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            Abstract
Exosomes are lipid-bilayer-enclosed extracellular vesicles that contain proteins and nucleic acids. They are secreted by all cells and circulate in the blood. Specific detection and isolation of cancer-cell-derived exosomes in the circulation is currently lacking. Using mass spectrometry analyses, we identify a cell surface proteoglycan, glypican-1 (GPC1), specifically enriched on cancer-cell-derived exosomes. GPC1+ circulating exosomes (crExos) were monitored and isolated using flow cytometry from the serum of patients and mice with cancer. GPC1+ crExos were detected in the serum of patients with pancreatic cancer with absolute specificity and sensitivity, distinguishing healthy subjects and patients with a benign pancreatic disease from patients with early- and late-stage pancreatic cancer. Levels of GPC1+ crExos correlate with tumour burden and the survival of pre- and post-surgical patients. GPC1+ crExos from patients and from mice with spontaneous pancreatic tumours carry specific KRAS mutations, and reliably detect pancreatic intraepithelial lesions in mice despite negative signals by magnetic resonance imaging. GPC1+ crExos may serve as a potential non-invasive diagnostic and screening tool to detect early stages of pancreatic cancer to facilitate possible curative surgical therapy.
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                    Figure 1: GPC1 is present on cancer exosomes.[image: ]


Figure 2: GPC1+ crExos are a non-invasive biomarker for pancreatic cancer.[image: ]


Figure 3: Levels of circulating GPC1+ exosomes inform pancreatic cancer resection outcome.[image: ]


Figure 4: GPC1+ circulating exosomes predict pancreatic cancer in GEMMs.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Exosome isolation.

a, Exosome concentration and size distribution by NanoSight analysis of culture supernatant from NIH/3T3, MCF10A, HDF, MDA-MB-231 and E10 cells. Size mode: 105 nm (3 technical replicates). b, TEM micrograph of MDA-MB-231-derived exosomes. Top right image shows a digitally zoomed inset. c, TEM micrograph of MDA-MB-231-derived exosomes following immunogold labelling for CD9. Gold particles are depicted as black dots. Top right image shows a digitally zoomed inset. d, Immunoblot of flotillin1 and CD81 in exosomal proteins extracted from culture supernatant of E10, NIH/3T3, MDA-MB-231, MCF10A and HDF cells. e, qRTâ€“PCR measurement of GPC1 mRNA levels in HMEL, HDF, HMLE, MCF7, MDA-MB-231, T3M4, Panc-1 and MIA Paca2 cells. Results are mean Â± s.d.; n = 3, 3 biological replicates, with 3 technical replicates each. f, Immunoblot of GPC1 in HMEL, HDF, HMLE, MCF7, MDA-MB-231, T3M4, Panc-1 and MIA Paca2 cell lysates (top). Î²-actin was used as a loading control (bottom). g, Immunoblot of GPC1 in exosomal protein lysates derived from the culture supernatant of 3 non-tumorigenic cell lines (HDF, HMEL and HMLE) and 5 tumorigenic cell lines (MCF7, MDA-MB-231, T3M4, Panc-1 and MIA Paca2) (top). Flotillin1 was used as loading control (bottom). h, Immunoblot of flotillin1 in exosomal protein lysates from the culture supernatant of MDA-MB-231 and T3M4 following sucrose gradient purification. The protein content is assayed in each of the density layers listed.


