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            Abstract
Ever since Stephen Paget’s 1889 hypothesis, metastatic organotropism has remained one of cancer’s greatest mysteries. Here we demonstrate that exosomes from mouse and human lung-, liver- and brain-tropic tumour cells fuse preferentially with resident cells at their predicted destination, namely lung fibroblasts and epithelial cells, liver Kupffer cells and brain endothelial cells. We show that tumour-derived exosomes uptaken by organ-specific cells prepare the pre-metastatic niche. Treatment with exosomes from lung-tropic models redirected the metastasis of bone-tropic tumour cells. Exosome proteomics revealed distinct integrin expression patterns, in which the exosomal integrins α6β4 and α6β1 were associated with lung metastasis, while exosomal integrin αvβ5 was linked to liver metastasis. Targeting the integrins α6β4 and αvβ5 decreased exosome uptake, as well as lung and liver metastasis, respectively. We demonstrate that exosome integrin uptake by resident cells activates Src phosphorylation and pro-inflammatory S100 gene expression. Finally, our clinical data indicate that exosomal integrins could be used to predict organ-specific metastasis.
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                    Figure 1: Cancer-cell-derived exosomes localize to and dictate future metastatic organs.[image: ]


Figure 2: Organ-specific tumour exosomes interact with resident cells.[image: ]


Figure 3: Exosomal ITGβ4 expression functionally contributes to 4175-LuT exosome localization and mediates lung metastasis.[image: ]


Figure 4: Exosomal integrin expression as a potential predictor of patient organ-specific metastasis.[image: ]
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                The raw data for quantitative mass spectrometry analysis of lung-tropic (4173 and 4175), liver-tropic (HPAF-II and HCT116) and brain-tropic (831 and 231BR) exosomes (Fig. 2a and Extended Data Fig. 3a) are available at http://dx.doi.org/10.6084/m9.figshare.1569781. The raw sequencing data for human Kupffer cells treated in vitro with BxPC-3 or BxPC-3 ITGβ5KD exosomes have been deposited in the Gene Expression Omnibus (GEO) under accession number GSE68919.
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Extended data figures and tables

Extended Data Figure 1 Characterization of organotropic exosome properties and biodistribution.
a, Human cancer exosome biodistribution in lung and liver. Exosomes (10 μg) derived from each cell line were labelled with lipophilic PKH26 dye (red) and injected retro-orbitally into nude mice 24 h before culling. Top, representative NIR whole-lung image by Odyssey imaging (n = 3). Middle and bottom, represent exosome biodistribution in the lung and liver as determined by immunofluorescence microscopy. Arrows indicate exosome foci (n = 3, three independent experiments). b, Biodistribution of exosomes isolated from mouse cell lines E0771 and Pan02. Mouse exosome biodistribution in the lung and liver was determined by immunofluorescence microscopy. Exosomes (10 μg) derived from each cell line were labelled with lipophilic PKH26 dye (red) and injected retro-orbitally into nude mice 24 h before culling. Top, lung at 40× magnification. Bottom, liver at 40× magnification. Arrows indicate exosome foci. Graph represents the quantification of exosome distribution by counting exosome-positive cells. An average of five random fields per sample were counted at 20× magnification (three independent experiments, each with n = 3). **P < 0.01 by two-tailed Student’s t-test. c, Analysis of organotropic cell-derived exosomes. MDA-MB-231 organotropic cell-line-derived exosomes were analysed for size distribution by NanoSight and phenotype (purity and shape) by electron microscopy; black arrows indicate representative exosomes. Technical triplicates were analysed, at least 10 images per sample. d, Flow cytometric analysis of exosome+ cells in lung. Exosomes (10 μg) derived from MDA-MB-231 organotropic cell lines were labelled with lipophilic PKH67 dye (green) and injected retro-orbitally into nude mice 24 h before culling. FITC-channel-positive cells were acquired on a FACS Calibur, and the percentage of exosome-positive cells was quantified (representing data pooled from two independent experiments, a total of n = 12). ***P < 0.001 by one-way ANOVA. e, Flow cytometric analysis of exosome-positive cells in the bone marrow. Exosomes (10 μm) derived from MDA-MB-231 organotropic cell lines were labelled with lipophilic PKH67 dye (green) and injected retro-orbitally into nude mice 24 h before culling. FITC-channel-positive cells were acquired on a FACS Calibur, and the percentage of exosome-positive cells was quantified (representative data pooled from two independent experiments, a total of n = 6). **P < 0.01 and *P < 0.05 by one-way ANOVA for the 831-BrT to 1833-BoT and 4175-LuT comparisons, respectively. Data are mean ± s.e.m. Scale bars, 5 mm (a, top), 50 μm (a, middle and bottom, b) and 100 nm (c).

