or HM-CTC sub-group was longer than that of the high-CTC or HM-CTC subgroup in the PVB of surgical group (HR, 5.653, 95% CI, 1.949–16.40, p = 0.001; HR, 3.917, 95% CI, 1.444–10.63, p = 0.007) (Figures 3C–E). The OS analysis between the PB CTC and HM-CTC subgroups was not significant (Figures 4A, B). The OS analysis in the low CTC and HM-CTC subgroups was significantly longer than that in the high subgroup in PVB (HR, 3.18; 95% CI, 1.004–10.07, p = 0.049; HR, 3.189; 95% CI, 1.013–10.04, p = 0.047) (Figures 4C, D). Therefore, our results implied that CTCs and HM-CTCs in PVB could effectively predict the RFS and OS.




Figure 3 | Recurrence free survival and hazard ratios among the surgical group patients (n = 40) by PB or PVB CTC levels and HM-CTCs. RFS in the high or low PB CTCs levels (A) and PB HM-CTCs (B). RFS in the high or low PVB CTCs levels (C) and PVB HM-CTCs (D).The hazard ratios among the surgical group patients by PB or PVB CTC levels and HM-CTCs (E). Log-rank test, p value = 0.065 (A), 0.025 (B), 0.001 (C), and 0.007 (D).






Figure 4 | Overall survival (A-D) among the surgical group patients (n = 40) by PB or PVB CTCs levels and HM-CTCs. OS in the high or low PB CTCs levels (A) and PB HM-CTCs (B). OS in the high or low PVB CTCs levels (C) and PVB HM-CTCs (D). Log-rank test, p value = 0. 49 (A), 0.063 (B), 0.049 (C), 0.047 (D).







HM-CTC accuracy in predicting early recurrence and PDAC liver metastasis

We identify the CXCR4-positive CTCs and define them as HM-CTCs. Then we evaluate their accuracy in predicting the early recurrence rate of pancreatic cancer (< 9 months) and liver metastasis (Figure 5). We observed that the AUROC of PB HM-CTCs to distinguish early recurrence was 0.787, and the accuracy significantly increased when we tested the AUROC of PVB HM-CTCs (AUROC = 0.825). The AUROC of PB HM-CTC to diagnose liver metastasis was 0.809, and the accuracy increased to 0.827 when we assessed the AUROC of HM-CTCs in PVB. Therefore, the above results implied that preoperative HM-CTCs in the PB and PVB could help evaluate early recurrence and liver metastasis in patients with PDAC, which showed excellent ability to identify patient subpopulation who were prone to suffering early recurrence and metastasis. And the sample size needs to be expanded in the future work to build the prediction model based on the HMSC-CTCs and clarify the accuracy through internal verification and external verification, thus accurately predicting the occurrence of recurrence, liver metastasis and the prognosis of pancreatic cancer patients.




Figure 5 | AUC curves to predict the early recurrence (A, B) and liver metastasis (C, D) of the surgical group based on the HMSC-CTCs in PB and PVB. AUC curves to predict the early recurrence based on the HMSC-CTCs in the PB (A) and PVB (B). AUC curves to predict the liver metastasis based on the HMSC-CTCs in the PB (C) and PVB (D). HM-CTCs have been depicted (AUC=0.787, 0.825, 0.809, 0.827, n = 40).








Discussion

The late diagnosis, early recurrence and metastasis contributed to the poor prognosis of pancreatic cancer. Tumor biological behavior varies in different pancreatic cancer patients. How to divide pancreatic cancer patients into different subgroups according to the biological behavior of tumors and take different treatment measures is an urgent clinical problem to be solved. The current detection technique could not precisely diagnose and evaluate the prognosis. But the recurrence and early occult metastasis occurred when the “CTC” shed from the tumor, which act as important biomarkers (10, 40). Therefore, CTCs are important and classical liquid biomarkers to evaluate metastasis and recurrence in pancreatic cancer patients. We found that the novel Pep@MNP detection system was feasible for pancreatic cancer diagnosis.

CellSearch® detection system was the FDA-approved CTC detection method which could capture the CTCs by targeting the epithelial cell marker “EpCAM” through antigen-antibody specific binding. But the detection rate was poor in pancreatic cancer (12). Peptides have the advantage of small molecular weight and low cost. We have modified the EpCAM-targeted peptide on the surface of magnetic beads to capture more CTCs. Our research group developed the novel Pep@MNP detection system that was verified in lung and liver cancer (13, 14, 41). To further explore its application in pancreatic cancer, we used the Pep@MNP system to detect CTCs in pancreatic cancer and focused on the HM-CTC subpopulation. The positivity rates of CTCs in PB and PVB were 79.0% (49/62) and 77.5% (31/40). The Pep@MNP detection system exhibited the higher CTCs capture efficiency, which proved the excellent targeting ability of the Pep@MNPs assay to the EpCAM on CTCs and to exclude from the interference from blood cells (13). We find that the AUC of CTCs in PB for pancreatic cancer is 0.862, and the AUC increased to 0.963 when combined with CTCs and CA19–9. Therefore, this study confirms that the CTCs captured by the Pep@MNP detection system was feasible for diagnosing pancreatic cancer.

