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            Abstract
The mutant form of the GTPase KRAS is a key driver of pancreatic cancer but remains a challenging therapeutic target. Exosomes are extracellular vesicles generated by all cells, and are naturally present in the blood. Here we show that enhanced retention of exosomes, compared to liposomes, in the circulation of mice is likely due to CD47-mediated protection of exosomes from phagocytosis by monocytes and macrophages. Exosomes derived from normal fibroblast-like mesenchymal cells were engineered to carry short interfering RNA or short hairpin RNA specific to oncogenic KrasG12D, a common mutation in pancreatic cancer. Compared to liposomes, the engineered exosomes (known as iExosomes) target oncogenic KRAS with an enhanced efficacy that is dependent on CD47, and is facilitated by macropinocytosis. Treatment with iExosomes suppressed cancer in multiple mouse models of pancreatic cancer and significantly increased overall survival. Our results demonstrate an approach for direct and specific targeting of oncogenic KRAS in tumours using iExosomes.
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                    Figure 1: CD47 on exosomes limits their clearance by circulating monocytes.


Figure 2: iExosomes restrains PANC-1 tumour growth.


Figure 3: CD47 and macropinocytosis enhance iExosomes uptake and therapeutic efficacy.


Figure 4: iExosomes suppress pancreatic cancer progression in KTC and KPC genetically engineered mouse models.
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Extended data figures and tables

Extended Data Figure 1 Exosomes purification and siRNA loading.
a, Exosome and liposome numbers and size distribution using NanoSight analysis. b, Transmission electron micrographs of exosomes stained with secondary antibody only (left) or stained for CD9 by immunogold (right). Scale bars, 100â€‰nm. c, Flow cytometry analyses of CD63 and CD47 on exosomes. nâ€‰=â€‰3 distinct exosome isolations. d, Flow cytometry analyses and quantification of exosomal proteins CD63 and CD47 in liposomes. e, Schematic representation of electroporation of RNAi into exosomes. f, Schematic (left) and fluorescence intensity plots (right and bottom) of sucrose gradient layers (from the â€˜bottom-upâ€™ method). UC, ultracentrifuge. Results from three independent experiments are shown. g, Schematic (left) and fluorescence intensity plots (right and bottom) of sucrose gradient layers (from the â€˜top-downâ€™ method). Results from three independent experiments are shown. Data are meanâ€‰Â±â€‰s.e.m. See accompanying Source Data.

                          Source data
                        


Extended Data Figure 2 Tissue distribution and clearance of iExosomes.
a, Flow cytometry analyses (left) and quantification (right) of the comparison of the binding efficiency to aldehyde sulfate beads. nâ€‰=â€‰3 distinct batches of exosomes and liposomes. b, Flow cytometry analyses (left) and quantification (right) of exosomes and liposomes electroporated with AF647-tagged siRNA, isolated from the plasma of C57BL/6 and nude (nu/nu) mice, 24â€‰h after injection. nâ€‰=â€‰3 mice per group. c, Flow cytometry analyses (from data in Fig. 1b) of exosomes with AF647-tagged siRNA in the circulation of mice. d, Representative micrographs of the indicated organs of mice injected intraperitoneally with PKH67-labelled BJ fibroblast exosomes. nâ€‰=â€‰3 mice. Quantification is shown in Fig. 1c. e, f, Flow cytometry analyses of pancreas cells 6â€‰h (e; quantification in Fig. 1d) and 24 h (f) after injection of siKrasG12D exosomes. Data are meanâ€‰Â±â€‰s.e.m. ****Pâ€‰<â€‰0.0001, one-way ANOVA. See accompanying Source Data.

                          Source data
                        


Extended Data Figure 3 CD47-induced monocyte clearance and iExosome characterization.
a, Schematic representation of gating strategy for data in Fig. 1e. b, Flow cytometry analysis of CD11b+ cells in the circulation (untreated, nâ€‰=â€‰4 mice), liposomes (nâ€‰=â€‰7 mice) and exosomes (nâ€‰=â€‰7 mice). Unstained sample was used to control for background signal. c, Representative dot plots from Fig. 1e. d, Flow cytometry analyses of SIRPÎ± expression from AF647+CD11b+ monocytes. e, Flow cytometry analyses of the binding efficiency of CD47-neutralizing antibodies to exosomes. nâ€‰=â€‰3 distinct batches of exosomes. f, Quantification of the number of exosomes per millilitre in the plasma of wild-type C57BL/6 mice (nâ€‰=â€‰5) versus CD47-knockout mice (nâ€‰=â€‰7). Data are meanâ€‰Â±â€‰s.e.m. *Pâ€‰<â€‰0.05, ***Pâ€‰<â€‰0.001, one-way ANOVA (b, e) and unpaired two-tailed t-test (f). See accompanying Source Data.

