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            Abstract
Immune surveillance against pathogens and tumours in the central nervous system is thought to be limited owing to the lack of lymphatic drainage. However, the characterization of the meningeal lymphatic network has shed light on previously unappreciated ways that an immune response can be elicited to antigens that are expressed in the brain1,2,3. Despite progress in our understanding of the development and structure of the meningeal lymphatic system, the contribution of this network in evoking a protective antigen-specific immune response in the brain remains unclear. Here, using a mouse model of glioblastoma, we show that the meningeal lymphatic vasculature can be manipulated to mount better immune responses against brain tumours. The immunity that is mediated by CD8 T cells to the glioblastoma antigen is very limited when the tumour is confined to the central nervous system, resulting in uncontrolled tumour growth. However, ectopic expression of vascular endothelial growth factor C (VEGF-C) promotes enhanced priming of CD8 T cells in the draining deep cervical lymph nodes, migration of CD8 T cells into the tumour, rapid clearance of the glioblastoma and a long-lasting antitumour memory response. Furthermore, transfection of an mRNA construct that expresses VEGF-C works synergistically with checkpoint blockade therapy to eradicate existing glioblastoma. These results reveal the capacity of VEGF-C to promote immune surveillance of tumours, and suggest a new therapeutic approach to treat brain tumours.
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                    Fig. 1: VEGF-C-mediated protection against glioblastoma depends on the draining lymph nodes and on T cells.[image: ]


Fig. 2: Human glioblastoma is deprived of lymphangiogenic signals at steady state, and VEGF-C levels correlate with T cell infiltration with anti-PD-1 therapy.[image: ]


Fig. 3: Therapeutic delivery of VEGF-C potentiates checkpoint inhibitor therapy by enhancing T cell priming and recruitment.[image: ]


Fig. 4: Therapeutic delivery of VEGF-C mediates protection against intracranial melanoma when combined with checkpoint inhibitor blockade and is equivalent to peripheral priming.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Increased meningeal lymphatic vasculature confers protection against intracranial glioblastoma challenge and provides long-term immunity without perturbance of the bloodâ€“brain barrier.
a, b, Mice inoculated with 50,000 GL261-Luc cells were imaged every 7 days and showed consistent and reliable tumour growth (nÂ =Â 4). c, GL261-Luc cells result in lethality in mice in a cell-number-dependent manner (500 cells, nÂ =Â 5 mice; 5,000 cells, nÂ =Â 5 mice; 50,000 cells, nÂ =Â 9 mice). d, Mice were injected intravenously with dextranâ€“fluorescein (molecular weight, 70,000 kDa) and euthanized after 2Â h. Brains were collected and cryosectioned (nÂ =Â 4) The experiment was repeated independently with similar results. e, Mice were injected intravenously with 0.5% Evans Blue. After 2Â h mice were perfused intraventricularly and Evans Blue was extracted from brain tissue using dimethylformamide (wild type, LPS, AAV-VEGF-C, VEGFC mRNA, nÂ =Â 4; tumour, tumourÂ +Â VEGFC mRNA, nÂ =Â 5). BBB, bloodâ€“brain barrier. f, Representative images of AAV-CTRL and AAV-VEGF-C-treated mice after implantation of 5,000 cells. The experiment was repeated independently with similar results. g, Monitoring of the long-term survival of mice after AAV-VEGF-C and AAV-CTRL injections into the cisterna magna (nÂ =Â 5). h, i, C57BL/6 mice received an injection of AAV-CTRL or AAV-VEGF-C through the cisterna magna. Six to eight weeks later, mice were euthanized and the dura was collected to image the lymphatic vasculature (LYVE1+) in the superior sagittal sinus (AAV-CTRL, nÂ =Â 4; AAV-VEGF-C, nÂ =Â 5). j, C57BL/6 mice that had been injected with CTRL-AAV or AAV-VEGF-C two months previously were implanted with 50,000 GL261-Luc cells in the striatum and monitored for survival (AAV-CTRL, nÂ =Â 4; AAV-VEGF-C, nÂ =Â 5). k, AAV-CTRL- or AAV-VEGF-C-treated mice were depleted of CD4 or CD8 T cells using anti-CD4 (GK1.5) or anti-CD8 (YTS169.4) antibodies starting one day before tumour inoculation (GL261) and redosed every four days afterwards (AAV-CTRL, nÂ =Â 4; AAV-VEGF-C, nÂ =Â 5; AAV-VEGF-CÂ +Â anti-CD8, nÂ =Â 4; AAV-VEGF-CÂ +Â anti-CD4, nÂ =Â 5). l, ÂµMT B-cell-deficient mice were injected with AAV-CTRL or AAV-VEGF-C and challenged with 50,000 GL261-Luc cells two months afterwards (AAV-CTRL, nÂ =Â 5; ÂµMT AAV-CTRL, nÂ =Â 3; ÂµMT AAV-VEGF-C, nÂ =Â 5). m, Top, schematic of the schedule of procedures for the experimentsÂ below (bottom panel) and in Fig. 1f. Mice injected with AAV-CTRL or AAV-VEGF-C that survived over 100 days after challenge with 5,000 GL261-Luc cells were rechallenged with 500,000 GL261-Luc cells in the flank. Bottom, IVIS imaging of mice ten days after flank rechallenge. Data are pooled from two independent experiments (hâ€“m) and are meanÂ Â±Â s.d. *PÂ <Â 0.05; **PÂ <Â 0.01; ***PÂ <Â 0.001; ****PÂ <Â 0.0001 (two-tailed unpaired Studentâ€™s t-test or two-sided log-rank Mantelâ€“Cox test).
Source data


