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            Abstract
One of the characteristics of the central nervous system is the lack of a classical lymphatic drainage system. Although it is now accepted that the central nervous system undergoes constant immune surveillance that takes place within the meningeal compartment1,2,3, the mechanisms governing the entrance and exit of immune cells from the central nervous system remain poorly understood4,5,6. In searching for T-cell gateways into and out of the meninges, we discovered functional lymphatic vessels lining the dural sinuses. These structures express all of the molecular hallmarks of lymphatic endothelial cells, are able to carry both fluid and immune cells from the cerebrospinal fluid, and are connected to the deep cervical lymph nodes. The unique location of these vessels may have impeded their discovery to date, thereby contributing to the long-held concept of the absence of lymphatic vasculature in the central nervous system. The discovery of the central nervous system lymphatic system may call for a reassessment of basic assumptions in neuroimmunology and sheds new light on the aetiology of neuroinflammatory and neurodegenerative diseases associated with immune system dysfunction.
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                    Figure 1: Abluminal distribution of meningeal T cells and identification of Lyve-1 expressing vessels adjacent to the dural sinuses.[image: ]


Figure 2: Molecular and structural characterization of meningeal lymphatic vessels.[image: ]


Figure 3: Functional characterization of meningeal lymphatic vessels.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Meningeal immunity and lymphatic vessels in the dural sinuses.
a, Representative image of CD31 staining in whole-mount meninges (scale bar, 2,000 Âµm). b, Representative images of T cells (CD3e, arrowheads) in the dura/arachnoid, pia, dural sinuses, and choroid plexus (scale bars, 70 Âµm). c, Quantification of T-cell density in different meningeal compartments (mean Â± s.e.m.; n = 6 animals each group from 2 independent experiments; ***P <0.001; Kruskalâ€“Wallis test with Dunnâ€™s post hoc test). d, Quantification of MHCII-expressing cells in different meningeal compartments (mean Â± s.e.m.; n = 6 animals each group from 2 independent experiments; ***P <0.001; Kruskalâ€“Wallis test with Dunnâ€™s post hoc test). e, Adult mice were injected i.v. with 100 Âµl of DyLight 488 lectin 5 min before euthanasia to enable labelling of the cardiovascular system. Meninges were harvested and stained with anti-CD3e. Representative orthogonal images of T-cell localization in the lumen (white arrowhead) and outside of the sinus (yellow arrowhead; n = 2 mice; scale bar, 70 Âµm). f, Adult mice were injected i.v. with 10 Âµg of FITC-conjugated anti-CD45 antibody or FITC-conjugated isotype antibody. Meninges were harvested one hour after the injection and labelled with anti-CD3e. Representative images of CD3e immunolabelling around dural sinuses are shown. CD45-positive cells do not co-localize with CD3e+ cells (a), suggesting an abluminal localization of the latter (n = 2 mice each group; scale bars, 20 Âµm). g, Representative 3D reconstruction of the lymphatic vessels localization around the superior sagittal sinus. Adult mice were injected i.v. with 100 Âµl of DyLight 488 lectin 5 min before euthanasia in order to stain the cardiovascular system. Meninges were harvested and labelled with anti-Lyve-1. The lack of lectin staining in the Lyve-1-positive meningeal lymphatic vessels suggests that they are independent of the cardiovascular system (n = 3 mice; scale bars, left, 50 Âµm and right, 120 Âµm). The mounting of the whole meninges results in the flattening of the sinus, thus it does not appear tubular.


Extended Data Figure 2 Identification, characterization and validation of the expression of classical lymphatic endothelial cell markers by the meningeal lymphatic vessels.
a, Representative images of Prox1 labelling on meningeal Lyve-1 expressing vessels (n = 3 mice; scale bars, 10 Âµm). b, Schematic representation of the whole-mount dissection of the diaphragm. c, Characterization of the specificity of the podoplanin antibody. Representative images of whole-mount diaphragm labelled with anti-Lyve-1 and anti-podoplanin (ci), control isotype (cii) or the anti-podoplanin pre-incubated overnight with a saturated concentration of recombinant podoplanin protein (ciii; scale bars, 20 Âµm). d, Characterization of the specificity of the VEGFR3 antibody. Representative images of whole-mount diaphragm and dura mater labelled with anti-Lyve-1 and anti-VEGFR3 (di), secondary antibody only (dii), or the anti-VEGFR3 pre-incubated overnight with a saturated concentration of recombinant VEGFR3 protein (diii; scale bars, 20 Âµm). e, Quantification of the number of Prox1+ nuclei per mm2 of lymphatic vessel (mean Â± s.e.m.; n = 4 animals each group).


Extended Data Figure 3 Identification of the meningeal lymphatic endothelial cell population by flow cytometry.
FACS analysis of the lymphatic endothelial cells in diaphragm, skin (ear), and dural sinuses. a, Gating strategy employed to identify lymphatic endothelial cells (CD31+podoplanin+). Lymphatic endothelial cells are identified as singlet, live cells, CD45âˆ’ and CD31+podoplanin+. b, Representative dot plots for lymphatic endothelial cells (CD31+podoplanin+) in the diaphragm, skin, and dura mater of adult mice.