Pancreatic cancer sheds tumor cells into the portal vein, which might be filtered and colonized by the liver, and specific subtypes of tumor cells might be prone to colonize in the liver and form the tiny metastatic foci. Therefore, portal vein blood (PVB) CTCs in pancreatic cancer can accurately and intuitively reflect biological characteristics, and their diagnostic and prognostic values are significantly better than those of PB (16). The pancreatic veins flow through the portal vein of the liver, and the CTCs could fall into the portal vein. The CTCs subtypes could be filtered and colonized the liver, thus promoting liver metastasis. The PVB CTC count is higher than the PB-CTC count and can strongly reflect the real biological behavior (42–44), which was consistent with our results. Our study also observed that PVB CTCs and HM-CTCs counts were higher than the PB CTCs counts (p <0.05, p <0.05). Bissolati et al. (44) revealed that the incidence of liver metastasis in patients with CTCs was significantly higher than that in those without CTCs (53% vs. 8%, p = 0.038). Liu et al. (24) reported that the CTC counts in the portal vein were highly associated with intrahepatic metastases. However, no significant difference was observed in postoperative survival between the high- (>8/2 mL) and low-CTC (≤8/2 mL) subgroups (p = 0.13) in our research. The recurrence and metastasis rates of the higher portal CTC count (>10/2 mL) were significantly higher than those of the lower portal CTC count (≤10/2 mL) (p = 0.001), with shorter postoperative survival (p = 0.049). Therefore, it is feasible to apply the Pep@MNP detection system to capture CTCs for the prognostic evaluation in pancreatic cancer patients, but PVB CTCs are more precise in predicting postoperative metastasis and survival of pancreatic cancer.

Our previous study revealed that CTC phenotype analysis based on EMT or hENT-1 helped establish new prognostic biomarkers in patients with resectable cancer receiving gemcitabine-based adjuvant chemotherapy (45). In this study, we focus on the predictive efficacy of CTCs and CTCs subsets in distant metastasis. We focused on the CXCR4 gene which was over-expressed in pancreatic cancer. We further verified the function of CXCR4 in promoting the liver metastasis of pancreatic cancer, which was consistent with previous research. So, we defined the CXCR4 over-expressed CTC subpopulation as HM-CTCs. Studies have revealed that patients with high CXCR4 expression have a shorter OS and a higher risk of liver metastasis than those with low expression (46). It is consistent with the results reported in our study. When CTCs fall from pancreatic cancers into the liver, HM-CTCs (CXCR4+CTC) may directly colonize the liver to metastasize. Our study observed that the number of HM-CTCs in PVB were more than HM-CTCs in PB, suggesting that some HM-CTCs might colonize in the liver. In the surgical group, the RFS and OS of the low-CTC or HM-CTC subgroups was longer than that of the high-CTC or HM-CTC subgroups in PVB. So, we defined the CXCR4 over-expressed CTC subpopulation as HM-CTCs, which could identify PDAC patients with poor prognosis.

Pancreatic cancer was easy to relapse and metastasize, and early recurrence is a key factor in determining patient prognosis. Therefore, it is necessary to monitor patients who easily relapse preoperatively according to the biological characteristics of the tumor to guide clinical treatment. CTCs were reported to be associated with prognosis and the disease stage (47). Javed et al. (19) reported that a positive CTCs were a significant risk factor for late recurrence in multivariate analysis (p = 0.024). Park et al. reported that positive CTC was an independent risk factor for early (p = 0.027) and systemic recurrence (p = 0.033) (48). Zhang et al. reported that preoperative CTC-positive was independent risk factor for disease-free survival (p < 0.05) and for OS in pancreatic cancer patients (p < 0.05) (49). Hugenschmidt et al. found that the presence of preoperative CTCs was associated with earlier metastasis and shorter OS (50), but the CTCs were detected in only about 7% of patients based on FDA-approved CellSearch® test. Bissolati et al. reported that PVB CTCs were detected in 45% of the patients and the liver metastasis rate of PVB CTC-positive pancreatic cancer patients was higher than CTC-negative patients (p = 0.038) at 3-year follow-up (44). But no correlation was found between CTCs and OS. In our study, the positivity rates of CTCs in PB and PVB were 79.0% (49/62) and 77.5% (31/40) based on the Pep@MNP detection platform, which were associated with the recurrence, liver metastasis and OS.