Extended Data Fig. 2 Correlation of VEGF-C expression profiles between human and mouse glioblastoma.
aâ€“c, RNA-seq data of tumour tissue and healthy brain tissue from different regions (TCGA, study accession phs000178.v10.p8, and GTEX, study accession phs000424.v7.p2, respectively. a, b, Expression profiles of VEGF-A (a) and VEGF-C (b) (glioblastoma (GBM), nÂ =Â 147; cortex, nÂ =Â 133; amygdala, nÂ =Â 81; Brodmann areas 24 and 9, nÂ =Â 215; C1 segment, nÂ =Â 75; caudate nucleus, nÂ =Â 135; cerebellar hemisphere, nÂ =Â 115; cerebellum, nÂ =Â 146; hippocampus, nÂ =Â 103; hypothalamus, nÂ =Â 101; nucleus accumbens, nÂ =Â 125; putamen, nÂ =Â 103; substantia nigra, nÂ =Â 72; tibial nerve, nÂ =Â 329). c, RNA-seq data of mouse healthy brain and GL261 tumours were analysed (nÂ =Â 3 biologically independent samples). d, ONCLNC (www.oncolnc.org) data of patients with glioblastoma stratified into two groups (VEGF-C low, lower 33%; VEGF-C high, upper 33%; nÂ =Â 50). e, Kaplanâ€“Meier survival curves of patients from d (nÂ =Â 50). Data are meanÂ Â±Â s.d. *PÂ <Â 0.05; **PÂ <Â 0.01; ***PÂ <Â 0.001; ****PÂ <Â 0.0001 (two-tailed unpaired Studentâ€™s t-test, two-sided log-rank Mantelâ€“Cox test or Pearsonâ€™s correlation).
Source data