Extended Data Figure 4 Pilot identification of lymphatic vessels in human dura.
a, Representative image of a formalin-fixed coronal section of human superior sagittal sinus. b, c, Representative images of Lyve-1 staining on coronal section of human superior sagittal sinus (scale bar, 100 Âµm). The box in c highlights the presence of Lyve-1-expressing macrophages in human meninges, as seen in mice. d, Representative images of Lyve-1 and CD68 staining of coronal sections of human superior sagittal sinus. Note the absence of CD68 positivity on Lyve-1 positive structures (scale bars, 50 Âµm). e, Representative images of podoplanin and Lyve-1 staining of coronal sections of human superior sagittal sinus (scale bars, 50 Âµm).


Extended Data Figure 5 Initial lymphatic features of meningeal lymphatic vessels.
a, Representative images of CCL21 and Lyve-1 labelling of the meningeal lymphatic vessels (scale bars, 10 Âµm). b, c, Representative images of VE-Cadherin and Lyve-1 staining on meningeal blood vessels (b) and meningeal lymphatic vessels (c), arrowheads point to the VE-Cadherin aggregates; scale bars, 10 Âµm). dâ€“f, Representative images of Claudin-5 and Lyve-1 staining on meningeal blood (d) and lymphatic (e) vessels, and diaphragm lymphatic vessels (f); arrowheads point to Claudin-5 aggregates (scale bars, 10 Âµm). g, h, Representative images of integrin-Î±9 and Lyve-1 labelling on skin (g; ear) and meninges whole mount (h). Scale bars, 40 Âµm. No integrin-Î±9 expressing valves were detected in the meningeal lymphatic vessels. i, Representative low power micrographs (transmission electron microscopy) of the meningeal lymphatic vessels (scale bar, 2 Âµm); L, lumen; SC, supporting cell; LEC, lymphatic endothelial cell; BEC, sinusal endothelial cell. Red arrowheads point to anchoring filaments. j, Table summarizing morphological features of the lymphatic network in different regions of the meninges and the diaphragm. Diameters are expressed in Âµm and branching as number of branches per mm of vessel; (mean Â± s.e.m.; n = 4 animals each group from 2 independent experiments, *P < 0.05, **P < 0.01, ***P < 0.001; two-way ANOVA with Bonferroni post hoc test). For statistics, the presented comparisons were between the diaphragm and the superior sagittal sinus and between the superior sagittal sinus and the transverse sinuses.


Extended Data Figure 6 Drainage of cerebrospinal fluid into the meningeal lymphatic vessels.
a, Representative z-stack of QDot655 filled cerebrospinal fluid drainage both in the blood vasculature (sinus) and in the meningeal lymphatic vessels after i.c.v. injection (scale bar, 20 Âµm). b, Representative images of CD31 and Lyve-1 immunostaining on whole-mount meninges. Adult mice were injected i.c.v. with 2.5 Âµg of Alexa488 conjugated anti-Lyve-1 antibody. Thirty minutes after the injection, the meninges were harvested and stained with anti-CD31. Injected in vivo, the Lyve-1 antibody illuminates the lymphatic vessels (scale bar, 20 Âµm). c, Representative z-stack of the superior sagittal sinus of adult mice injected i.v. with QDot655 and i.c.v. with Alexa488 conjugated anti-Lyve-1 antibody. ci, Coronal section of the z-stack presented in panel c. The signal from the remaining skull and/or collagen-rich structure above the meninges was recorded (blue). cii, 3D reconstruction of the z-stack presented in panel c showing the localization of the meningeal lymphatic vessels under the skull (scale bars, 50Âµm).


Extended Data Figure 7 Meningeal lymphatic vessels carrying immune cells.
a, Representative images of T cells (CD3e) and lymphatic endothelial cells (Lyve-1) on dural sinuses (scale bar, 20Âµm). aiiâ€“aiii, Orthogonal sections representing T-cell localization around aii and within aiii the Lyve-1 structures (scale bars, 5Âµm). b, Quantification of the sinusal T cells and MHCII-expressing cells within the lymphatic vessels (mean Â± s.e.m., n = 7â€“8 mice from 3 independent experiments). c, d, Representative images of Lyve-1 staining on dural meninges from CD11cYFP mice (scale bars, 20 Âµm). CD11c-positive cells (most probably dendritic cells) can be found inside the meningeal lymphatic vessels. e, Representative image of B220+ cells and lymphatic endothelial cells (Lyve-1) immunolabelling in the meninges (yellow arrowheads indicate B220+CD11câ€“ cells; scale bar, 20 Âµm). f, Representative dot plots of B220+ cells (gated on singlets, live, CD45+) within the dural sinuses expressing CD19; âˆ¼40% of the B220+ cells express CD19.


