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High endothelial venules (HEVs) are specialized blood vessels allowing recirculation of naïve lymphocytes through lymphoid organs. Here, using full length single-cell RNA sequencing, RNA-FISH, flow cytometry and immunohistofluorescence, we reveal the heterogeneity of HEVs in adult mouse peripheral lymph nodes (PLNs) under conditions of homeostasis, antigenic stimulation and after inhibition of lymphotoxin-β receptor (LTβR) signaling. We demonstrate that HEV endothelial cells are in an activated state during homeostasis, and we identify the genes characteristic of the differentiated HEV phenotype. We show that LTβR signaling regulates many HEV genes and pathways in resting PLNs, and that immune stimulation induces a global and temporary inflammatory phenotype in HEVs without compromising their ability to recruit naïve lymphocytes. Most importantly, we uncover differences in the regulation of genes controlling lymphocyte trafficking, Glycam1, Fut7, Gcnt1, Chst4, B3gnt3 and Ccl21a, that have implications for HEV function and regulation in health and disease.

Introduction

High endothelial venules (HEVs) are anatomically distinct post-capillary venules specialized in lymphocyte trafficking that are found in lymph nodes and other secondary lymphoid organs (with the exception of spleen) [START_REF] Girard | HEVs, lymphatics and homeostatic immune cell trafficking in lymph nodes[END_REF][START_REF] Girard | High endothelial venules (HEVs): specialized endothelium for lymphocyte migration[END_REF][START_REF] Rosen | Ligands for L-selectin: homing, inflammation, and beyond[END_REF].

HEVs play a critical role in immunity by allowing recirculation (homing) of naïve lymphocytes throughout the different lymphoid organs of the body, thus providing effective immune surveillance for foreign invaders. HEVs in peripheral lymph nodes (PLNs), mesenteric lymph nodes and Peyer's patches share the capacity to recruit lymphocytes, however, they exhibit tissue-specific specialization [START_REF] Lee | Transcriptional programs of lymphoid tissue capillary and high endothelium reveal control mechanisms for lymphocyte homing[END_REF]. Blood vessels with HEV characteristics are found in the stroma of solid tumors [START_REF] Martinet | Human solid tumors contain high endothelial venules: association with T-and B-lymphocyte infiltration and favorable prognosis in breast cancer[END_REF] and in the chronically inflamed tissues in many inflammatory diseases [START_REF] Girard | HEVs, lymphatics and homeostatic immune cell trafficking in lymph nodes[END_REF][START_REF] Girard | High endothelial venules (HEVs): specialized endothelium for lymphocyte migration[END_REF][START_REF] Rosen | Ligands for L-selectin: homing, inflammation, and beyond[END_REF]. A better understanding of HEV differentiation could thus have important implications for immunity, inflammation and cancer.

HEV endothelial cells (HECs) in PLNs have a plump appearance, numerous ribosomes and a prominent Golgi complex [START_REF] Girard | High endothelial venules (HEVs): specialized endothelium for lymphocyte migration[END_REF]. They express high levels of 6-sulfo sialyl Lewis X (6-sulfo sLe X ) carbohydrate ligands for the lymphocyte homing receptor L-selectin, that mediates the initial interactions of lymphocytes with HEV walls [START_REF] Rosen | Ligands for L-selectin: homing, inflammation, and beyond[END_REF]. 6-sulfo sLe X decorates extended core 1 and core 2 O-glycans and Nglycans [START_REF] Mitoma | Critical functions of N-glycans in Lselectin-mediated lymphocyte homing and recruitment[END_REF][START_REF] Yeh | Novel sulfated lymphocyte homing receptors and their control by a Core1 extension beta 1,3-N-acetylglucosaminyltransferase[END_REF] in HEV sialomucins, a family of sulfated, fucosylated and sialylated mucin-like glycoproteins recognized by the HEV-specific mAb MECA-79, and collectively known as peripheral node addressin (PNAd) [START_REF] Rosen | Ligands for L-selectin: homing, inflammation, and beyond[END_REF].