Extended Data Fig. 3 Validation of VEGFC mRNA in vitro, and its in vivo uptake and expression tropism.
a, The complementary DNA (cDNA) sequence of VEGFC that was used for mRNA production. b, 5-Methylcytosine and pseudouridine were used to substitute all of the cytosine and uridine bases in the mRNA. c, The VEGFCÂ mRNA construct was transfected into HEK293T cells and cell lysate and the medium was collected to detect full-length and secreted intermediate and processed peptides. d, The VEGFCÂ mRNA construct (5 Âµg) was delivered in vivo into the cisterna magna of mice using a JETPEI polyplex system. Six hours later, mouse CSF was collected using a capillary tube and filtered with an amicon filter, and the wash-through was used to run a western blot (each lane is nÂ =Â 10 mice pooled). e, Raw western blot images for Extended Data Fig. 4c (gel 1: column 1, control; column 2, Cy5â€“GFP mRNA; column 3, VEGFC mRNA; column 4, control; column 5, Cy5â€“GFP mRNA; column 6, VEGFCÂ mRNA; gel 2: column 1, control; column 2, Cy5â€“GFP mRNA; column 3, VEGFC mRNA) and Extended Data Fig. 4d (gel 3: columns 1â€“3, Cy5â€“GFP mRNA; columns 4â€“6, Cy5â€“GFPÂ mRNA; columns 7-9, recombinant human VEGF-C in increasing concentration). The experiments were repeated twice independently with similar results. f, VEGFC mRNA and Cy5-labelled GFP mRNA were mixed at a 1:1 ratio and delivered to mice in vivo using JETPEI. Fifteen minutes later, mice were euthanized and the whole skull cap was imaged to observe the distribution of mRNA particles. The experiments were repeated independently twice with similar results. g, h, VEGFC mRNA and Cy5-labelled GFP mRNA were mixed at a 1:1 ratio and delivered to mice in vivo using JETPEI. After 24Â h, the brains, meninges and lymph nodes of treated mice were collected for flow cytometry to measure the percentage of Cy5-positive cells in each compartment (control, nÂ =Â 6; Cy5-labelled mRNA, nÂ =Â 9; data are pooled from two independent experiments). i, The CSF, meninges, brain and serum were collected after two months (AAV-CTRL, AAV-VEGF-C), after 24Â h (GFP mRNA, VEGFC mRNA) or at days 7 and 28 after tumour inoculation, and an ELISA was performed to detect VEGF-C (CSF: AAV-VEGF-C, nÂ =Â 6; other groups, nÂ =Â 3; 5 mice were pooled for each sample; meninges: AAV-VEGF-C, nÂ =Â 6; 7-day tumour, nÂ =Â 3; other groups, nÂ =Â 5; brain: AAV-CTRL, GFP mRNA, nÂ =Â 6; AAV-VEGF-C, VEGFC mRNA, nÂ =Â 5; 7-day tumour, nÂ =Â 3; 28-day tumour, nÂ =Â 7; serum: nÂ =Â 3). Data are meanÂ Â±Â s.d. *PÂ <Â 0.05; **PÂ <Â 0.01; ***PÂ <Â 0.001; ****PÂ <Â 0.0001 (two-tailed unpaired Studentâ€™s t-test).
Source data


Extended Data Fig. 4 VEGF-C signals specifically in lymphatic endothelial cells in the meninges and deep cervical lymph nodes and provides survival benefits in a manner that depends on the administration time point.
a, Gating strategy for LECs and BECs. b, Concatenated FACS plots of LECs and BECs from meninges and lymph nodes, depicting AKT phosphorylation intensity. The experiment was repeated independently with similar results. c, Quantification of the AKT(pS473)-positive population and mean fluorescence intensity (MFI) within LECs and BECs in the meninges and deep cervical lymph nodes (meninges: wild type, nÂ =Â 5; AAV-VEGF-C, tumourÂ +Â LucÂ mRNA, tumourÂ +Â VEGFC mRNA, nÂ =Â 8; lymph nodes: wild type, nÂ =Â 5; AAV-VEGF-C, nÂ =Â 8; tumourÂ +Â LucÂ mRNA, nÂ =Â 7; tumourÂ +Â VEGFC mRNA, nÂ =Â 8). d, Fluorescence microscopy images of deep cervical lymph nodes after treatment with VEGFC mRNA in tumour-bearing mice (CD31, red; LYVE1, green; DAPI, blue). e, Fluorescence microscopy images of meninges after treatment with VEGFC mRNA in tumour-bearing mice (CD31, red; LYVE1, green; DAPI, blue). The experiment was repeated independently with similar results. fâ€“h, Mice were treated with AAV-VEGF-C or VEGFCÂ mRNA at different time points relative to GL261-Luc tumour inoculation (day 0). Tumour growth kinetics (g, h) and survival (f) were monitored (nÂ =Â 5 for all groups, no tx refers to mice receiving no treatment). Data are meanÂ Â±Â s.d. *PÂ <Â 0.05; **PÂ <Â 0.01; ***PÂ <Â 0.001; ****PÂ <Â 0.0001 (two-tailed unpaired Studentâ€™s t-test or two-sided log-rank Mantelâ€“Cox test).
Source data