                          Source data
                        


Extended Data Figure 2 4175-LuT cell-derived exosomes localize to lung and dictate future metastatic sites.
a, Electron microscopy imaging of FM1-43-labelled 4175-LuT exosomes. Red arrows, FM1-43-positive exogenous exosomes; black arrows, endogenous exosomes. Two mice were tested, images were taken for several sections from each organ (n = 30 images in total). b, Representative NIR imaging of lung whole mount after daily exosome injections. Exosomes (10 μg) derived from 4175-LuT cells were injected daily for three consecutive days via the retro-orbital sinus and the whole lung was imaged by Odyssey imaging (n = 4). c, Representative haematoxylin/eosin staining of the lung from Fig. 1f at 20× magnification; n = 5 for all, except for LuT exo/LuT cells, in which n = 4; data representative of two independent experiments. Arrows indicate lung metastasis. d, Analysis of 1833-BoT cell metastasis to the lung, after 3 weeks of continuous treatment with PBS or 4175-LuT exosomes, followed by intracardiac injection of 1 × 105 tumour cells. Mice were injected retro-orbitally with exosomes every other day for 3 weeks, before tumour cell injection. Quantitative bioluminescence imaging of luciferase activity by IVIS imaging. Metastasis was quantified 3 weeks after tumour cell injection (n = 4). Scale bars, 100 nm (a), 5 mm (b, d) and 500 μm (c). Data are mean ± s.e.m. ***P < 0.001 by two-tailed Student’s t-test.

                          Source data
                        


Extended Data Figure 3 Characterization of organotropic exosome protein cargo.
a, Top 40 adhesion molecules packaged in exosomes isolated from organ tropic cell lines. Heat map of adhesion molecule signals based on Z-scored LFQ values obtained from quantitative mass spectrometry analysis. PEP (posterior error probability), MS/MS count is a number of fragmentation spectra (spectral counting), Razor + unique peptides refers to the number of peptides, and sequence coverage refers to percentage of peptide counts identified. b, Ponceau staining of exosome lysates isolated from organ tropic cell lines. Representative Ponceau staining of total protein from the organ tropic cell-line-derived exosomes. Exosomal protein (10 μg) was loaded in each well (n = 2, three independent experiments). c, Western blot analysis comparison of ITGα6 and ITGβ4 levels in cell lysates versus exosomes derived from organotropic breast cancer and pancreatic cancer cell lines. Graph represents the relative ratios of integrin to GAPDH signals as determined by densitometry. For western blot source data, see Supplementary Fig. 1i–k.

                          Source data
                        


Extended Data Figure 4 Functional characterization of organotropic exosomes.
a, Quantification of organotropic exosome uptake by target cells in vivo. Top graph, flow cytometric quantification of the frequency of 4175-LuT exosome-positive fibroblasts and epithelial cells (n = 4). Left bottom graph, flow cytometric quantification of the frequency of BxPC-3 exosome-positive macrophages (n = 3). Right bottom graph, quantification of the frequency of 831-BrT exosome-positive endothelial cells by immunofluorescence microscopy (n = 5). b, Organotropic cell-line-derived exosomes induce vascular leakiness in the lung. Leakiness in the lung 24 h after retro-orbital injection of 10 μg of normal mammary fat pad or MDA-MB-231 organotropic cell-line-derived exosomes was quantified by imaging the presence of fluorescent dextran (red) outside of blood vessels, in the lung parenchyma. Left top panel, 40× magnification of representative lung image after PBS injection. Left bottom panel, representative lung image after 4175-LuT exosome injection. Scale bar, 50 μm. Right graph depicts the quantification of five random areas at 20× magnification in arbitrary units (data representative of two independent experiments; n = 3). Data are mean ± s.e.m. *P < 0.05; **P < 0.01 by one-way ANOVA.

