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            Abstract
Recent studies have suggested that lymphatics help to restore heart function after cardiac injury1,2,3,4,5,6. Here we report that lymphatics promote cardiac growth, repair and cardioprotection in mice. We show that a lymphoangiocrine signal produced by lymphatic endothelial cells (LECs) controls the proliferation and survival of cardiomyocytes during heart development, improves neonatal cardiac regeneration and is cardioprotective after myocardial infarction. Embryos that lack LECs develop smaller hearts as a consequence of reduced cardiomyocyte proliferation and increased cardiomyocyte apoptosis. Culturing primary mouse cardiomyocytes in LEC-conditioned medium increases cardiomyocyte proliferation and survival, which indicates that LECs produce lymphoangiocrine signals that control cardiomyocyte homeostasis. Characterization of the LEC secretome identified the extracellular protein reelin (RELN) as a key component of this process. Moreover, we report that LEC-specific Reln-null mouse embryos develop smaller hearts, that RELN is required for efficient heart repair and function after neonatal myocardial infarction, and that cardiac delivery of RELN using collagen patches improves heart function in adult mice after myocardial infarction by a cardioprotective effect. These results highlight a lymphoangiocrine role of LECs during cardiac development and injury response, and identify RELN as an important mediator of this function.
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                    Fig. 1: Lymphatics are required for embryonic heart growth.[image: ]


Fig. 2: Lymphatics are required for CM proliferation and survival.[image: ]


Fig. 3: LEC-secreted RELN promotes CM proliferation and survival.[image: ]


Fig. 4: RELN improves neonatal and adult cardiac function after myocardial infarction.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 E17.5 Prox1ΔLEC/ΔLEC hearts lack LECs and have a reduced number of CMs.
a, Whole-mount immunostaining with anti-PROX1 antibody shows that cardiac lymphatics are missing in E17.5 Prox1ΔLEC/ΔLEC hearts (TAM injected at E13.5 and E14.5). Squared areas are shown in larger magnification in the adjacent images. n = 3 embryos per group from two litters. b, Co-immunostaining of E17.5 control and Prox1ΔLEC/ΔLEC heart sections with anti-α-actinin and F-actin antibodies show that cardiac muscle is not affected in Prox1ΔLEC/ΔLEC embryos (TAM injected at E13.5 and E14.5). n = 3 per group. c, Flow cytometry analysis shows reduced CM numbers in E17.5 Prox1ΔLEC/ΔLEC hearts (TAM injected at E13.5 and E14.5). d, Hoechst 33342 labelling shows no significant differences in CMs ploidy between control and Prox1ΔLEC/ΔLEC hearts. n = 3 (control) and n = 4 (Prox1ΔLEC/ΔLEC) embryos from the same litter used in c and d. Data are mean ± s.e.m. **P = 0.001, unpaired two-tailed Student’s t-test. n.s., not significant. e–g, The percentage of multinucleated CMs in E17.5 mutant hearts is increased (e, f), and no global differences in CM size were detected (e, g) after CM dissociation and overnight plating. n = 3 embryo per genotype from the same litter. White arrows indicate CMs and yellow arrows indicate a bi-nucleated CM (g). The average cell size was calculated from 25 cTnC+ CMs per culture (1 whole heart per culture; 3 cultures per genotype). n = 75 (control CMs) and n = 75 (Prox1ΔLEC/ΔLEC CMs). Data are mean ± s.e.m. *P = 0.023, unpaired two-tailed Student’s t-test. Scale bars, 500 μm (a), 25 μm (b, e). Flow cytometry gating strategy is included in Supplementary Fig. 10.
Source Data