Extended Data Fig. 5 Therapeutic delivery of VEGF-C potentiates checkpoint inhibitor therapy even at late stages of tumour development.
a, Related to Fig. 3c, d. Quantification of the number of cells per tumour-bearing brain hemisphere or lymph node using CountBright absolute counting beads and autocounter (seeÂ Methods for details) (lymph nodes: GFP mRNA, nÂ =Â 6; VEGFC mRNA, nÂ =Â 12; tumour: GFP mRNA, nÂ =Â 3; VEGFC mRNA, nÂ =Â 5). b, Mice that rejected tumours after combination therapy with VEGFC mRNA and anti-PD-1 (RMP1-14) were rechallenged in the contralateral hemisphere and observed for survival (naive, nÂ =Â 5; day 100 rejected, nÂ =Â 4). c, T cells from lymph nodes and spleens from mice that rejected tumours after combination therapy with VEGFC mRNA and anti-PD-1 (RMP1-14) or naive wild-type mice were isolated and transferred into naive wild-type mice intravenously. After 24Â h, GL261 tumours were inoculated intracranially and the mice were observed for survival (wild type, nÂ =Â 5; wild type with transfer of naive T cells, nÂ =Â 5; wild type with transfer of memory T cells, nÂ =Â 7). d, Mice inoculated with 50,000 GL261-Luc cells were treated with VEGFC mRNA or GFP mRNA (day 7) and with either anti-PD-1 (RMP1-14) antibodies or isotype antibodies (days 7, 9 and 11), and monitored for survival. Mice were depleted of CD4 or CD8 T cells using anti-CD4 (GK1.5) or anti-CD8 (YTS169.4) antibodies starting one day before tumour inoculation and redosed every four days afterwards (VEGFC mRNA + anti-PD-1, nÂ =Â 6; GFP mRNA + anti-PD-1, nÂ =Â 6; VEGFC mRNA + anti-PD-1 + anti-CD4, nÂ =Â 5; VEGFC mRNA + anti-PD-1 + anti-CD8, nÂ =Â 5). e, Schematic of experimental design for the results shown in f and g. f, g, Mice inoculated with 50,000 CT-2Aâ€“BFP cells (f) or CT-2A cells (g) were treated with VEGFC mRNA or GFP mRNA (day 7) and either with PBS or with anti-PD-1(RMP1-14) and/or anti-4-1BB (LOB12.3) antibodies (days 7, 9 and 11), and monitored for survival (f, VEGFC mRNA + anti-PD-1 + anti-4-1BB, nÂ =Â 5; GFP mRNA + anti-PD-1 + anti-4-1BB, nÂ =Â 5; VEGFC mRNA + PBS, nÂ =Â 4; GFP mRNA + PBS, nÂ =Â 6; g, nÂ =Â 5 for all groups except VEGFC mRNA + anti-4-1BB + anti-PD-1, nÂ =Â 7). hâ€“j, Mice inoculated with 50,000 GL261 cells were treated with VEGFC mRNA or GFP mRNA (day 7) and either with PBS or with anti-PD-1 (RMP1-14) (h), anti-TIM3 (RMT3-23) (i) or anti-CTLA4 (9H10) antibodies (j) (days 7, 9 and 11), and monitored for survival (nÂ =Â 5). For i and j, the same control mice were used for the GFP mRNA + PBS and VEGFC mRNA + PBS groups. k, Schematic of experimental design for the results shown in l. l, Mice inoculated with 50,000 GL261-Luc cells were treated with VEGFC mRNA or GFP mRNA (day 20) and either with PBS or with anti-PD-1 (RMP1-14) and anti-TIM3 (RMT3-23) antibodies (days 20, 22 and 24), and monitored for survival (nÂ =Â 5). *PÂ <Â 0.05; **PÂ <Â 0.01; ***PÂ <Â 0.001; ****PÂ <Â 0.0001 (two-tailed unpaired Studentâ€™s t-test or two-sided log-rank Mantelâ€“Cox test).
Source data