Extended Data Figure 2 GPC1+ crExos are derived from cancer cells in tumour-bearing mice.

a, Longitudinal blood collection; nude mice with orthotopic MDA-MB-231 tumours (n = 4 mice). b, Percentage of beads with GPC1+ crExos plotted against average tumour volume (n = 4 mice, each sample analysed in technical triplicates for GPC1). ANOVA, post-hoc Tamhane T2, **P < 0.01, ***P < 0.001. Data are mean Â± s.d. c, Correlation between tumour volume and the percentage of beads with GPC1+ crExos (Pearson correlation test). d, NanoSight of exosomes from MDA-MB-231-CD63â€“GFP cells. Black: all exosomes; green: CD63â€“GFP+ exosomes (n = 3 technical replicates). e, NanoSight of crExos from mice with a MDA-MB-231-CD63â€“GFP orthotopic tumour. Black: all exosomes; green: CD63â€“GFP+ exosomes (n = 3 technical replicates). f, FACS analysis of beads with exosomes from cultured MDA-MB-231 (top left) and MDA-MB-231-CD63â€“GFP (top middle) cells, and crExos of mice with MDA-MB-231-CD63â€“GFP orthotopic tumours (bottom left). Staining of CD63â€“GFP+ (cancer-cell-derived) and CD63â€“GFPâˆ’ (host-derived) crExos for GPC1 (allophycocyanin (APC)+ bottom right; n = 3 biological replicates and 3 technical replicates). The percentage of positive beads is listed. Negative control: secondary antibody alone (top right).


Extended Data Figure 3 NanoSight analysis in human serum samples.

a, TEM micrograph of serum-derived exosomes from a cancer patient. Top right image shows a digitally zoomed inset. b, TEM micrograph of serum-derived exosomes from a cancer patient after immunogold labelling for CD9. Gold particles are depicted as black dots. Top right image shows a digitally zoomed inset. c, Immunoblot of flotillin1 of exosomal protein lysates from serum of cancer patient following exosome purification by a sucrose gradient. The protein content is assayed in each of the density layers listed. d, Exosome concentration by NanoSight analysis showing the number of exosomes per millilitre of serum derived from healthy donors (n = 100), breast cancer patients (n = 32) and patients with PDAC (n = 190) (ANOVA, post-hoc Tamhane T2, *P < 0.05, ****P < 0.0001; 3 technical replicates). e, Exosomes size distribution by NanoSight analysis showing the mode size of exosomes in 1 ml of serum derived from healthy donors (n = 100), breast cancer patients (n = 32) and patients with PDAC (n = 190) (ANOVA, post-hoc Tukeyâ€“Kramer test, ***P < 0.001; 3 technical replicates). f, Scatter dot plots depicting the percentage of beads with GPC1+-bound exosomes purified from the serum of breast cancer patients. The patients are subdivided into three subtypes: luminal A, luminal B and triple-negative breast cancer. g, Scatter plots depicting the serum CA19-9 concentration (U mlâˆ’1), evaluated by ELISA, in healthy donors (n = 100), patients with BPD (n = 26), PCPL (n = 5) and PDAC (n = 190). Discovery cohort, ANOVA, post-hoc Tamhane T2, *P < 0.05; ****P < 0.0001; 3 technical replicates. Data are mean Â± s.d.


Extended Data Figure 4 Tumour-stage-specific analysis.

a, Table associated with ROC curve analysis depicted in Fig. 1f. bâ€“f, ROC curve analysis for the percentage of GPC1+ crExos (red line), CA19-9 serum levels (blue scattered line), exosome concentration (black line) and exosome size (scattered black line) in patients with carcinoma in situ (CIS) or stage I pancreatic cancer (n = 5) (a), stage IIa pancreatic cancer (n = 18) (b), stage IIb pancreatic cancer (n = 117) (c), stage III pancreatic cancer (n = 11) (d), and stage IV pancreatic cancer (n = 41) (e), compared to healthy donors (n = 100) and patients with a benign pancreatic disease (n = 26), total n = 126. g, Table associated with ROC curve analysis depicted in Fig. 1h. CI, confidence interval.