CTCs contain abundant biological information, and identifying CTC subsets with high malignancy based on specific markers are more able to select patients with poor prognosis. Cheng et al. reported that folate receptor-positive CTCs were independent risk factor for distant metastasis (p = 0.014) and early recurrence (p = 0.013), but they could not predict OS in the non-surgical group (p = 0.220) (51). The detection of vimentin-positive and cytokeratin-positive transitional CTCs was predictive of recurrence (p = 0.01) and shorted RFS (10). And in patients who did not experience effective adjuvant therapy, postoperative positive trCTCs was associated with poorer RFS (20). Rizzo et al. reported that the bone metastasis rate of CXCR4-positive CTCs in neuroendocrine tumor patients was 56% compared to 35% in patients without bone metastasis (p = 0.18),which may be involved in CTC osteotropism and predicting the bone metastasis (52). We analyses that CXCR4-positive CTCs may be attracted to the liver and lung,which produce large amounts of the chemokine CXCL12. We verified the pro-oncogenic role of CXCR4 in vitro and in vivo, and define the CXCR4-positive CTCs as the HM-CTCs. Then we evaluated the accuracy to predict early recurrence rate for pancreatic cancer based on the HM-CTCs counts. Our team previously reported a multicenter retrospective study in which 9 months was the best threshold to distinguish early from late recurrence (53). We observed that the AUC of HM-CTCs in PB for distinguishing early recurrence was 0.787, and the accuracy significantly increased when we tested the AUC of PVB HM-CTCs (0.825). Therefore, the preoperative detection of HM-CTCs in PB or PVB might help identify high-risk pancreatic cancer subpopulation who were prone to suffering early recurrence and metastasis. But we could not ignore the influence of neoadjuvant therapy on CTCs counts of patients with pancreatic cancer, which is unclear. Gemenetzis et al. (32) reported that the median CTCs in patients who had undergone neoadjuvant therapy were significantly lower than chemo-naïve PDAC patients before surgery in fifty-seven patients undergoing surgery. But Poruk et al. (33) reported that there existed no difference in the sixteen PDAC patients who received neoadjuvant therapy. Therefore, the stable or decreased CTC counts might imply the effective response to neoadjuvant therapy (34), and it is necessary to further explore whether neoadjuvant chemotherapy will affect the accuracy of predictions of preoperative HMSC-CTCs on early recurrence.

Existing metastatic cancer spread refers to the sequence of events following a successful primary tumor seeding event, followed by a metastasis cascade (54). In this case, metastasis prevention therapy combined with tumor-killing therapy may benefit patients by avoiding further cancer spread and reducing tumor burden (54). Our study observed a high incidence of recurrence and distant metastasis in pancreatic cancer patients with high HM-CTCs. CXCR4-targeted tumor therapy has promising applications in pancreatic cancer. Bockorny et al. (34) reported promising results wherein the combined blockade of CXCR4 and PD-1 enhanced the chemotherapeutic effect in metastatic PDAC (NCT02826486). Therefore, the HM-CTCs counts could help identify PDAC patients who might benefit from the combination of CXCR4-targeted therapy and immunochemotherapy. It is necessary to early identify the HM-CTCs high subgroup to guide the clinical treatment, thus improving the clinical precise diagnosis and treatment of pancreatic cancer.

This study has a few limitations. Firstly, further studies with larger sample sizes are needed to verify the clinical value of this study since this investigation is still based on the small sample size and limited follow-up. In our study, most of patients were at either stage 1 or 2 disease and follow-up period should be prolonged to one year and more to evaluate the predictivity of CTCs and HMSC-CTCs on the recurrence and liver metastasis. And our results could not effectively represent the clinical significance of the patients at advanced stages. More patients at advanced stages should be enrolled in the subsequent study. Secondarily, benign pancreatic disease was not included as a control when evaluating the diagnostic value of CTCs for pancreatic cancer. Pancreatic cancer is difficult to differentiate from chronic pancreatitis, intraductal papillary mucinous neoplasms and autoimmune pancreatitis, which should be enrolled in the subsequent study. Finally, we did not monitor dynamic changes of HM-CTCs counts when assessing the correlation between HM-CTCs and distant metastasis in pancreatic cancer. Peripheral blood should be sampled at different time points before and after surgery to evaluate the dynamic changes of HMSC-CTCs over time and treatment. The effect of adjuvant therapy and neoadjuvant therapy (duration, type, and dosage) on CTC should also be considered in subsequent studies.