                          Source data
                        


Extended Data Figure 4 iExosomes specifically target KRASG12D expression.
a, KRASG12D transcript levels in PANC-1 cells. nâ€‰=â€‰3 independent experiments. b, c, 1/Ct values from qPCR analysis under the listed conditions, to determine the loading efficiency of siRNA. Standards (siKrasG12D, 1:2 and 1:4 dilution): nâ€‰=â€‰1; experimental groups: nâ€‰=â€‰3 independent experiments. d, KRASG12D transcript levels in PANC-1 cells. nâ€‰=â€‰3 independent experiments. The experiments with 400 exosomes per cell are the same data shown in a. eâ€“g, KRASG12D transcript levels in PANC-1 cells under the listed conditions. In all groups, nâ€‰=â€‰3 independent experiments. h, Western blotting in PANC-1 cells for p-ERK and vinculin. nâ€‰=â€‰2 independent experiments. i, RAS pull-down assay. j, k, PANC-1 cells MTT assay (nâ€‰=â€‰5 partitions of indicated treatments with 3 or 6 wells for each partition of treatment) (j) and a separate independent experiment (k). l, m, TUNEL assay (nâ€‰=â€‰3 distinct wells of PANC-1 cells) (l) and a separate independent experiment (m). n, Flow cytometry analysis of apoptosis in PANC-1 cells. Three different treatments were used to treat nâ€‰=â€‰3 distinct wells of cells. o, Wild-type KRAS transcript levels in BxPC-3 cells. nâ€‰=â€‰3 independent experiments. p, KRASG12V transcript levels in Capan-1 cells. nâ€‰=â€‰3 independent experiments. q, KRASG12C transcript levels in MIA PaCa-2 cells. nâ€‰=â€‰3 independent experiments. r, s, MTT assay in BxPC-3 cells (nâ€‰=â€‰5 partitions of treatment given to 3 wells each) (r) and a separate independent experiment (s). t, MTT assay in Capan-1 cells (nâ€‰=â€‰3 partitions of treatment given to 10 wells each). u, MTT assay in MIA PaCa-2 cells (nâ€‰=â€‰3 partitions of treatment given to 10 wells each). Data are meanâ€‰Â±â€‰s.e.m. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001, ****Pâ€‰<â€‰0.0001, one-way ANOVA (for all, except h, iLipos), and two-tailed t-test (h, iLipos). See accompanying Source Data. For uncropped blots in h and i, see Supplementary Fig. 1.

                          Source data
                        


Extended Data Figure 5 KrasG12D RNAi-containing exosomes suppress PANC-1 but not BxPC-3 orthotopic tumour growth.
a, Experimental scheme. b, Representative micrographs depicting accumulation of internalized AF647-tagged siRNA from exosomes. Scale bar, 100â€‰Î¼m. c, PANC-1 orthotopic tumour growth (an inset from data in Fig. 2c). nâ€‰=â€‰6 mice (PBS, control Exo); nâ€‰=â€‰3 mice (siKrasG12D iLipo, shKrasG12D iLipo); nâ€‰=â€‰7 mice (siKrasG12D iExo, shKrasG12D iExo); nâ€‰=â€‰5 mice (siScrbl iExo, shScramble iExo). Treatment groups were compared to PBS control at day 42 after cancer cell injection, or day 28 for siKrasG12D exosomes group. d, Tumour growth (bioluminescence) at day 77 (total flux). nâ€‰=â€‰4 mice (PBS, siScramble iExo); nâ€‰=â€‰3 mice (control Exo, shKrasG12D iLipo, shScramble iExo); nâ€‰=â€‰6 mice (shKrasG12D iExo). e, Luciferase activity at days 7, 35 and 77, and moribund stage or day 200 (shKrasG12D iExo) after cancer cell injection. Some of these panels are also shown in Fig. 2a. f, PANC-1 orthotopic tumour growth (bioluminescence) over time (total flux). nâ€‰=â€‰7 mice (PBS, shKrasG12D iExo); nâ€‰=â€‰6 mice (control Exo); nâ€‰=â€‰4 mice (shKrasG12D iLipo); nâ€‰=â€‰5 mice (shScramble iExo, siScramble iExo). g, Representative H&E staining of the PANC-1 orthotopic tumours. Scale bars, 100â€‰Î¼m. h, Representative micrographs (left) and quantification (right) of tumours immunostained for p-AKT. Scale bars, 100â€‰Î¼m. nâ€‰=â€‰4 mice (control Exo); nâ€‰=â€‰6 mice (shKrasG12D iExo). i, j, BxPC-3 orthotopic tumour growth (bioluminescence) over time. Radiance (i) or total flux (j). nâ€‰=â€‰3 mice per group. k, Luciferase activity at days 14 and 77 after cancer cell (BxPC-3) injection. l, Representative H&E staining of the BxPC-3 orthotopic tumours at the indicated experimental end points. Scale bars, 100â€‰Î¼m. m, Kaplanâ€“Meier survival curve of BxPC-3 tumour-bearing mice. nâ€‰=â€‰3 mice per group. Data are meanâ€‰Â±â€‰s.e.m. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001, ****Pâ€‰<â€‰0.0001, one-way ANOVA (d, f, i, j), unpaired two-tailed t-test (c, h) and log-rank Mantelâ€“Cox test (m). See accompanying Source Data.