Extended Data Fig. 6 Validation of endogenous retrovirus EMV2 as a tumour antigen for GL261.
a, RNA-seq analysis of mouse endogenous retrovirus elements in publicly available datasets on C57BL/6J mice brains and GL261 cell lines from various sources. b, Quantification of endogenous retrovirus elements in healthy brain and tumour tissue, from RNA-seq (brain, nÂ =Â 9; tumour, nÂ =Â 6). c, Gating strategies for tetramer staining. d, Mice were injected with 500,000 GL261 cells or PBS in the flank. Seven days after tumour inoculation, draining inguinal lymph nodes were collected and emv2-env (Kb-restricted peptides aa 604â€“611 of p15E protein (KSPWFTTL)) tetramers were used to validate tumour-specific T cell proliferation. The experiments were repeated twice independently with similar results. Data are meanÂ Â±Â s.e.m.
Source data


Extended Data Fig. 7 VEGF-C-dependent anti-PD-1 potentiation is specific to VEGF-C among proteins of the VEGF family, and is not caused by a direct effect on tumour or immune cells.
a, b, C57BL/6 mice received an injection of AAV-CTRL or AAV-s(oluble)VEGFR-3 intracisternally through the cisterna magna. After four weeks, mice were euthanized and the dura mater was collected to image the lymphatic vasculature (LYVE1) in the confluence of sinuses (a). The relative area of lymphatic vasculature in the confluence of sinuses was quantified (b) (nÂ =Â 5). c, Mice were pretreated with AAV-sVEGFR-3 four to six weeks before tumour inoculation. Seven days after tumour inoculation, mice were treated with VEGFC mRNA and anti-PD-1 (RMP1-14) antibodies (days 7, 9 and 11) (nÂ =Â 5). dâ€“f, Mice were treated with 5 Âµg of recombinant protein (VEGF-A, VEGF-B, VEGF-Cs or VEGF-D) in combination with anti-PD-1 (RMP1-14) antibodies (days 7, 9 and 11) and monitored for survival and tumour growth (nÂ =Â 5). gâ€“k Mice were injected with CT-2Aâ€“BFP tumours and were treated with VEGFC mRNA at day 7. On day 8, brains and lymph nodes from all mice were collected and analysed using flow cytometry. The experiment was repeated independently with similar results. g, Sample flow cytometry plots of experiments. hâ€“k, Quantification of experiments (nÂ =Â 5). l, Flow cytometry was used to evaluate the expression of VEGFR-3 in GL261 cells. A VEGFR3â€“GFP plasmid was transfected into HEK293T cells as a positive control. The experiment was repeated independently with similar results. m, MTT assay to measure the proliferation of GL261 cancer cells in the presence of VEGF-C after 48Â h (nÂ =Â 8 per group). n, Flow cytometry was used to evaluate the expression of VEGFR-3 in leukocyte compartments in the tumour. The experiment was repeated independently with similar results. o, Bone-marrow-derived dendritic cells were cultured with VEGF-C and evaluated for the expression of costimulatory molecules in the naive state (top row) or with LPS stimulation (bottom row). p, Isolated T cells were activated in vitro with CD3 or CD28 and IL-2 in the presence of VEGF-C. Data are meanÂ Â±Â s.d. *PÂ <Â 0.05; **PÂ <Â 0.01; ***PÂ <Â 0.001; ****PÂ <Â 0.0001 (two-tailed unpaired Studentâ€™s t-test or two-sided log-rank Mantelâ€“Cox test).
Source data