Extended Data Fig. 2 CM proliferation is reduced in E17.5 Prox1ΔLEC/ΔLEC hearts.
a, EdU labelling shows an overall reduction in the number of EdU+ cells in sections of E17.5 Prox1ΔLEC/ΔLEC hearts. Dashed boxes indicate the corresponding areas of the heart that are shown at higher magnification in b–e. b–e, Immunostaining results show the presence of PROX1+LYVE1+ cardiac lymphatics (white arrows) in sections of control hearts (b, c), and lack of lymphatics in Prox1ΔLEC/ΔLEC hearts (d, e). Yellow arrows indicate LYVE1+ PROX1− macrophages. n = 3 embryos per genotype from three separate litters. f, CM proliferation is reduced in the myocardium of the left ventricle (LV) area, the right ventricle (RV) area and the septum. n = 4 embryos per genotype from three separate litters. At least three images per region and three separate regions per heart were quantified. Data are mean ± s.e.m. *P = 0.01, **P = 0.003, 0.006 and 0.02 (top); ***P = 0.0001, **P = 0.004, 0.002 and 0.005 (middle); **P = 0.001, 0.001, *P = 0.01 and **P = 0.002 (bottom), unpaired two-tailed Student’s t-test. g, Immunostaining with antibodies against vimentin (fibroblasts), PECAM1 (blood endothelial cells), CD68 (macrophages), SIX2 (nephron progenitors) or HNF4A (hepatocytes) together with EdU labelling (white arrows) shows no differences in proliferation in those cell types between E17.5 Prox1ΔLEC/ΔLEC and control hearts (TAM injected at E13.5 and E14.5). P values by unpaired two-tailed Student’s t-test. n = 3 embryos per genotype from three separate litters. Control are TAM-treated cre− embryos and cre+;Prox1+/+ littermates. Data are mean ± s.e.m. Scale bars, 200 μm (a), 100 μm (b–e), 25 μm (g).
Source Data


Extended Data Fig. 3 Vegfr3kd/kd embryos lack cardiac lymphatics and have smaller hearts.
a, Bright-field images of whole E17.5 Vegfr3kd/kd and wild-type embryos and hearts. Quantification of organ weight (heart, liver and kidney) relative to body length indicates that the heart is smaller and the liver and kidney have comparable sizes between Vegfr3kd/kd and control embryos. n = 10 (WT) and n = 8 (Vegfr3kd/kd). Embryos are from three different litters. *P = 0.019. b, LYVE1 whole-mount immunostaining shows that ventral and dorsal sides of the heart lack lymphatics in Vegfr3kd/kd embryos. n = 3 per genotype. c–f, Co-immunostaining using antibodies against cell proliferation markers (EdU, pH3, Ki67 and auroraB) and antibodies against CM markers (cTnC, PROX1, α-actinin and/or MEF2C) shows reduced CM proliferation in Vegfr3kd/kd hearts compared to wild-type hearts at E17.5. Arrows indicate representative proliferating CMs. g, Quantification shows significantly reduced percentage of EdU+ and Ki67+ CMs and significantly reduce number of pH3+ and auroraB+ CMs in Vegfr3kd/kd hearts compared to controls. n = 4 embryos per genotype from three separate litters. **P = 0.005 (EdU), **P = 0.001 (Ki67, pH3), *P = 0.02 (auroraB). h, Active CASP3+ immunostaining shows increased CM apoptosis (white arrows) in Vegfr3kd/kd hearts compared to wild-type hearts at E17.5. Right, quantitative data showing significantly increased percentage of active caspase-3+ CMs (PROX1+) in Vegfr3kd/kd hearts compared to wild-types. n = 4 embryos per genotype from three separate litters. *P = 0.032. i, Co-immunostaining with antibodies against vimentin, PECAM1, CD68, SIX2 and HNF4A, together with EdU labelling shows comparable proliferation of cardiac fibroblasts, blood endothelial cells and macrophages, and of nephron progenitors and hepatocytes between wild-type and Vegfr3kd/kd embryos at E17.5. White arrows indicate EdU+ proliferating cells. Right, quantification of the proliferation for each cell type. n = 3 embryos per genotype from three separate litters. Data are mean ± s.e.m. P values were determined by unpaired two-tailed Student’s t-test. Scale bars, 1 mm (a), 500 μm (b), 25 μm (c–f, h), 25 μm (i). Lower magnification images for c–e and h are included in Supplementary Fig. 4.
Source Data