In conclusion, our study observed that CXCR4 could promote the migration of pancreatic cancer in vitro and in vivo. And, it was feasible to apply the Pep@MNPs assay system to detect CTCs in the PB and PVB of pancreatic cancer patients. The CTCs can be used as diagnostic biomarkers, and their combination with CA19–9 can significantly increase diagnostic accuracy. Moreover, we defined the CXCR4 over-expressed CTCs subpopulations as HM-CTCs, which could identify high-risk pancreatic cancer subpopulation who were prone to suffering early recurrence and metastasis. And they could be used as potential biomarkers to screen patients who can benefit from the combination of CXCR4-targeted therapy and immunochemotherapy. Therefore, the Pep@MNPs detection system showed well application prospects for guiding the diagnosis and prognosis evaluation of pancreatic cancer patients.





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Ethics statement

The studies involving humans were approved by Peking University First Hospital ethics committee. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.





Author contributions

XC: Data curation, Formal analysis, Investigation, Methodology, Writing – original draft. XZ: Data curation, Formal analysis, Methodology, Writing – original draft. SZ: Data curation, Formal analysis, Methodology, Writing – review & editing. MW: Methodology, Writing – review & editing. PL: Methodology, Writing – review & editing. YM: Data curation, Methodology, Writing – review & editing. CW: Methodology, Writing – review & editing. XT: Conceptualization, Methodology, Supervision, Writing – review & editing. YLY: Conceptualization, Funding acquisition, Methodology, Resources, Supervision, Writing – review & editing. YMY: Funding acquisition, Resources, Writing – review & editing.





Funding

The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2024.1327280/full#supplementary-material



Abbreviations

ATCC, American Type Culture Collection; BSA, bovine serum albumin; CA19–9, carbohydrate antigen 19–9; CTC, circulating tumor cells; CXCL12, C-X-C motif chemokine ligand 12; CXCR4, C-X-C motif chemokine receptor 4; DEGs, differentially expressed genes; ECM, extracellular matrix; EMT, epithelial-to -mesenchymal transition; EpCAM, epithelial cell adhesion molecule; FBS, fetal bovine serum; FCM, flow cytometry; GEO, gene expression omnibus database; GO, gene ontology; GSEA, gene set enrichment analysis; GSVA, gene set variation analysis; HM-CTCs, highly metastatic-prone subsets of CTCs; KEGG, Kyoto encyclopedia of genes and genomes; OS, overall survival; PB, peripheral blood; PDAC, pancreatic ductal adenocarcinoma; Pep@MNP, peptide functionalized magnetic nanoparticles; PS, penicillin-streptomycin; PVB, portal vein blood; RFS, recurrence-free survival; SHH, sonic hedge-hog; ssGSEA, single-sample gene set enrichment analysis; TIME, tumor immune microenvironment.




References

1. Hidalgo, M. Pancreatic cancer. N Engl J Med. (2010) 362:1605–17. doi: 10.1056/NEJMra0901557

2. Zheng, R, Zhang, S, Zeng, H, Wang, S, Sun, K, Chen, R, et al. Cancer incidence and mortality in China, 2016. J Natl Cancer Center. (2022) 2:1–9. doi: 10.1016/j.jncc.2022.02.002

3. Shaib, YH, Davila, JA, and El-Serag, HB. The epidemiology of pancreatic cancer in the United States: changes below the surface. Aliment Pharmacol Ther. (2006) 24:87–94. doi: 10.1111/j.1365-2036.2006.02961.x

4. Groot, VP, Rezaee, N, Wu, W, Cameron, JL, Fishman, EK, Hruban, RH, et al. Patterns, timing, and predictors of recurrence following pancreatectomy for pancreatic ductal adenocarcinoma. Ann Surg. (2018) 267:936–45. doi: 10.1097/SLA.0000000000002234

5. Massagué, J, and Obenauf, AC. Metastatic colonization by circulating tumour cells. Nature. (2016) 529:298–306. doi: 10.1038/nature17038

6. Pantel, K, and Speicher, MR. The biology of circulating tumor cells. Oncogene. (2016) 35:1216–24. doi: 10.1038/onc.2015.192

7. Rhim, AD, Thege, FI, Santana, SM, Lannin, TB, Saha, TN, Tsai, S, et al. Detection of circulating pancreas epithelial cells in patients with pancreatic cystic lesions. Gastroenterology. (2014) 146:647–51. doi: 10.1053/j.gastro.2013.12.007

8. Bidard, F-C, Peeters, DJ, Fehm, T, Nolé, F, Gisbert-Criado, R, Mavroudis, D, et al. Clinical validity of circulating tumour cells in patients with metastatic breast cancer: a pooled analysis of individual patient data. Lancet Oncol. (2014) 15:406–14. doi: 10.1016/S1470-2045(14)70069-5

9. Lim, SH, Becker, TM, Chua, W, Caixeiro, NJ, Ng, WL, Kienzle, N, et al. Circulating tumour cells and circulating free nucleic acid as prognostic and predictive biomarkers in colorectal cancer. Cancer Lett. (2014) 346:24–33. doi: 10.1016/j.canlet.2013.12.019