Extended Data Figure 5 Longitudinal human study.

a, Scatter plots of the percentage of beads with GPC1+ crExos by flow cytometry in patients with pancreatic cancer. Patients are divided based on metastatic disease (non-metastatic lesions, lymph node metastases and distant metastases) (ANOVA, post-hoc Tukeyâ€“Kramer test, *P < 0.05; 3 technical replicates). b, Scatter plots depicting serum CA19-9 levels (U mlâˆ’1) in patients with BPD (n = 4), PCPL (n = 4) and PDAC (n = 29) on the pre-operative day and post-operative day 7 in patients (paired two-tailed Studentâ€™s t-test, **P < 0.01; 3 technical replicates). c, d, Multivariate analysis (Cox proportional hazards regression model) of prognostic parameters for overall (c) and disease-specific (d) survival of patients with pancreatic cancer in the longitudinal cohort (n = 29). e, Scatter plots depicting serum GPC1 (ng mlâˆ’1) levels by ELISA in patients with BPD (n = 6), PDAC (n = 56) and healthy controls (n = 20) (ANOVA, post-hoc Tukeyâ€“Kramer test, **** P < 0.0001; 3 technical replicates). f, ROC curve for circulating GPC1 protein (red line) in patients with pancreatic cancer (n = 56) versus healthy donors (n = 20) and patients with a benign pancreatic disease (n = 26), total n = 6.


Extended Data Figure 6 PDAC GEMM longitudinal study.

a, Schematic diagram depicting the spontaneous development and progression of pancreatic cancer in PKT mice, and haematoxylin and eosin of the pancreas at the indicated time points showing healthy pancreas, and PanIN and PDAC lesions. Scale bars, 100 Î¼m. b, c, Exosome size (b) and concentration (c) assayed by NanoSight analysis from the serum of PKT mice (E: experimental, red) and control mice (C: control, blue) at 4, 5, 6, 7 and 8 weeks of age (ANOVA, post-hoc Tukeyâ€“Kramer test, *P < 0.05; 3 technical replicates). d, Graph depicting the time-wise progression of tumour volume measured by MRI and the percentage of GPC1+-bound crExo beads in individual PKT mice (blue: tumour volume, red: percentage of GPC1+ crExos). e, Percentage of GPC1+ crExo beads from control mice (n = 3) and mice with cerulein-induced acute pancreatitis (n = 4) (two-tailed Studentâ€™s t-test, ns: not significant; 3 technical replicates). f, Results from ROC curves for the percentage of GPC1+-bound crExo beads, exosome concentration and size in 4-, 5-, 6- and 7-week-old PKT mice (n = 7) versus control (including age-matched littermate healthy control (n = 6) and mice with induced acute pancreatitis (n = 4), n = 10)). Data are mean Â± s.d.


Extended Data Figure 7 PDAC GEMM cross-sectional studies.

a, Representative micrographs of haematoxylin-and-eosin-stained pancreas from 16-day-old control mice (left) and PKT mice presenting with (right, encircled) and without (middle) PanIN lesions. Scale bars, 100 Î¼m. b, C
t values following qPCR analyses for oncogenic KRAS
G12D, wild-type KRAS and 18S internal control RNA from exosomes of 44â€“48-day-old PKT mice serum segregated using FACS for GPC1+-bead-bound exosomes (red) and GPC1âˆ’-bead-bound exosomes (blue). Data are mean Â± s.d.


Extended Data Figure 8 Raw scatter dot plot depicting flow cytometry analyses of beads with GPC1+-bound exosomes

a, Scatter plots and histogram of flow cytometry analyses of serum exosomes on beads of a representative healthy control (left panels are secondary antibody only; right panels are GPC1 antibody and secondary antibody). b, Scatter plots and histogram of flow cytometry analysis of serum exosomes on beads of a representative pancreatic cancer sample (left panels are secondary antibody only; right panels are with GPC1 antibody and secondary antibody).


Extended Data Table 1 The 48 proteins exclusive to MDA-MB-231 exosomes and histopathological findings and scoring in PKT mice in the cross-sectional studyFull size table


Extended Data Table 2 Demographics of patients and healthy participants and histological report of patients with chronic pancreatitisFull size table
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