Extended Data Fig. 4 Heart size and CM proliferation is normal in E17.5 Prox1ΔLEC/+ embryos and E14.5 Prox1ΔLEC/ΔLEC embryos.
a, Bright-field images of whole embryos and hearts show no difference in heart size in E17.5 Prox1ΔLEC/+ embryos (TAM injected at E13.5 and E14.5). White arrows indicate oedema in the Prox1ΔLEC/+ embryo. b, Whole-mount immunostaining shows that LYVE1+ cardiac lymphatics are present in both dorsal and ventral sides of Prox1ΔLEC/+ hearts. Lymphatics are less branched (arrows). c, Cardiac lymphatic density is significantly reduced on the ventral surface of the heart but not on the dorsal one in Prox1ΔLEC/+ embryos. This difference may be because cardiac lymphatics on the dorsal side and the ventral side originate from two different lineages during embryonic development. n = 3 embryos per genotype from three separate litters. *P = 0.027. d, Heart size is normal in E17.5 Prox1ΔLEC/+ embryos. n = 13 (controls) and n = 9 (Prox1ΔLEC/+) embryos from three separate litters. e, Quantification of the immunostaining analysis shows no significant differences in CM proliferation between E17.5 Prox1ΔLEC/+ hearts and controls, as indicated by the percentage of EdU+ and Ki67+ CMs and the number of pH3+ and auroraB+ CMs. n = 4 embryos per genotype from three separate litters. Controls are TAM-treated cre− embryos and cre+;Prox1+/+ littermates. f, Bright field images of whole embryos and hearts show no difference in cardiac size between E14.5 wild-type and Prox1ΔLEC/ΔLEC embryos (TAM injected at E10.5 and E11.5). White arrows indicate severe oedema. n = 6 embryos per genotype from two separate litters. Control embryos are TAM-treated cre− embryos and cre+;Prox1+/+ littermates. g, Whole-mount staining of skin shows efficient PROX1 deletion as indicated by the lack of PROX1+ or NRP2+ lymphatics at E14.5 in Prox1ΔLEC/ΔLEC embryos. n = 3 embryos per genotype from same litter. h, Co-immunostaining against cell proliferation markers (EdU, Ki67, pH3 and auroraB) together with CM markers (cTnC, PROX1, α-actinin and/or MEF2C). Quantification of those immunostainings shows no differences in CM proliferation between wild-type and Prox1ΔLEC/ΔLEC hearts at E14.5. Squares indicate proliferating CMs. n = 3 embryos per genotype from the same litter. Data are mean ± s.e.m. P values determined by unpaired two-tailed Student’s t-test. Scale bars, 1 mm (a, f), 500 μm (b), 25 μm (g, h).
Source Data


Extended Data Fig. 5 Pathways related to cell cycle are downregulated in E17.5 Prox1ΔLEC/ΔLEC embryos and LEC-conditioned medium promotes CM proliferation and survival in vitro.
a, Gene set expression analysis shows downregulation of cell cycle pathways and upregulation of cell death pathways in Prox1ΔLEC/ΔLEC hearts. n = 4 per genotype from the same litter. b, qPCR analysis confirmed the upregulation of pro-apoptotic genes (Bcl2l11, Pdcd4, Trp53inp1, Stat1 and P21 (also known as Cdkn1a)) and downregulation of cell cycle related genes (Cdc6, E2f1, Pcna, Mcm5 and Ccne2) in Prox1ΔLEC/ΔLEC hearts. n = 3 per genotype from the same litter. TAM was injected at E13.5 and E14.5. Control embryos are TAM-treated cre− embryos and cre+;Prox1+/+ littermates. *P = 0.02 (Bcl2l11), **P = 0.001 (Pdcd4), 0.005 (Trp53inp1), *P = 0.01 (Stat1), 0.03 (P21), 0.04 (Cdc6), 0.02 (E2f1), 0.01 (Pcna), 0.02 (Mcm5) and 0.03 (Ccne2). c, Co-immunostaining against the proliferation marker Ki67 and the CM markers α-actinin and PROX1 shows that LEC-conditioned medium increases primary CM proliferation. Arrows indicate proliferating CMs. Percentage of CM proliferation was quantified by the number of Ki67+ PROX1+ CMs relative to total number of PROX1+ CMs. n = 3. **P = 0.001. d, Co-immunostaining against the apoptotic marker active CASP3+ and the CM markers α-actinin and PROX1 shows reduced primary CM apoptosis upon LEC-conditioned medium treatment under CoCl2-induced hypoxia. Arrows indicate apoptotic CMs. Percentage of apoptotic CMs was quantified by the number of active CASP3+ CMs relative to PROX1+ CMs. n = 3. **P = 0.003. Data are mean ± s.e.m. P values were determined by unpaired two-tailed Student’s t-test Scale bar, 25 μm (c, d).
Source Data