10. Poruk, KE, Valero, V, Saunders, T, Blackford, AL, Griffin, JF, Poling, J, et al. Circulating tumor cell phenotype predicts recurrence and survival in pancreatic adenocarcinoma. Ann Surg. (2016) 264:1073–81. doi: 10.1097/SLA.0000000000001600

11. Mishima, Y, Matsusaka, S, Chin, K, Mikuniya, M, Minowa, S, Takayama, T, et al. Detection of HER2 amplification in circulating tumor cells of HER2-negative gastric cancer patients. Target Oncol. (2017) 12:341–51. doi: 10.1007/s11523-017-0493-6

12. Yeo, D, Bastian, A, Strauss, H, Saxena, P, Grimison, P, and Rasko, JEJ. Exploring the clinical utility of pancreatic cancer circulating tumor cells. Int J Mol Sci. (2022) 23:1671. doi: 10.3390/ijms23031671

13. Bai, L, Du, Y, Peng, J, Liu, Y, Wang, Y, Yang, Y, et al. Peptide-based isolation of circulating tumor cells by magnetic nanoparticles. J Mater Chem B. (2014) 2:4080–8. doi: 10.1039/C4TB00456F

14. Yue, C, Jiang, Y, Li, P, Wang, Y, Xue, J, Li, N, et al. Dynamic change of PD-L1 expression on circulating tumor cells in advanced solid tumor patients undergoing PD-1 blockade therapy. Oncoimmunology. (2018) 7:e1438111. doi: 10.1080/2162402X.2018.1438111

15. Xu, J, Zhang, Y, Jia, R, Yue, C, Chang, L, Liu, R, et al. Anti-PD-1 antibody SHR-1210 combined with apatinib for advanced hepatocellular carcinoma, gastric, or esophagogastric junction cancer: an open-label, dose escalation and expansion study. Clin Cancer Res. (2019) 25:515–23. doi: 10.1158/1078-0432.CCR-18-2484

16. Liu, H, Sun, B, Wang, S, Liu, C, Lu, Y, Li, D, et al. Circulating tumor cells as a biomarker in pancreatic ductal adenocarcinoma. Cell Physiol Biochem. (2017) 42:373–82. doi: 10.1159/000477481

17. Kulemann, B, Rösch, S, Seifert, S, Timme, S, Bronsert, P, Seifert, G, et al. Pancreatic cancer: Circulating Tumor Cells and Primary Tumors show Heterogeneous KRAS Mutations. Sci Rep. (2017) 7:4510. doi: 10.1038/s41598-017-04601-z

18. Bidard, F-C, Jacot, W, Kiavue, N, Dureau, S, Kadi, A, Brain, E, et al. Efficacy of circulating tumor cell count-driven vs clinician-driven first-line therapy choice in hormone receptor-positive, ERBB2-negative metastatic breast cancer: the STIC CTC randomized clinical trial. JAMA Oncol. (2021) 7:34–41. doi: 10.1001/jamaoncol.2020.5660

19. Javed, AA, Ding, D, Hasanain, A, van Oosten, F, Yu, J, Cameron, JL, et al. Persistent circulating tumor cells at 1 year after oncologic resection predict late recurrence in pancreatic cancer. Ann Surg. (2023) 277:859–65. doi: 10.1097/SLA.0000000000005708

20. Javed, AA, Floortje van Oosten, A, Habib, JR, Hasanain, A, Kinny-Köster, B, Gemenetzis, G, et al. A delay in adjuvant therapy is associated with worse prognosis only in patients with transitional circulating tumor cells after resection of pancreatic ductal adenocarcinoma. Ann Surg. (2023) 277:866–72. doi: 10.1097/SLA.0000000000005710

21. Lee, HS, Jung, EH, Shin, H, Park, CS, Park, SB, Jung, DE, et al. Phenotypic characteristics of circulating tumor cells and predictive impact for efficacy of chemotherapy in patients with pancreatic cancer: a prospective study. Front Oncol. (2023) 13:1206565. doi: 10.3389/fonc.2023.1206565

22. Wang, C-H, Chang, C-J, Yeh, K-Y, Chang, P-H, and Huang, J-S. The prognostic value of HER2-positive circulating tumor cells in breast cancer patients: A systematic review and meta-analysis. Clin Breast Cancer. (2017) 17:341–9. doi: 10.1016/j.clbc.2017.02.002

23. Wang, M, Liu, Y, Shao, B, Liu, X, Hu, Z, Wang, C, et al. HER2 status of CTCs by peptide-functionalized nanoparticles as the diagnostic biomarker of breast cancer and predicting the efficacy of anti-HER2 treatment. Front Bioeng Biotechnol. (2022) 10:1015295. doi: 10.3389/fbioe.2022.1015295