                          Source data
                        


Extended Data Figure 5 Exosome co-localization with specific cell types within target tissues.
a, Immunofluorescence analysis of resident cells in lung, liver and brain after labelled exosome injection. Analysis of exosome (red) co-staining with markers (green) for tissue-specific stromal cell types. Top, representative images of immunofluorescence microscopy of 4175-LuT exosome co-staining with F4/80, CD31 and EpCAM. Middle, liver sections from mice injected with BxPC-3-LiT-derived exosomes were co-stained with CD31, S100A4 and EpCAM. Bottom, brain sections from mice injected with 831-BrT exosome were co-stained with F4/80, S100A4 and EpCAM (n = 3 per experiment for two independent experiments). b, Exosome biodistribution and co-localization with extracellular matrix proteins. Left top, representative immunofluorescence microscopy images of lung tissue, depicting 4175-LuT exosome (red) co-staining with laminin (green). Right top, laminin (green) co-staining with S100A4 (red). Left bottom, representative immunofluorescence microscopy of liver tissue co-stained for fibronectin (green) and BxPC-3-LiT exosomes (red). Right bottom, fibronectin (green) co-staining with F4/80 (red) (n = 3, two independent experiments). Scale bars, 30 μm.


Extended Data Figure 6 ITGs functionally regulate organotropic exosome uptake and exosome-mediated metastasis.
a, Representative western blot analysis of integrin expression in 4175-LuT and 4175β4KD cells and exosomes (representative of three independent experiments). For western blot source data, see Supplementary Fig. 1l. b, In vitro uptake of 4175-LuT exosomes by WI-38 lung fibroblasts. The WI-38 cell membrane was labelled with PKH67 green dye and 4175-LuT exosomes were labelled with PKH26 red dye. Exosomes (10 μg ml−1) were first incubated with PBS or HYD-1 peptide for 30 min at 37 °C, followed by 1-h incubation with WI-38 cells at 37 °C. Excess exosomes were washed and cells were imaged (n = 4 for two independent experiments). c, Representative western blot of ITGβ4 expression in exosomes isolated from wild-type or ITGβ4-overexpressing 1833-BoT cells (representative of two independent experiments). For western blot source data, see Supplementary Fig. 1m. d, Representative haematoxylin/eosin staining of lungs from Fig. 3e. Arrows indicate lung metastasis; n = 6, data representative of two independent experiments. e, Representative western blot analysis of integrin expression in BxPC-3-LiT and BxPC-3β5KD cells and exosomes. For western blot source data, see Supplementary Fig. 1n. f, Immunofluorescence analysis of BxPC-3-LiT control and BxPC-3β5KD-derived exosome biodistribution in the liver. Exosomes (10 μg) isolated from each cell line were labelled with lipophilic PKH26 dye (red) and injected retro-orbitally into nude mice 24 h before culling. Left, 40× magnification. Arrows indicate exosome foci. Scale bar, 50 μm. Right, quantification of exosome distribution by exosome-positive cells. An average of five random fields were counted at 20× magnification (data representative of two independent experiments; n = 3). g, Flow cytometry analysis of exosome-positive cells in the liver 24 h after exosome injection. Labelled BxPC-3-LiT exosomes (5 μg) per mouse were incubated with PBS, RGD, HYD-1 or ITGαvβ5 antibody for 30 min at 37 °C before retro-orbital injection into nude mice. Livers were collected and analysed for exosome-positive cells by flow cytometry 24 h after injection (n = 4, except for the ITGαvβ5 antibody group, in which n = 5). Scale bars, 10 μm (b), 500 μm (d) and 500 μm (f). **P < 0.01, ***P < 0.001 by two-tailed Student’s t-test (f) and one-way ANOVA (g). Data are mean ± s.e.m.