Major components of PNAd in mouse PLNs include CD34 and glycosylation-dependent cell adhesion molecule 1 (GlyCAM-1) [START_REF] Rosen | Ligands for L-selectin: homing, inflammation, and beyond[END_REF]. HECs express several enzymes critically involved in the synthesis of the 6-sulfo sLe X epitope decorating PNAd, including sulfotransferases GlcNAc6ST-2 (Chst4) and GlcNAc6ST-1 (Chst2) [START_REF] Kawashima | Nacetylglucosamine-6-O-sulfotransferases 1 and 2 cooperatively control lymphocyte homing through L-selectin ligand biosynthesis in high endothelial venules[END_REF] CONFIDENTIAL February 8th 2019 4 [START_REF] Uchimura | A major class of L-selectin ligands is eliminated in mice deficient in two sulfotransferases expressed in high endothelial venules[END_REF], fucosyltransferases FucT-VII (Fut7) and FucT-IV (Fut4) [START_REF] Homeister | The alpha(1,3)fucosyltransferases FucT-IV and FucT-VII exert collaborative control over selectin-dependent leukocyte recruitment and lymphocyte homing[END_REF], core 2 branching enzyme Core2GlcNAcT (Gcnt1) [START_REF] Gauguet | Core 2 branching beta1,6-N-acetylglucosaminyltransferase and high endothelial cell N-acetylglucosamine-6sulfotransferase exert differential control over B-and T-lymphocyte homing to peripheral lymph nodes[END_REF][START_REF] Mitoma | Critical functions of N-glycans in Lselectin-mediated lymphocyte homing and recruitment[END_REF] and core 1 extension enzyme Core1-β3GlcNAcT (B3gnt3) [START_REF] Mitoma | Critical functions of N-glycans in Lselectin-mediated lymphocyte homing and recruitment[END_REF][START_REF] Yeh | Novel sulfated lymphocyte homing receptors and their control by a Core1 extension beta 1,3-N-acetylglucosaminyltransferase[END_REF]. HECs also express high levels of chemokine CCL21 that mediates firm binding (sticking) of naïve lymphocytes to HEV walls [START_REF] Stein | The CC chemokine thymusderived chemotactic agent 4 (TCA-4, secondary lymphoid tissue chemokine, 6Ckine, exodus-2) triggers lymphocyte function-associated antigen 1-mediated arrest of rolling T lymphocytes in peripheral lymph node high endothelial venules[END_REF]. Presentation of CCL21 by membrane heparan sulfate proteoglycans is important for lymphocyte trafficking to PLNs [START_REF] Bao | Endothelial heparan sulfate controls chemokine presentation in recruitment of lymphocytes and dendritic cells to lymph nodes[END_REF].

HEV differentiation is controlled by the lymphoid tissue microenvironment [START_REF] Lacorre | Plasticity of endothelial cells: rapid dedifferentiation of freshly isolated CONFIDENTIAL February 8th 2019 26 high endothelial venule endothelial cells outside the lymphoid tissue microenvironment[END_REF]. HEVs rapidly dedifferentiate when PLNs are deprived of afferent lymph, and lymphocyte homing is inhibited [START_REF] Mebius | Expression of GlyCAM-1, an endothelial ligand for L-selectin, is affected by afferent lymphatic flow[END_REF][START_REF] Mebius | The influence of afferent lymphatic vessel interruption on vascular addressin expression[END_REF][START_REF] Swarte | Regulation of fucosyltransferase-VII expression in peripheral lymph node high endothelial venules[END_REF]. A similar dedifferentiation of PLN HEVs characterized by downregulation of Glycam1, Fut7 and Chst4, and reversion to an immature phenotype is observed after in vivo depletion of CD11c + dendritic cells [START_REF] Moussion | Dendritic cells control lymphocyte entry to lymph nodes through high endothelial venules[END_REF]. Dendritic cells produce ligands for the lymphotoxin-β receptor (LTβR) [START_REF] Moussion | Dendritic cells control lymphocyte entry to lymph nodes through high endothelial venules[END_REF], which is expressed at the surface of HECs [START_REF] Drayton | I kappa B kinase complex alpha kinase activity controls chemokine and high endothelial venule gene expression in lymph nodes and nasal-associated lymphoid tissue[END_REF][START_REF] Liao | Synchrony of high endothelial venules and lymphatic vessels revealed by immunization[END_REF]. Activation of LTβR and downstream non-canonical (alternative) NFκB pathway is important for HEV formation [START_REF] Drayton | I kappa B kinase complex alpha kinase activity controls chemokine and high endothelial venule gene expression in lymph nodes and nasal-associated lymphoid tissue[END_REF][START_REF] Onder | Endothelial cell-specific lymphotoxin-beta receptor signaling is critical for lymph node and high endothelial venule formation[END_REF] and prolonged treatment with LTβR-Ig soluble decoy receptor in the adult results in the downregulation of mature HEV markers PNAd, Glycam1, Fut7 and Chst4 [START_REF] Browning | Lymphotoxin-beta receptor signaling is required for the homeostatic control of HEV differentiation and function[END_REF].

