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            Abstract
Angiocrine signals derived from endothelial cells are an important component of intercellular communication and have a key role in organ growth, regeneration and disease1,2,3,4. These signals have been identified and studied in multiple organs, including the liver, pancreas, lung, heart, bone, bone marrow, central nervous system, retina and some cancers1,2,3,4. Here we use the developing liver as a model organ to study angiocrine signals5,6, and show that the growth rate of the liver correlates both spatially and temporally with blood perfusion to this organ. By manipulating blood flow through the liver vasculature, we demonstrate that vessel perfusion activates β1 integrin and vascular endothelial growth factor receptor 3 (VEGFR3). Notably, both β1 integrin and VEGFR3 are strictly required for normal production of hepatocyte growth factor, survival of hepatocytes and liver growth. Ex vivo perfusion of adult mouse liver and in vitro mechanical stretching of human hepatic endothelial cells illustrate that mechanotransduction alone is sufficient to turn on angiocrine signals. When the endothelial cells are mechanically stretched, angiocrine signals trigger in vitro proliferation and survival of primary human hepatocytes. Our findings uncover a signalling pathway in vascular endothelial cells that translates blood perfusion and mechanotransduction into organ growth and maintenance.
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                    Fig. 1: Vascular perfusion correlates with liver growth and activation of β1 integrin and VEGFR3.[image: ]


Fig. 2: Heart rate correlates with activation of endothelial β1 integrin, VEGFR3 and HGF production in whole embryo culture.[image: ]


Fig. 3: Endothelial β1 integrin is required for VEGFR3 activation, HGF production, embryonic liver growth and survival.[image: ]


Fig. 4: Ex vivo liver perfusion and mechanical stimulation of hepatic ECs induce angiocrine signals.[image: ]
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              Source Data for all quantifications are provided. Supplementary Video 1 is available at https://figshare.com/s/7f48df3583bff7ce0ea1; Supplementary Video 2 is available at https://figshare.com/s/361947a6f67b8b925042; and Supplementary Video 3 is available at https://figshare.com/s/f7ceb9d5980d10084ad8. Full scans of western blots are provided in Supplementary Fig. 1.
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Extended data figures and tables

Extended Data Fig. 1 Hepatic cell proliferation in perfused liver periphery versus liver centre at E11.5.
a, b, c, Transversal section through a liver after injection of EdU into its lobes and WEC for 3 h. Magnified fields of view in the liver centre (a′, b′, c′) and the liver periphery (a′′, b′′, c′′), as indicated in c by white boxes. d, d′, e, e′, Transversal sections through E11.5 livers showing the liver centre (d, d′) and liver periphery (e, e′). f, Quantification of the Ki-67+ area in the liver centre versus liver periphery (n = 3 livers, *P = 0.0142 (119.40; 376.70)). Scale bars, 100 μm (a, b, c) and 50 μm (all other panels). Two-tailed paired Student’s t-test, 95% confidence interval (lower confidence limit; upper confidence limit).

                          Source data
                        


Extended Data Fig. 2 Activation of β1 integrin, VEGFR3 and total β1 integrin expression in ECs of E11.5 livers.
a, a′, b, b′, Transversal sections through livers with quantified areas of activated endothelial β1 integrin (for quantification, see Fig. 1m). c, c′, d, d′, Transversal sections with VEGFR3 tyrosine phosphorylation indicated by PLA (red dots and white arrowheads; for quantification, see Fig. 1n). e, e′, f, f′, g, Transversal sections with total β1 integrin (e, f) and quantified area of total endothelial β1 integrin (e′, f′) in liver centre versus liver periphery (g, n = 4 livers, P = 0.316 (−44.98; 99.49)). Scale bars, 25 μm. Two-tailed paired Student’s t-tests, 95% confidence interval (lower confidence limit; upper confidence limit).

                          Source data
                        


Extended Data Fig. 3 Endothelial β1 integrin is required for hepatic cell proliferation and survival in the liver periphery.
a, a′, b, b′, d, d′, e, e′, Transversal sections through E11.5 livers from EC-specific heterozygous (control) versus homozygous (β1 integrin-null) knockouts of β1 integrin, including magnifications (a′, b′, d′, e′) after 3 h EdU incorporation in WEC. c, Quantification of EdU-positive peripheral areas: n = 4 control versus n = 3 β1 integrin-null livers (*P = 0.0207 (19.06; 93.54)). f, Ki-67-positive cells in embryonic livers: n = 6 Cre-control versus n = 6 β1 integrin-null livers (P = 0.0666 (3.71; −86.50)). g, g′, g′′, h, h′, h′′, i, i′, i′′, Transversal sections through control (g, g′, g′′) and β1 integrin-null (h, h′, h′′) E13.5 livers with vascular-painted (RCA), perfused hepatic vessels, including magnified images (i, i′, i′′). Scale bars, 100 μm (a, b, d, e), 50 μm (a′, b′, d′, e′, g, g′, g′′, h, h′, h′′) and 25 μm (i, i′, i′′). Data are mean ± s.e.m. Two-tailed unpaired Student’s t-tests, 95% confidence interval (lower confidence limit; upper confidence limit).