                          Source data
                        


Extended Data Figure 7 Functional contribution of exosomes to metastasis.
a, Microscopic analysis of exosome-positive cells in the livers of mice injected with liver metastatic Pan02-LiT-derived exosomes. Before injection, Pan02-LiT exosomes were pre-incubated with RGD peptide for 30 min at 37 °C. Pan02-LiT exosomes (10 μg) were labelled with lipophilic PKH67 green dye and injected retro-orbitally into C57BL/6 mice 24 h before culling. Livers were digested and exosome-positive cells were quantified by flow cytometry (n = 3). b, Analysis of Pan02-LiT liver metastasis after 3 weeks of continuous treatment with PBS, Pan02-LiT-derived exosomes, or Pan02-LiT-derived exosomes pre-incubated with RGD peptide for 30 min at 37 °C. Pan02-LiT cells were injected intrasplenically. Mice were injected retro-orbitally with 5 μg exosome every other day for 3 weeks. Top, representative liver images showing metastasis taken at culling. Bottom, liver weight quantification (n = 4 except for the control and peptide group for which n = 3 of one experiment). c, Functional analysis of lung fibroblasts educated with 4175-LuT-derived exosomes. Proliferation of lung fibroblasts educated with exosomes every other day for 2 weeks. Three days after cells were plated at equal density, cell numbers were counted using a haemocytometer (n = 3; three independent experiments). d, Migration of lung fibroblasts educated with exosomes every other day for 2 weeks was measured as follows. Fibroblasts were plated in 24-well transwell chamber inserts, and after 6 h the number of cells that migrated was counted using haematoxylin staining. Nine random fields were counted at 20× magnification and the average number of cells per field was calculated (total of n = 4 from two independent experiments). e, Representative image of the lung stained for S100A4. Mice were treated every other day with PBS, 4175-LuT or 4175β4KD exosomes for 3 weeks. Scale bar, 50 μm; n = 4 mice. f, In situ (in-cell western) protein expression analysis of WI-38 fibroblasts treated with PBS, 4175-LuT or 4175ITGβ4KD exosomes. Relative expression levels of Src and phosphorylated (p-) Src (n = 3, three independent experiments). Data are mean ± s.e.m. *P < 0.05; **P < 0.01; ***P < 0.001 by two-tailed Student’s t-test (a, c, d) and one-way ANOVA (b, f).

                          Source data
                        


Extended Data Figure 8 Exosomal integrin expression as a potential metastatic site biomarker.
a, Exosomal ITGβ4 levels in the plasma of mice bearing orthotopic 4175-LuT tumours, as a function of tumour progression. Blood plasma was collected for exosome isolation 6 weeks after intra-mammary fat pad tumour injection, then again 1 week after tumour resection, from mice that were deemed to be either free of tumour or presenting with recurring tumours based on IVIS bioluminescence imaging (n = 5 were pooled for each group, based on one experiment). For western blot source data, see Supplementary Fig. 1o. b, Exosomal ITGβ4 in healthy control subjects (Ctrl) (n = 13); patients with breast cancer (BrCa) and no metastasis (n = 3), liver metastasis (n = 1), or lung metastasis (n = 3); patients with rhabdomyosarcoma (RMS) and no metastasis (n = 1) or lung metastasis (n = 3); patients with pancreatic cancer (PDAC) with liver metastasis (n = 14) and lung metastasis (n = 3); and patients with melanoma (Mel) with lung metastasis (n = 2). c, Exosomal ITGαV in healthy control subjects (n = 13); patients with rhabdomyosarcoma and no metastasis (n = 1) or lung metastasis (n = 3); patients with breast cancer and lung metastasis (n = 3) or liver metastasis (n = 1); and patients with pancreatic cancer and liver metastasis (n = 15). Data are mean ± s.e.m. *P < 0.05; ***P < 0.001 by one-way ANOVA.

                          Source data
                        


Extended Data Table 1  Integrin expression in human exosomes in multiple organotropic tumour modelsFull size table


Extended Data Table 2  Integrin expression in human and mouse cell-line-derived exosomesFull size table
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        Editorial Summary
Metastasis site selection involves tumour exosomes
How do cancer cells choose the next organ to target? David Lyden and colleagues show that extracellular vesicles (exosomes) that originate from tumour cells can preferentially fuse with specific resident cells of the target organs — lung, liver and brain — to prepare the site of metastasis. At a molecular level, expression of distinct combinations of integrin proteins on exosomes seems to mediate their targeting to one of the three organs. By blocking these integrins, the authors could reduce the uptake of the associated exosomes by the target organs and so the likelihood of metastasis. Moreover, the exosomal integrins could be used to predict organ-specific metastasis in cancer patients.
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