Extended Data Fig. 8 Flow cytometry analysis of myeloid cell populations after treatment with VEGF-C.
Mice bearing 7-day tumours were treated with LucÂ mRNA or VEGFC mRNA and evaluated for changes in the populations of myeloid cells. a, Gating strategy for different myeloid cells. bâ€“d, Cell counts of different cell types were measured at different time points after VEGFCÂ mRNA treatment. cDC, classical dendritic cell; DC, dendritic cell; pDC, plasmacytoid dendritic cell. eâ€“g, MHC II and CD80 MFI levels were quantified and showed no significant alteration after treatment with VEGFCÂ mRNA. b and e are leukocytes from brain tissue; c and f are leukocytes from draining cervical lymph nodes; d and g are leukocytes from meninges (nÂ =Â 3, 3 mice were pooled for each replicate). Data are meanÂ Â±Â s.e.m *PÂ <Â 0.05; **PÂ <Â 0.01; ***PÂ <Â 0.001; ****PÂ <Â 0.0001 (two-tailed unpaired Studentâ€™s t-test).
Source data


Extended Data Fig. 9 VEGF-C treatment changes T cell phenotypes and functionality.
Mice bearing 7-day-tumours were treated with LucÂ mRNA or VEGFC mRNA and evaluated for changes. a, Mouse brains were collected two days after treatment with VEGFC mRNA, cryosectioned and analysed by immunofluorescence microscopy. b, Gating strategy for flow cytometry analysis of T cells. c, Example of TCF7 staining in CD3+CD8+CD44+ cell populations after VEGFC mRNA treatment. The experiment was repeated twice independently with similar results. d, Percentage of TCF7+ T cells in the CD3+CD8+CD44+ population in the brain (LucÂ mRNA, nÂ =Â 14; VEGFC mRNA, nÂ =Â 9; data pooled from 3 independent experiments). e, Number of CD3+CD8+CD44+ cells producing IFNÎ³, TNF, IL-2 and GZMB in the brain (nÂ =Â 3; 3 mice were pooled for each sample). Violin plots display quartiles (dotted horizontal lines), median (dashed line) and minimum and maximum values (solid lines). f, Quantification of cell counts in different compartments after treatment with VEGFC mRNA. Percentage of cells expressing specific transcription factors or immune checkpoint inhibitors after treatment with VEGFC mRNA. g, Gating strategy for cytokine production in T cells. h, i, Quantification of T cells expressing multiple cytokines (nÂ =Â 3, 3 mice were pooled for each replicate). Data are meanÂ Â±Â s.e.m. *PÂ <Â 0.05; **PÂ <Â 0.01; ***PÂ <Â 0.001; ****PÂ <Â 0.0001 (two-tailed unpaired Studentâ€™s t-test).
Source data


Extended Data Fig. 10 Therapeutic application of VEGF-C mediates protection against intracranial melanoma cell lines when combined with various checkpoint inhibitors.
a, Schematic of experimental design for Fig. 4aâ€“c and bâ€“e. b, Growth kinetics of flank tumours from Fig. 4aâ€“c were measured using a caliper (nÂ =Â 12 for all groups except the ligation group, nÂ =Â 7). câ€“e, Mice were given either only B16 intracranial tumours (IC) (c) or both a B16 intracranial tumour and a B16 flank tumour (FT) (d) and treated with GFP mRNA or VEGFC mRNA on day 7, and anti-PD-1 (RMP1-14), anti-CTLA4 (9H10) and anti-TIM3 (RMT3-23) on days 7, 9 and 11. f, Flow cytometry gating strategy for Fig. 4e, f. g, Schematic of VEGF-C-induced tumour rejection. *PÂ <Â 0.05; **PÂ <Â 0.01; ***PÂ <Â 0.001; ****PÂ <Â 0.0001 (two-sided log-rank Mantelâ€“Cox test).
Source data
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