24. Traina, TA, Miller, K, Yardley, DA, Eakle, J, Schwartzberg, LS, O’Shaughnessy, J, et al. Enzalutamide for the treatment of androgen receptor-expressing triple-negative breast cancer. J Clin Oncol. (2018) 36:884–90. doi: 10.1200/JCO.2016.71.3495

25. Chia, K, O’Brien, M, Brown, M, and Lim, E. Targeting the androgen receptor in breast cancer. Curr Oncol Rep. (2015) 17:4. doi: 10.1007/s11912-014-0427-8

26. De Amicis, F, Thirugnansampanthan, J, Cui, Y, Selever, J, Beyer, A, Parra, I, et al. Androgen receptor overexpression induces tamoxifen resistance in human breast cancer cells. Breast Cancer Res Treat. (2010) 121:1–11. doi: 10.1007/s10549-009-0436-8

27. Krieg, A, Riemer, JC, Telan, LA, Gabbert, HE, and Knoefel, WT. CXCR4–A prognostic and clinicopathological biomarker for pancreatic ductal adenocarcinoma: A meta-analysis. PloS One. (2015) 10:e0130192. doi: 10.1371/journal.pone.0130192

28. Ding, Y, and Du, Y. Clinicopathological significance and prognostic role of chemokine receptor CXCR4 expression in pancreatic ductal adenocarcinoma, a meta-analysis and literature review. Int J Surg. (2019) 65:32–8. doi: 10.1016/j.ijsu.2019.03.009

29. Ma, S, Li, Q, and Pan, F. CXCR4 promotes GSK3β expression in pancreatic cancer cells via the Akt pathway. Int J Clin Oncol. (2015) 20:525–30. doi: 10.1007/s10147-014-0740-0

30. Li, X, Ma, Q, Xu, Q, Liu, H, Lei, J, Duan, W, et al. SDF-1/CXCR4 signaling induces pancreatic cancer cell invasion and epithelial-mesenchymal transition in vitro through non-canonical activation of Hedgehog pathway. Cancer Lett. (2012) 322:169–76. doi: 10.1016/j.canlet.2012.02.035

31. Singh, AP, Arora, S, Bhardwaj, A, Srivastava, SK, Kadakia, MP, Wang, B, et al. CXCL12/CXCR4 protein signaling axis induces sonic hedgehog expression in pancreatic cancer cells via extracellular regulated kinase- and Akt kinase-mediated activation of nuclear factor κB: implications for bidirectional tumor-stromal interactions. J Biol Chem. (2012) 287:39115–24. doi: 10.1074/jbc.M112.409581

32. Saur, D, Seidler, B, Schneider, G, Algül, H, Beck, R, Senekowitsch-Schmidtke, R, et al. CXCR4 expression increases liver and lung metastasis in a mouse model of pancreatic cancer. Gastroenterology. (2005) 129:1237–50. doi: 10.1053/j.gastro.2005.06.056

33. Müller, A, Homey, B, Soto, H, Ge, N, Catron, D, Buchanan, ME, et al. Involvement of chemokine receptors in breast cancer metastasis. Nature. (2001) 410:50–6. doi: 10.1038/35065016

34. Bockorny, B, Semenisty, V, Macarulla, T, Borazanci, E, Wolpin, BM, Stemmer, SM, et al. BL-8040, a CXCR4 antagonist, in combination with pembrolizumab and chemotherapy for pancreatic cancer: the COMBAT trial. Nat Med. (2020) 26:878–85. doi: 10.1038/s41591-020-0880-x

35. Yao, Z, Qi, C, Zhang, F, Yao, H, Wang, C, Cao, X, et al. Hollow Cu2MoS4 nanoparticles loaded with immune checkpoint inhibitors reshape the tumor microenvironment to enhance immunotherapy for pancreatic cancer. Acta Biomater. (2024) 173:365–77. doi: 10.1016/j.actbio.2023.10.024

36. Hao, S, Xu, S, Li, L, Li, Y, Zhao, M, Chen, J, et al. Tumour inhibitory activity on pancreatic cancer by bispecific nanobody targeting PD-L1 and CXCR4. BMC Cancer. (2022) 22:1092. doi: 10.1186/s12885-022-10165-7

37. White, MG, Lee, A, Vicente, D, Hall, C, Kim, MP, Katz, MHG, et al. Measurement of portal vein blood circulating tumor cells is safe and may correlate with outcomes in resected pancreatic ductal adenocarcinoma. Ann Surg Oncol. (2021) 28:4615–22. doi: 10.1245/s10434-020-09518-y