Extended Data Figure 8 Drainage of Evans blue from the meningeal lymphatic vessels but not the nasal mucosa into the deep cervical lymph nodes.
aâ€“c, Adult mice were injected i.c.v. with 5 Âµl of 10% Evans blue. The meninges were harvested 30 min after injection and Evans blue localization was assessed by confocal microscopy. a, Representative images of Evans blue localization in both the sinus and the meningeal lymphatic vessels (n = 9 mice; scale bars, 40 Âµm). b, Representative profile of Evans blue and Lyve-1 relative fluorescence intensity on a cross-section of the image presented in a. c, Quantification of the average intensity of Evans blue in the sinus, the lymphatic vessels and the meninges of adult mice (mean Â± s.e.m., n = 16 analysed fields from 4 independent animals; **P < 0.01, Kruskallâ€“Wallis with Dunnâ€™s multiple comparisons test). d, e, Adult mice were injected intranasally with 5 Âµl of 10% Evans blue. The successful targeting of the nasal mucosa (d) and the lack of accumulation of Evans blue in the deep cervical lymph nodes (e) 30 min after the injection are demonstrated.


Extended Data Figure 9 Effects of deep cervical lymph node resection and of the lymphatic vessels ligation on the meningeal immune compartment.
aâ€“e, The deep cervical lymph nodes were resected (xDCLN) or sham-operated. Three weeks after resection, the meninges were harvested, single cells isolated, and analysed for T-cell content by flow cytometry. a, Gating strategy to analyse meningeal T cells. Meningeal T cells are selected for singlets, CD45+, live cells and TCRÎ²+. b, Representative dot plot for CD8+ and CD4+ T cells in meninges of sham and xDCLN mice. c, Quantification of total T cells (TCRÎ²+), CD4+ and CD8+ in the meninges of xDCLN and sham mice (mean Â± s.e.m.; n = 3 animals each group; *P = 0.018; **P = 0.006 (CD8), P = 0.003 (TCRb); Studentâ€™s t-test; a representative experiment, out of two independently performed, is presented). d, Representative expression of CD62L and CD44 by CD4+ T cells phenotype in sham and xDCLN mice (n = 3 mice per group). e, Representative histogram for CD71 expression by meningeal CD4+ T cells in sham and xDCLN mice (n = 3 mice per group). f, Representative images of the ligation surgery. To highlight the lymph vessels, Evans blue was injected i.c.v. before the surgery. Black arrowhead points to the node, yellow arrowhead points to the ligated Evans blue-filled vessels. g, Sham-operated or ligated animals were injected i.c.v. with 5 Âµl of 10% Evans blue. The deep cervical lymph nodes were harvested 30 min after the injection and analysed for Evans blue content. Representative images of the Evans blue accumulation in the deep cervical lymph nodes of the sham-operated and ligated animals are presented. h, Quantification of the meningeal lymphatic vessel diameter in the superior sagittal sinus and the transverse sinuses in sham mice and after ligation of the collecting lymphatic vessels (mean Â± s.e.m., n = 5 mice per group from 2 independent experiments; two-way ANOVA with Bonferroni post hoc test).


Extended Data Figure 10 Connection between the glymphatic system and the meningeal lymphatic system.
A schematic representation of a connection between the glymphatic system, responsible for collecting of the interstitial fluids from within the central nervous system parenchyma to cerebrospinal fluid, and our newly identified meningeal lymphatic vessels.





Supplementary information
3D reconstruction of the meningeal lymphatic vessels around the superior sagittal sinus
Adult mice were injected i.v. with DyLight 488 lectin prior to euthanasia. Meninges were harvested and stained for lymphatic endothelial cells (Lyve-1). A 3D reconstruction of both the blood vasculature (green) and the meningeal lymphatic vessels (red) using IMARIS software are presented. (MOV 6838 kb)


Morphological features of the meningeal lymphatic vessels
Meninges and diaphragm from adult mice were harvested and stained for lymphatic endothelial cells (Lyve-1). A 3D reconstruction of the lymphatic network using IMARIS software is presented. (MP4 5998 kb)


CSF-filled vessel lining the dural sinuses
Adult mice were injected i.v. with fluorescein and i.c.v. with QDot655. The superior sagittal sinus was imaged intravitally by 2-photon microscope under a thinned skull. The CSF-filled vessel (red) is visible between the sinus (left) and the CSF (right). (MOV 3465 kb)


3D reconstruction of the meningeal lymphatic vessel by multiphoton microscopy
Adult mice were injected i.v. with QDot655 (red) and i.c.v. with Alexa488 conjugated anti-Lyve-1 antibody (green). The superior sagittal sinus was imaged intravitally by 2-photon microscope under a thinned skull and the surface was reconstructed using IMARIS software. The signal from the remaining skull (blue) was recorded. (MOV 8953 kb)


Flow directionality of the meningeal lymphatics
Adult mice were injected i.v. with fluorescein and i.c.v. with QDot655. The superior sagittal sinus was imaged intravitally by 2-photon microscope under a thinned skull. The blood flow in the sinus (green, left) appears faster than the one in the meningeal lymphatic vessels (red, right). The flow inside of the lymphatic vessels appears unidirectional. (MOV 9966 kb)





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2
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