                          Source data
                        


Extended Data Fig. 4 Cdh5-creERT2-mediated depletion of β1 integrin reduces liver growth, survival, VEGFR3 activation and HGF production.
a, a′, b, b′, E13.5 mouse embryos (a′, b′), with their abdomen magnified (a, b). c, Calculated volumes of livers taken from mouse embryos with Cdh5-creERT2-mediated depletion of β1 integrin (labelled ‘Cdh5-β1−/−’) and control littermates (n = 3 embryos each, *P = 0.0446 (0.15; 5.03)). d, d′, e, e′, Transversal sections through E13.5 livers with magnifications (d′, e′). f, Quantification of cleaved caspase-3-positive areas (n = 3 embryos each, *P = 0.0462 (12.62; 634.90)). g, VEGFR3 tyrosine phosphorylation normalized to total VEGFR3 (n = 4 control embryos versus n = 4 embryos with Cdh5-creERT2-mediated depletion of β1 integrin, *P = 0.0445 (1.81; 91.90)). h, HGF protein concentrations normalized to total protein (n = 16 control embryos versus n = 9 embryos with Cdh5-creERT2-mediated depletion of β1 integrin, *P = 0.0030 (8.81; 36.46)). Scale bars, 500 μm (a, b), 1 mm (a′, b′), 200 μm (d, e) and 50 μm (d′, e′). Data are mean ± s.e.m. Two-tailed unpaired Student’s t-tests, 95% confidence interval (lower confidence limit; upper confidence limit).

                          Source data
                        


Extended Data Fig. 5 β1 integrin acts upstream of perfusion-dependent activation of VEGFR3, which is required for liver growth and survival.
a, b, VEGFR3 tyrosine phosphorylation, normalized to total VEGFR3 protein, in liver lysates from E12.5 embryos with heterozygous depletion of endothelial β1 integrin (control) (a) and E12.5 endothelial β1 integrin-null embryos (b) in gain-of-perfusion experiments. n = 5 control embryos treated with control solution versus n = 9 control embryos treated with epinephrine and atropine (*P = 0.0072 (66.37;323.00)), and n = 7 control embryos treated with control solution versus n = 7 epinephrine- and atropine-treated endothelial β1 integrin-null embryos, (P = 0.3853 (−97.93; 40.64)). c, c′, d, d′, Abdominal region of an E13.5 control littermate (c′) and an E13.5 Vegfr3−/− mouse embryo (d′). e, Calculated liver volumes (n = 5 control embryos versus n = 4 Vegfr3−/− embryos, *P = 0.0462 (0.05; 3.86). f, f′, g, g′, Transversal sections through E13.5 livers with magnifications (f′, g′). h, Quantification of cleaved caspase-3-positive areas: n = 5 control livers versus n = 4 Vegfr3−/− livers (*P = 0.0103 (156.50; 591.60)). i, HGF protein concentrations in lysates from embryonic livers normalized to total protein: n = 7 control embryos versus n = 10 Vegfr3−/− embryos (*P = 0.0022 (15.55; 54.81)). Scale bars, 500 μm (c, d, f, g), 1 mm (c′, d′) and 50 μm (f′, g′). Data are mean ± s.e.m. Two-tailed unpaired Student’s t-tests, 95% confidence interval (lower confidence limit; upper confidence limit).

                          Source data
                        


Extended Data Fig. 6 Vessel dilation, blood volume and blood flow velocity in liver sinusoids after a two-thirds partial hepatectomy.
a–c, Sections through livers isolated from adult mice after sham operation (a) versus partial hepatectomy (PHx) (b), and quantification (c) of vessel dilation by measurement of vascular lumen areas (n = 3 livers each, P = 0.0622 (−12.43; 280.20)). d, Contrast-enhanced ultrasound measurements on the liver of a mouse. e, f, Relative blood volume (calculated from peak enhancement of contrast agent, n = 10 mice, *P = 0.0014 (51.98; 154.40)) (e) and relative blood flow velocity (calculated from time to peak of contrast agent enhancement, n = 10 mice, P = 0.2264 (−25.41; 93.88)) (f) in the right liver lobe of adult mice normalized to the liver area before (‘Pre OP’) and after partial hepatectomy. Data in c are mean ± s.e.m. Scale bar, 20 μm. Student’s t-tests were two-tailed unpaired (c) or two-tailed paired (e, f), 95% confidence interval (lower confidence limit; upper confidence limit).