                          Source data
                        


Extended Data Figure 6 Anti-tumour response of iExosomes in orthotopic models.
a, Flow cytometry analyses and quantification of CD81 in exosomes under listed conditions. nâ€‰=â€‰3 independent experiments. b, PANC-1 orthotopic tumour growth (bioluminescence) over time. nâ€‰=â€‰6 mice per group. c, Kaplanâ€“Meier survival curve of PANC-1 tumour-bearing mice. nâ€‰=â€‰6 mice per group. d, Tumour growth (bioluminescence) at day 45. nâ€‰=â€‰6 mice per group. eâ€“j, PANC-1 orthotopic tumour growth (bioluminescence) over time, depicting separate groups from b (e, g, i) and Kaplanâ€“Meier survival curve, depicting the separate groups from c (f, h, i). nâ€‰=â€‰6 mice per group. k, Tumour growth (bioluminescence) at day 42. nâ€‰=â€‰3 mice per group. Experimental groups compared to PBS control. l, Growth of PANC-1 orthotopic tumours (bioluminescence) over time (total flux). nâ€‰=â€‰3 mice per group. m, Luciferase activity at days 10 and 42 after cancer cell (PANC-1) injection. n, Surface lung nodules of KPC689 mice. nâ€‰=â€‰8 mice per group. o, Tumour weights. nâ€‰=â€‰8 mice per group. siKrasG12D iExo group is compared to other treatment groups. p, Bioluminescent KPC689 orthotopic tumours in nu/nu mice. nâ€‰=â€‰8 mice per group. q, Tumour weights. nâ€‰=â€‰8 mice per group. r, Kaplanâ€“Meier curve of KPC689 nu/nu mice. nâ€‰=â€‰8 in each group. Data are meanâ€‰Â±â€‰s.e.m. **Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001, ****Pâ€‰<â€‰0.0001, unpaired two-tailed t-test (a, q), ANOVA (d, k, n, o) and log-rank Mantelâ€“Cox test (c, eâ€“j, r). See accompanying Source Data.
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Extended Data Figure 7 Pancreas localization and macropinocytosis promotes iExosome uptake into tumour cells.
a, Representative images (top) and quantification (bottom) of pancreas structure in KTC mice injected with exosomes containing AF647-tagged siRNA. nâ€‰=â€‰3 mice. b, Representative images (left) and quantification (right) of pancreas of mice injected with the indicated conditions. nâ€‰=â€‰3 mice per grouph. c, Representative images for data in Fig. 3eâ€“h. d, Quantification of macropinocytic and exosomes uptake (independent experiment, identical statistical analyses). e, Uptake of exosomes or liposomes containing AF647-tagged siRNA into PANC-1 cells. nâ€‰=â€‰3 independent experiments. f, Uptake of CM-DiI-tagged CD47-knockout versus wild-type exosomes in PANC-1 cells. nâ€‰=â€‰3 independent experiments. g, Uptake of CM-DiI-tagged CD47-knockout versus wild-type exosomes in BxPC-3 cells. nâ€‰=â€‰3 independent experiments. Scale bars, 100â€‰Î¼m (a, b, e, f) and 50â€‰Î¼m (c). Data are meanâ€‰Â±â€‰s.e.m. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001, ****Pâ€‰<â€‰0.0001, one-way ANOVA (all except b) and unpaired two-tailed t-test (b). See accompanying Source Data.
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Extended Data Figure 8 Treatment of KTC genetically engineered mice with iExosomes.
a, Experimental scheme. b, Accumulation of internalized AF647-tagged siRNA from exosomes. c, Kaplanâ€“Meier survival curve of KTC mice. nâ€‰=â€‰8 mice (PBS); nâ€‰=â€‰5 mice (gemcitabine). d, Tumour burden at the experimental end point. nâ€‰=â€‰7 mice (control Exo, siKrasG12D iExo); nâ€‰=â€‰5 mice (shKrasG12D iExo). e, H&E-stained tumours from KTC mice (left), and relative percentages in histological phenotypes (right). nâ€‰=â€‰4 mice per group. f, g, Kaplanâ€“Meier curve of KTC mice (f) and percentage tumour burden (g). nâ€‰=â€‰3 mice per group. h, Representative micrographs of tumours immunostained for p-AKT, Î±-SMA and Kras from 44-day-old KTC mice in the indicated experimental groups. nâ€‰=â€‰3 mice per group. Scale bars, 100â€‰Î¼m (b, e, h). *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, ****Pâ€‰<â€‰0.0001, one-way ANOVA (d), unpaired two-tailed t-test (e, g, h) and log-rank Mantelâ€“Cox test (f). See accompanying Source Data.