Extended Data Fig. 6 E17.5 Reln−/− embryos develop smaller hearts.
a, qPCR analysis shows reduced Reln expression in E17.5 Prox1ΔLEC/ΔLEC hearts (TAM injected at E13.5 and E14.5). n = 3 embryos per genotype from the same litter. Control embryos are TAM treated cre− embryos and cre+;Prox1+/+littermates. *P = 0.014. b, qPCR analysis validates the expression of candidates from the LECs secretome (Serpine1, Fn1, Reln, Hspg2, Mmrn1, Lama4, Fstl1 and Thbs1). Experiments were repeated three times using different batches of LECs. Gene expression is normalized as a fold change relative to 100× Gapdh. c, RELN protein can be detected in three different batches of LEC-conditioned medium and the relative RELN level is quantified by ELISA according to the absorbance value at 450 nm (A450 nm). d, e, Immunostaining of sections of E17.5 wild-type hearts shows RELN is highly expressed in cardiac lymphatics of the epicardium and myocardium. Some blood vessels in the heart express low levels of RELN (e, arrows). n = 3 wild-type embryos. f, Immunostaining of E17.5 control and Prox1ΔLEC/ΔLEC heart sections with antibodies against RELN and LYVE1 shows that cardiac lymphatics and RELN are absent in Prox1ΔLEC/ΔLEC hearts (TAM injected at E13.5 and E14.5). n = 3 embryos per genotype from the same litter. Control embryos are TAM-treated littermate cre− and cre+; Prox1+/+embryos. g, Representative bright-field images show smaller hearts in E17.5 Reln−/− embryos. h, Quantifications of organ weight (heart, liver and kidney) relative to body length indicate that hearts are smaller in E17.5 Reln−/− embryos compared to controls. n = 7 (WT) and n = 6 (Reln−/−) embryos from three separate litters. *P = 0.03. i, Whole-mount immunostaining shows that cardiac lymphatic development is normal in Reln−/− embryos. n = 3 embryos per genotype from two separate litters. Data are mean ± s.e.m. P values were determined by unpaired two-tailed Student’s t-test. Scale bars, 25 μm (d–f), 1 mm (g), 500 μm (i).
Source Data


Extended Data Fig. 7 RELN is efficiently deleted in RelnΔLEC/ΔLEC cardiac-associated lymphatics.
a, Immunostaining of E17.5 control and RelnΔLEC/ΔLEC heart sections with antibodies against RELN and LYVE1 confirms that RELN is deleted from cardiac lymphatics in RelnΔLEC/ΔLEC hearts (TAM injected at E13.5 and E14.5). n = 3 embryos per genotype from two separate litters. Control embryos are TAM-treated cre− embryos and cre+;Reln+/+embryos. b, Co-immunostaining with antibodies against vimentin, PECAM1, CD68, SIX2 and HNF4Α, together with EdU labelling shows comparable proliferation of cardiac fibroblasts, blood endothelial cells and macrophages, and of nephron progenitors and hepatocytes between controls and E17.5 RelnΔLEC/ΔLEC hearts (TAM injected at E13.5 and E14.5). White arrows indicate EdU+ proliferating cells. Right, quantification of the proliferation for each cell type. n = 3 embryos per genotype from two separate litters. Control embryos are TAM-treated cre− and cre+;Reln+/+ littermates. Data are mean ± s.e.m. P values determined by unpaired two-tailed Student’s t-test. Scale bar, 25 μm.
Source Data