The number of HEVs rapidly increases after immune stimulation of PLNs [START_REF] Mondor | Clonal Proliferation and Stochastic Pruning Orchestrate Lymph Node Vasculature Remodeling[END_REF][START_REF] Webster | Regulation of lymph node vascular growth by dendritic cells[END_REF]. HECs proliferate [START_REF] Mondor | Clonal Proliferation and Stochastic Pruning Orchestrate Lymph Node Vasculature Remodeling[END_REF][START_REF] Webster | Regulation of lymph node vascular growth by dendritic cells[END_REF], mature HEV markers are transiently downregulated [START_REF] Hoke | Selective modulation of the expression of L-selectin ligands by an immune response[END_REF][START_REF] Liao | Synchrony of high endothelial venules and lymphatic vessels revealed by immunization[END_REF][START_REF] Swarte | Regulation of fucosyltransferase-VII expression in peripheral lymph node high endothelial venules[END_REF] and inflammatory proteins P-selectin, E-selectin and CXCL9 are upregulated [START_REF] Guarda | L-selectin-negative CCR7-CONFIDENTIAL February 8th[END_REF][START_REF] Janatpour | Tumor necrosis factor-dependent segmental control of MIG expression by high endothelial venules in inflamed lymph nodes regulates monocyte recruitment[END_REF][START_REF] Martin-Fontecha | CD40L+ CD4+ memory T cells migrate in a CD62P-dependent fashion into reactive lymph nodes and license dendritic cells for T cell priming[END_REF][START_REF] Yoneyama | Evidence for recruitment of plasmacytoid dendritic cell precursors to inflamed lymph nodes through high endothelial venules[END_REF].
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Results

Single-cell transcriptomics of PLN HEVs

HEVs can be readily seen and identified in PLNs using MECA-79 mAb against PNAd (Figure 1A). However, HECs are rare since they represent less than 0.02 % of the total cell population in a homeostatic adult PLN [START_REF] Moussion | Dendritic cells control lymphocyte entry to lymph nodes through high endothelial venules[END_REF]. Enrichment strategies based on known or novel markers are required for scRNA-seq of rare cells (< 1%) [START_REF] Giladi | Single-Cell Genomics: A Stepping Stone for Future Immunology Discoveries[END_REF]. Indeed, we calculated that sequencing of 50 000 PLN cells using an unbiased scRNA-seq approach will result in the sequencing of only ~ 10 HECs. To investigate the transcriptome of HECs at the single cell level, we thus opted for a full length scRNA-seq approach (Fluidigm C1 platform) after cell-sorting with MECA-79. Previous intravital microscopy analysis of the PLN microcirculation showed that MECA-79 + blood vessels correspond to functional HEVs that mediate lymphocyte recruitment [START_REF] Girard | HEVs, lymphatics and homeostatic immune cell trafficking in lymph nodes[END_REF]. By using cell-sorting with MECA-79 in our scRNA-seq approach, we thus captured the bona fide functional HECs. CD31 hi gp38 -MECA-79 + HECs (Figure 1B) were sorted from PLNs using flow cytometry (Figure 1C) and then separated into individual cells using C1 microfluidic chips (Figures 1D and1E). The Fluidigm C1 platform offered the possibility to eliminate wells containing both an isolated HEC and a CD45-Cy3 + or gp38-Cy3 + contaminating cell.