                          Source data
                        


Extended Data Fig. 7 Mechanically induced release of angiocrine signals.
a, a′, b, b′, c, c′, d, d′, e, e′, f, f′, h, h′, i, i′, Unstretched versus mechanically stretched human hepatic ECs, stained for F-actin (a′, b′, c′, d′, e′, f′, h′, i′), activated β1 integrin (a, a′,b, b′) and shown as PLA dots: VEGFR3 tyrosine phosphorylation (c, c′, d, d′), co-localization of β1 integrin and VEGFR3 (e, e′, f, f′) and VEGFR2 tyrosine phosphorylation (h, h′,i, i′). g, j, Quantification of the interaction between VEGFR3 and β1 integrin (n = 3 unstretched chambers versus n = 4 stretched chambers, *P = 0.0091 (0.99; 4.16)), and VEGFR2 tyrosine phosphorylation (n = 4 stretch chambers each, P = 0.4000 (−0.37; 0.19)). k, IL-6 protein concentration (n = 4 stretch chambers each, *P = 0.0191 (14.51; 109.70)). l, TNF protein concentration (n = 4 unstretched chambers versus n = 5 stretched chambers, *P = 0.0493 (0.43; 192.40)). m, MMP9 activity (n = 4 stretch chambers each, *P = 0.0488 (0.44; 111.20)), in the supernatant of unstretched versus stretched hepatic ECs. Scale bars, 10 μm. Data are mean ± s.e.m. Two-tailed unpaired Student’s t-tests, 95% confidence interval (lower confidence limit; upper confidence limit).

                          Source data
                        


Extended Data Fig. 8 Mechanically induced angiocrine signals promote proliferation and survival of human hepatocytes.
a–d, Primary human hepatocytes treated for 6 h with supernatant from unstretched (a, c) versus stretched (b, d) human hepatic ECs. e–g, Unstretched ECs without (e) or with (f) activating β1 integrin antibody, including quantification (g) of β1 integrin activation (n = 4 wells each, *P = 0.0062 (73.97; 276.10)). h, i, Primary human hepatocytes treated for 6 h with supernatant from unstretched hepatic ECs treated without (h) or with (i) an activating β1 integrin antibody. j, Quantification of hepatocyte proliferation after incubation with supernatant from ECs without or with activating β1 integrin antibody (n = 4 wells each, *P = 0.0110 (91.40; 698.60)), with activating β1 integrin antibody alone without previous incubation with ECs (n = 4 wells, *P = 0.0299 (31.15; 638.40)) and with conditioned medium of ECs treated with an IgG1 isotype control (n = 3 wells, *P = 0.0436 (8.99; 664.80)). Scale bars, 50 μm (a, b, h, i) and 10 μm (c, d, e, f). Data are mean ± s.e.m. Two-tailed unpaired Student’s t-tests (g) and one-way ANOVA followed by Tukey’s test (j), 95% confidence interval (lower confidence limit; upper confidence limit).

                          Source data
                        


Extended Data Fig. 9 Correlation of blood pressure and liver volume in metabolically healthy human individuals.
a, Baseline characteristics (mean ± standard deviation, minimum and maximum values) of the study cohort, which was comprised of individuals recruited from glucose-tolerant humans who served as controls in the prospective observational German Diabetes Study29. b, c, Correlation of blood pressure with liver volume as assessed by MRI taken between 07:00 and 10:30. Correlation of systolic blood pressure with liver volume (n = 42; r = 0.45; *P = 0.0022 (0.17; 0.66)), and correlation of diastolic blood pressure with liver volume (n = 42; r = 0.39; *P = 0.0104 (0.09; 0.62)). Reported correlations are Pearson correlation coefficients with 95% confidence intervals (lower confidence limit; upper confidence limit).

                          Source data
                        


Extended Data Fig. 10 Model of mechanotransduced angiocrine signals in the liver.
Simplified drawings of liver sinusoids with liver sinusoidal ECs (LSECs), hepatic stellate cells (HSCs), extracellular matrix (ECM), Kupffer cells (KCs) and hepatocytes (with schematic elements taken from a previous publication38). a, Liver sinusoid under normal blood flow. b, Magnification of space of Disse. c, Liver sinusoid with enhanced blood perfusion. d, Magnification of space of Disse. When the vascular lumen widens owing to enhanced blood perfusion, circumferential stretching of liver sinusoidal ECs activates endothelial β1 integrin and its interaction with VEGFR3. The hepatic ECs (in concert with other cells such HSCs) subsequently release angiocrine signals—such as HGF, IL-6 and TNF—and activate MMP9, and thus enhance proliferation and survival of the adjacent hepatocytes.
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