Extended Data Fig. 8 Cardiac size is reduced in E17.5 β1ΔCM/+;Reln+/− embryos.
a, qPCR analysis shows efficient Reln knockdown in LECs after siRNA treatment. n = 3. Data are mean ± s.e.m. *P < 0.05, unpaired two-tailed Student’s t-test. b, Representative western blot of primary CMs cultured with DMEM, conditioned medium from CMs treated with short interfering RNA (siRNA) against Reln (siReln) or control siRNA (siCtrl), or with conditioned medium plus integrin-β1 blocking antibody overnight. The addition of the LEC-conditioned medium (siCtrl group) to primary CMs increased DAB1, FAK, AKT and ERK activities. These activities are reduced when cultured CMs are treated with RELN-deficient LEC-conditioned medium or with LEC-conditioned medium with integrin-β1 blocking antibody. Experiments were repeated three times. Data are mean ± s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001, two-way ANOVA followed by Bonferroni test. c, Ki67 quantification of immunostained cultured cells (similar to Extended Data Fig. 5c) shows that addition of the LEC-conditioned medium (siCtrl group) to cultured primary CMs improves CM proliferation and this effect is partially abolished in CMs treated with Reln-deficient (siReln) LEC-conditioned medium or with LEC-conditioned medium containing integrin-β1 blocking antibody. Percentage of CM proliferation was quantified by the number of Ki67+ PROX1+ CMs relative to total numbers of PROX1+ CMs. n = 3. Data are mean ± s.e.m. **P < 0.01, two-way ANOVA followed by Bonferroni test. d, Quantification of cultured CMs immunostained with active CASP3+ shows that the addition of the LEC-conditioned medium (siCtrl group) to primary CMs protects them from apoptosis and this effect is partially abolished in CMs treated with Reln-deficient LEC-conditioned medium or with LEC-conditioned medium with integrin-β1 blocking antibodies. Percentage of apoptotic CMs was quantified by the number of active CASP3+ CMs relative to PROX1+ CMs. n = 3. Data are mean ± s.e.m. *P < 0.05, **P < 0.01, two-way ANOVA followed by Bonferroni test. e, Representative western blot of primary CMs after treatment with RELN-conditioned medium from RELN- transfected cells, or conditioned medium from mock-transfected cells (control) or RELN-conditioned medium with integrin-β1 blocking antibody (ab) shows that RELN treatment increases DAB1, FAK, AKT and ERK activities in primary CMs, and these activities are reduced by adding the integrin-β1 blocking antibody. n = 3. Data are mean ± s.e.m. *P < 0.05; **P < 0.01 by one-way ANOVA followed by Tukey’s test. f, Bright-field images show no difference in embryo size at E17.5 among control, Reln+/−, β1ΔCM/+ and β1ΔCM/+;Reln+/− embryos. Quantification of organ weight (heart, liver and kidney) relative to body length indicates that hearts are smaller in E17.5 β1ΔCM/+;Reln+/− embryos. n = 9 (control), n = 7 (Reln+/−), n = 6 (β1ΔCM/+) and n = 6 (β1ΔCM/+;Reln+/−) embryos from three separate litters. Data are mean ± s.e.m. *P = 0.015, one-way ANOVA followed by Tukey’s test. g, Whole-mount immunostaining using LYVE1 antibodies shows normal cardiac lymphatic development in control, β1ΔCM/+, β1ΔCM/+;Reln+/− and Reln+/− embryos. n = 3 embryos per genotype from three separate litters. Scale bars, 1 mm (f), 500 μm (g). For western blot source data, see Supplementary Figs. 8 and 9. Exact P values included in Source Data.
Source Data


Extended Data Fig. 9 RELN promotes CM proliferation and survival through Itgb1 signalling.
a, Co-immunostaining using cell proliferation markers (EdU, Ki67, pH3 and auroraB) together with CM markers (cTnC, PROX1, α-actinin and/or MEF2C) shows reduced CM proliferation in β1ΔCM/+;Reln+/− hearts at E17.5. Arrows indicate proliferating CMs. Quantification in the bottom panel shows reduced proliferation in E17.5 β1ΔCM/+;Reln+/− hearts, as indicated by the percentage of EdU+ and Ki67+ CMs and the number of pH3+ and auroraB+ CMs. n = 4 embryos per genotype from three separate litters. *P = 0.022 (EdU), 0.029 (Ki67), ***P = 0.0001 (pH3) and *P = 0.033 (auroraB). b, Active CASP3+immunostaining shows increased CM apoptosis in β1ΔCM/+;Reln+/− hearts at E17.5, as quantified by the percentage of active CASP3+ CMs relative to PROX1+ CMs. Arrows indicate apoptotic CMs. n = 4 embryos per genotype from three separate litters. Control embryos are cre− embryos and cre+;β1+/+ littermates. *P = 0.01. c, Co-immunostaining with antibodies against vimentin, PECAM1, CD68, SIX2 and HNF4A, together with EdU labelling shows comparable proliferation of cardiac fibroblasts, blood endothelial cells and macrophages, and of nephron progenitors and hepatocytes between controls and E17.5 β1ΔCM/+;Reln+/− embryos. White arrows indicate EdU+ proliferating cells. Right, quantification of the proliferation analysis for each of cell type. n = 3 embryos per genotype from three separate litters. Control are cre− embryos and cre+;β1+/+ littermates. Data are mean ± s.e.m. P values determined by unpaired two-tailed Student’s t-test. Scale bars, 25 μm. Lower magnification images for a and b are included in Supplementary Fig. 5.
Source Data