Visual inspection of the wells was important because very often lymphocytes remain attached to individual HECs, due to the peculiar nature and stickiness of HECs. HECs in their unstimulated, basal functional state were defined as homeostatic HECs (hHEC), and CD31 hi gp38 -MECA-79 -blood endothelial cells (bEC) were used as a "non-HEC" control (Figure 1C).

We selected two additional conditions for which we knew from previous studies that the HEV phenotype will be specifically modulated: 1) HEV dedifferentiation after interruption of LTβR signaling [START_REF] Browning | Lymphotoxin-beta receptor signaling is required for the homeostatic control of HEV differentiation and function[END_REF][START_REF] Liao | Synchrony of high endothelial venules and lymphatic vessels revealed by immunization[END_REF]; 2) HEV remodeling after antigenic stimulation of PLNs with oxazolone (OX), a haptenating agent that makes self-proteins antigenic [START_REF] Hoke | Selective modulation of the expression of L-selectin ligands by an immune response[END_REF][START_REF] Liao | Synchrony of high endothelial venules and lymphatic vessels revealed by immunization[END_REF][START_REF] Swarte | Regulation of fucosyltransferase-VII expression in peripheral lymph node high endothelial venules[END_REF].

We thought that combining the results of these two conditions in the same study could allow us to identify genes closely associated with the functional HEV phenotype. We isolated dedifferentiated HECs (dHEC) 7 days after a single short-term treatment with LTβR-Ig soluble decoy receptor (Figure 1F) [START_REF] Liao | Synchrony of high endothelial venules and lymphatic vessels revealed by immunization[END_REF] rather than after repeated longterm treatments [START_REF] Browning | Lymphotoxin-beta receptor signaling is required for the homeostatic control of HEV differentiation and function[END_REF], in order to study the earliest changes in the HEV transcriptome after interruption of LTβR signaling. In the second model, mice were topically treated with a single dose of OX on the skin, and PLNs were harvested 3 days later. Inflamed HECs (iHEC) represented approximately 10-15% of total CD31 + endothelial cells in the inflamed PLNs (Figures 1G and 1H).

Overall, 276 cells were characterized by full-length scRNA-seq, of which 56 low quality cells (20 %) were removed by stringent quality metrics (Figure S1). Of the 220 cells retained, 79 were hHEC, 44 were dHEC, 65 were iHEC and 32 were bEC. scRNA-seq performed to a sequencing depth > 2 million reads resulted in the identification of 3000-8000 genes per cell. We noted that iHEC expressed a larger number of genes (mean, 6269 genes) than bEC (mean, 5508 genes), hHEC (mean, 5637 genes) and dHEC (mean, 5532 genes), but this was not unexpected as inflammation induces the expression of inflammatory genes in many cell types. We calculated differentially expressed genes between each condition using Monocle (Table S1). There were 1560 differentially expressed genes between hHEC and bEC, with 1179 genes having higher expression in hHEC than in bEC and 381 genes having higher expression in bEC than in hHEC. When all expressed genes were plotted on a variability plot, the genes upregulated in hHEC were among the most variable transcripts expressed (Figure 1I).
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The 1560 differentially expressed genes were used to perform a t-Distributed Stochastic Neighbor Embedding (t-SNE) on all samples. All bEC clustered very closely, and the three HECs conditions clustered separately with a few individual samples appearing in the other clusters (Figure 1J). The differentially expressed genes were further classified into genes differentially expressed in dHEC, iHEC or both. Expression distribution (violin plots) of representative genes in each category is shown in Figure 1K. Violin plots for genes previously shown to be expressed in hHEC (Table S2) are shown in Figure S2, and those for genes encoding signaling components of the canonical and non-canonical NFκB pathway in Figure S3. We confirmed the upregulation of several regulators of the non-canonical NFκB pathway (Relb, Nfkb2,…) in hHEC using RT-qPCR (Figure S3).