38. Sleightholm, RL, Neilsen, BK, Li, J, Steele, MM, Singh, RK, Hollingsworth, MA, et al. Emerging roles of the CXCL12/CXCR4 axis in pancreatic cancer progression and therapy. Pharmacol Ther. (2017) 179:158–70. doi: 10.1016/j.pharmthera.2017.05.012

39. Wu, P-F, Lu, Z-P, Cai, B-B, Tian, L, Zou, C, Jiang, K-R, et al. Role of CXCL12/CXCR4 signaling axis in pancreatic cancer. Chin Med J (Engl). (2013) 126:3371–4. doi: 10.3760/cma.j.issn.0366-6999.20130748

40. Gemenetzis, G, Groot, VP, Yu, J, Ding, D, Teinor, JA, Javed, AA, et al. Circulating tumor cells dynamics in pancreatic adenocarcinoma correlate with disease status: results of the prospective CLUSTER study. Ann Surg. (2018) 268:408–20. doi: 10.1097/SLA.0000000000002925

41. Liu, X-R, Shao, B, Peng, J-X, Li, H-P, Yang, Y-L, Kong, W-Y, et al. Identification of high independent prognostic value of nanotechnology based circulating tumor cell enumeration in first-line chemotherapy for metastatic breast cancer patients. Breast. (2017) 32:119–25. doi: 10.1016/j.breast.2017.01.007

42. Catenacci, DVT, Chapman, CG, Xu, P, Koons, A, Konda, VJ, Siddiqui, UD, et al. Acquisition of portal venous circulating tumor cells from patients with pancreaticobiliary cancers by endoscopic ultrasound. Gastroenterology. (2015) 149:1794–803. doi: 10.1053/j.gastro.2015.08.050

43. Liu, X, Li, C, Li, J, Yu, T, Zhou, G, Cheng, J, et al. Detection of CTCs in portal vein was associated with intrahepatic metastases and prognosis in patients with advanced pancreatic cancer. J Cancer. (2018) 9:2038–45. doi: 10.7150/jca.23989

44. Bissolati, M, Sandri, MT, Burtulo, G, Zorzino, L, Balzano, G, and Braga, M. Portal vein-circulating tumor cells predict liver metastases in patients with resectable pancreatic cancer. Tumour Biol. (2015) 36:991–6. doi: 10.1007/s13277-014-2716-0

45. Zhao, X, Ma, Y, Dong, X, Zhang, Z, Tian, X, Zhao, X, et al. Molecular characterization of circulating tumor cells in pancreatic ductal adenocarcinoma: potential diagnostic and prognostic significance in clinical practice. Hepatobiliary Surg Nutr. (2021) 10:796–810. doi: 10.21037/hbsn

46. Maréchal, R, Demetter, P, Nagy, N, Berton, A, Decaestecker, C, Polus, M, et al. High expression of CXCR4 may predict poor survival in resected pancreatic adenocarcinoma. Br J Cancer. (2009) 100:1444–51. doi: 10.1038/sj.bjc.6605020

47. Pang, TCY, Po, JW, Becker, TM, Goldstein, D, Pirola, RC, Wilson, JS, et al. Circulating tumour cells in pancreatic cancer: A systematic review and meta-analysis of clinicopathological implications. Pancreatology. (2021) 21:103–14. doi: 10.1016/j.pan.2020.11.022

48. Park, Y, Jun, HR, Choi, HW, Hwang, DW, Lee, JH, Song, KB, et al. Circulating tumour cells as an indicator of early and systemic recurrence after surgical resection in pancreatic ductal adenocarcinoma. Sci Rep. (2021) 11:1644. doi: 10.1038/s41598-020-80383-1

49. Zhang, Q, Xia, F, Sun, Q, Cao, W, Mo, A, He, W, et al. Recurrence and prognostic value of circulating tumor cells in resectable pancreatic head cancer: A single center retrospective study. Front Surg. (2022) 9:832125. doi: 10.3389/fsurg.2022.832125

50. Hugenschmidt, H, Labori, KJ, Borgen, E, Brunborg, C, Schirmer, CB, Seeberg, LT, et al. Preoperative CTC-detection by cellSearch® Is associated with early distant metastasis and impaired survival in resected pancreatic cancer. Cancers (Basel). (2021) 13:485. doi: 10.3390/cancers13030485

51. Cheng, H, Yang, J, Fu, X, Mao, L, Chu, X, Lu, C, et al. Folate receptor-positive circulating tumor cells predict survival and recurrence patterns in patients undergoing resection for pancreatic cancer. Front Oncol. (2022) 12:1012609. doi: 10.3389/fonc.2022.1012609

52. Rizzo, FM, Vesely, C, Childs, A, Marafioti, T, Khan, MS, Mandair, D, et al. Circulating tumour cells and their association with bone metastases in patients with neuroendocrine tumours. Br J Cancer. (2019) 120:294–300. doi: 10.1038/s41416-018-0367-4

53. Liu, W, Tang, B, Wang, F, Qu, C, Hu, H, Zhuang, Y, et al. Predicting early recurrence for resected pancreatic ductal adenocarcinoma: a multicenter retrospective study in China. Am J Cancer Res. (2021) 11:3055–69.