Extended Data Fig. 10 RELN expression is developmentally downregulated, but is upregulated in newly formed cardiac lymphatics after myocardial infarction.
a, Immunostaining with RELN, PROX1 and PECAM shows RELN is highly expressed in cardiac lymphatics in the epicardium and myocardium nearby the base of the heart at E17.5. RELN expression level is gradually downregulated during development from P2 to P14. n = 3 hearts per stage. Arrows indicate PROX1+ cardiac lymphatics. b, qPCR analysis using sorted cardiac lymphatics shows Reln levels are drastically downregulated in cardiac LECs during development. n = 3. Reln relative level from each experiment is presented as fold changes relative to E17.5. Data are mean ± s.e.m. **P = 0.009 (P2 versus E17.5), 0.004 (P7 versus E17.5), 0.001 (P14 versus E17.5) by one-way ANOVA followed by Tukey’s test. c, Immunostaining shows RELN expression is highly upregulated in the newly formed cardiac lymphatics in wild-type P7 pups (myocardial infarction was performed at P2). Notably, the pre-existing cardiac lymphatics in the non-infarcted area express low levels of RELN. Reln−/− hearts completely lack RELN expression in both, newly formed cardiac lymphatics and pre-existing lymphatics. Arrows indicate cardiac lymphatics. n = 3 hearts per group. d, Immunostaining against the pan-endothelial marker PECAM1 and the lymphatic marker LYVE1 shows normal lymphangiogenesis in wild-type and Reln−/− hearts 21 days after myocardial infarction (myocardial infarction performed at P2). n = 3 hearts per group. Data are mean ± s.e.m. P values determined by unpaired two-tailed Student’s t-test. e, EdU labelling shows no differences in LECs proliferation in wild-type and Reln−/− hearts 21 days after myocardial infarction (myocardial infarction performed at P2). n = 3 hearts per group. Data are mean ± s.e.m. P values determined by unpaired two-tailed Student’s t-test. Arrow indicates EdU+ LECs. Scale bars, 100 μm (d), 25 μm (a, c, e).
Source Data


Extended Data Fig. 11 RELN improves cardioprotection in neonates and adult mice after myocardial infarction.
a–d, Co-immunostaining using cell proliferation markers (EdU, Ki67, pH3 and auroraB) together with the CM markers PROX1, α-actinin or MEF2C shows decreased CM proliferation in the border of the infarcted area of Reln−/− hearts at P7. Arrows indicate proliferating CMs.  n = 4 mice per group. e, Immunostaining using active CASP3+ shows increased CM apoptosis in the infarcted area of Reln−/− hearts at P7. Arrows indicate apoptotic CMs in the section. n = 4 mice per group. f, Immunostaining against the cell proliferation markers EdU, Ki67 and pH3 together with the CM markers MEF2C or cTnC shows no differences in CM proliferation in the infarcted areas between control patch or RELN patch treated hearts 7 days after myocardial infarction. Arrows indicate proliferating CMs. n = 4 hearts per group. g, Immunostaining using active caspase-3 shows reduced CM apoptosis in the infarcted area of RELN patch-treated hearts. Arrows indicate apoptotic CMs. n = 4 mice per group. Arrows indicate apoptotic CMs. Scale bars, 25 μm. Lower magnification for a–c, e and g are included in Supplementary Fig. 3.
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