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Extended Data Figure 9 Evaluation of the cytotoxicity and off-target effect of iExosomes.
a, Change in the percentage of mouse body weights, before and after treatment, in the listed groups and cohorts. One-way ANOVA (related to Figs 2c, 4a) and unpaired two-tailed t-test comparing the indicated groups at pre-treatment, day 40, and the experimental end point (related to Figs 3c, 4b, i). In all cases, there were no statistical differences observed. b, Mouse toxicity tests, consisting of blood urea nitrogen (BUN, aspartate transaminase (AST) and alanine transaminase (ALT) in the listed groups. One-way ANOVA comparing KTC mice, unpaired two-tailed t-test comparing nude mice, and unpaired two-tailed t-test comparing 689KPC mice. In all cases, there were no statistical differences observed. c, H&E and Kras immunostaining of the listed organs in KTC (early treatment) mice. nâ€‰=â€‰3â€“5 mice evaluated per organ. One-way ANOVA comparing the indicated groups in each organ. In all cases, there were no statistical differences observed. Data are meanâ€‰Â±â€‰s.e.m. See accompanying Source Data.
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Extended Data Figure 10 iExosomes suppress pancreatic cancer progression in the KPC orthotopic mouse model.
a, b, MRI of KPC orthotopic tumours (nâ€‰=â€‰9 mice per group) (a) and each individual tumour (b). c, Tumour volume as measured by MRI. nâ€‰=â€‰9 mice per group. d, Representative axial images. e, Tumour weight at the experimental end point. nâ€‰=â€‰9 mice (siScrbl iExo); nâ€‰=â€‰8 mice (siKrasG12D iExo). f, Change in the percentage of mouse body weights, before and after treatment (end point). nâ€‰=â€‰9 mice per group. g, Representative gross images of two KPC orthotopic mice that died on day 16 post-treatment start (PTS) (siScrbl iExo) or was euthanized on day 16 PTS (siKrasG12D iExo). h, KrasG12D transcript levels in KPC689 cells. nâ€‰=â€‰3 independent experiments. i, Kaplanâ€“Meier survival curve of KPC orthotopic tumour-bearing mice. nâ€‰=â€‰9 mice (siScrbl iExo); nâ€‰=â€‰8 mice (siKrasG12D iExo). j, Macroscopic metastatic nodules. nâ€‰=â€‰9 mice per group. k, H&E-stained tissues. Data are meanâ€‰Â±â€‰s.e.m. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001, ****Pâ€‰<â€‰0.0001, unpaired two-tailed t-test (a, e, h), one-way ANOVA (c), and log-rank Mantelâ€“Cox test (i). See accompanying Source Data.
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        Editorial Summary
Exosomes target KRAS in the pancreas
Mutant KRAS is a common driver of pancreatic cancer, and decreasing its expression with siRNA is a potential strategy to forestall pancreatic tumour growth. To improve delivery of short interfering RNA to the pancreas, Raghu Kalluri and colleagues harness exosomes and show that these endogenous vesicles can bypass immune clearance better than artificial liposomes, probably owing to expression of CD47 in their membrane. The iExosomes are uptaken preferentially by pancreatic tumour cells. The authors suggest that this uptake is facilitated by increased macropinocytosis. iExosomes are able to reduce KRAS oncogenic signalling and reduce tumour growth in mouse models of pancreatic cancer.
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