54. Castro-Giner, F, and Aceto, N. Tracking cancer progression: from circulating tumor cells to metastasis. Genome Med. (2020) 12:31. doi: 10.1186/s13073-020-00728-3




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2024 Chu, Zhong, Zang, Wang, Li, Ma, Tian, Yang, Wang and Yang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc-14-1327280-g001.jpg
CXCR4 =
X
-~ Control OE-CXCR4 =
3 % g T ] s .£50
;'] = - | 1 [« w
o £ [ 600K |- 8.65% 1 28.60% %%
=¥ g : | £z
o s | $ 925
; 10 200](-; Eé
@
0 0 =
NN SDNS 100 102 10* 10510° 10* 10' 106 =00
oy ,,d‘" & '&A,@\ Q‘,« &e AL
P RY RTT VN CXCR4 S
Nl $ & F
~ N C Q;c’
) \)
D — P — F Control OE-CXCR4
E G Scale bar: 2 cm
£
3
g
2 a8
= =
n ~—
S g
= 4
)
>
=
=2
£ 0
Z  Control OE-CXCR4






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Stem cell-like circulating tumor cells identified by Pep@MNP and their clinical significance in pancreatic cancer metastasis

      

        		

          Objective

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusions

        



        		

          Introduction

        



        		

          Methods

        

          		

            Cell culture and transfection

          



          		

            Flow cytometry analysis

          



          		

            Migration assay

          



          		

            Animal liver metastatic model

          



          		

            Patients and blood sample collection

          



          		

            Detection and enumeration of CTCs

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            The over-expression of CXCR4 could promote the migration of pancreatic cancer cells in vitro and in vivo

          



          		

            Patients’ characteristics

          



          		

            The capture and detection of CTCs or HM-CTCs in pancreatic cancer patients

          



          		

            Diagnostic efficacy and survival analysis in all patients

          



          		

            The prognosis analysis of the CTC or HM-CTC subgroup in the surgical group

          



          		

            HM-CTC accuracy in predicting early recurrence and PDAC liver metastasis

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-14-1327280-g002.jpg
All qualified
subjects

Resectable PDAC
n=40

Stage Il
n=25
Borderline or
unresectable Stage i}
PDAC n=12
n=22
Stage IV
n=7

Health control
n=10






OEBPS/Images/fonc-14-1327280-g004.jpg
>

100

50
p=0.49
—— low PB CTCs levels
=+- high PB CTCs levels
0
0 10 20
Time (months)
C
100
7]
o]
-
S
50
-
©
a
°
a —— low PVB CTCs levels
=+ high PVB CTCs levels
0

0 10 20
Time (months)

30

30

40

40

@

100
(2]
[}
-
o
2
= 50
Qo
3 p=0.063
o —— PBHM-CTCs -
-+ PBHM-CTCs +
[
0 10 20 30 40
Time (months)
D
100
172
[¢]
-
o
2
£ 50
e
[
2 p=0.047
o —— PVBHM-CTCs -

-+- PVBHM-CTCs +

] 10 20 30 40
Time (months)





OEBPS/Images/fonc.2024.1327280_cover.jpg
, frontiers ‘ Frontiers in Oncology

Stem cell-like circulating tumor cells
identified by Pep@MNP and their clinical
significance in pancreatic cancer metastasis





OEBPS/Images/logo.jpg
& frontiers | Frontiers in Oncology





OEBPS/Images/fonc-14-1327280-g003.jpg
>
2]

100 100
» »
w
& 3
k) k]
2 50 2 50
a ¥
a —— low PB CTCs levels a —— PBHM-CTCs-
o] =.-_high PB CTCs levels o=t PBHMCTCs +
0 10 20 30
Time (months) Time (months)

(9]
o)

100
n n
w w
[4 4
s s
2 2 50
3 -- 3
= -
g p=0.001 i -g
a —— low PVB CTCs levels a —— PVBHM-CTCs -
---_high PVB CTCs levels 0t PVBHMCTCs +
0 10 20 30
Time (months) Time ( months)
E
PVB HMSC-CTC +

PB HMSC-CTCs +

PVB E-CTCs levels

PB E-CTCs levels






OEBPS/Images/fonc-14-1327280-g005.jpg
Sensitivity

Sensitivity

AUC=0.787

1 - Specificity

AUC=0.809

1 - Specificity

Sensitivity

Sensitivity

AUC=0.825

1 - Specificity

AUC=0.827

1 - Specificity