PLN HEVs are heterogeneous during homeostasis

While dropout events are common for genes with low expression levels due to the technical limitations of scRNA-seq, it was particularly surprising to discover that Glycam1 and Ccl21a, the two most abundant genes preferentially expressed in hHEC, were expressed at low amounts in some hHEC (Figure 2A and 2B). In comparison, B2m and Actb, two housekeeping genes that are also expressed at high levels, were stably expressed across all cells (Figures 2A and 2B). Similar to Glycam1 and Ccl21a, genes encoding critical HEV enzymes (Fut7, Chst2, Chst4, Gcnt1 and B3gnt3) were heterogeneously expressed in hHEC (Figure 2A). Genes encoding HEV sialomucins (Cd34, Emcn, Cd300lg) also showed some variance within both populations.

We next performed RNA-fluorescence in situ hybridization (RNA-FISH) and immunohistochemical analyses. We found that, in a subset of HEVs, some MECA-79 + HECs expressed high levels of GlyCAM1 mRNAs (Figure 2C) or GlyCAM-1 protein (Figure 2D), while adjacent cells expressed none. We also observed spatial heterogeneity. HEVs in the CONFIDENTIAL February 8th 2019 9 PLN paracortex had higher expression levels of GlyCAM-1 (yellow arrow) than HEVs located close to the medulla (blue arrow), despite MECA-79 staining being relatively constant (Figure 2E). Similar to Glycam1, Ccl21a mRNAs were heterogeneously expressed in HEVs in situ (Figure 2F). Intracellular staining with an anti-CCL21 antibody revealed that 20-25% of MECA-79 + HECs in homeostatic PLNs expressed low levels of CCL21 protein (Figure 2G). Together, these data revealed the heterogeneity of PLN HEVs at steady state.

LTβR signaling maintains many HEV genes and pathways in homeostatic PLNs

Of the 1560 differentially expressed genes between hHEC and bEC, 198 genes were also differentially expressed between hHEC and dHEC, but not between hHEC and iHEC (Figure 3), the majority being downregulated and many involved in the NFκB signaling pathway (Figure 3A). Inhibition of LTβR signaling influenced other genes with important functions, including genes related to complement (Figure 3B), genes encoding membrane receptors (Figure 3C), and genes encoding proteins important for blood vessel function and cell adhesion (Figure 3D). Other HEC genes affected by LTβR-Ig inhibition included many genes involved in the regulation of gene expression, encoding histone modifiers, transcriptional inhibitors, transcription elongation factors, and regulators of mRNA splicing or transport (Figure 3E). In addition, many genes necessary for protein assembly (Figure 3F), transport (Figure 3G) and degradation (Figure 3H) were also downregulated in dHEC. The LTβR signaling pathway thus controls many aspects of HEV differentiation in homeostatic PLNs.

HEV genes controlling lymphocyte trafficking are regulated differently after interruption of LTβR signaling

Violin plots and t-stochastic neighbor embedding (t-SNE) analyses revealed that expression levels of mature HEV genes Glycam1, Fut7 and Gcnt1 were significantly reduced after CONFIDENTIAL February 8th 2019 10 interruption of LTβR signaling (Figures 4A and4B). In contrast, Ccl21a, Chst4, Chst2, Cd34, Emcn, Cd300lg and B3gnt3 were not downregulated in dHEC. Chst4 expression appeared to be lower in some individual HECs, but the mild LTβR blockade used in our experiments was not sufficient to significantly reduce its mean expression level. RNA-FISH analyses provided independent evidence that expression of Glycam1 was downregulated in HEVs after shortterm treatment with LTβR-Ig (Figure 4C). In contrast, expression of Cd34 was similar in both conditions and Ccl21a mRNA levels were slightly increased. We concluded that HEV genes controlling lymphocyte trafficking are regulated differently after interruption of LTβR signaling.

HEVs are heterogeneous in inflamed PLNs

scRNA-seq analysis of iHEC revealed downregulation of mature HEV genes Glycam1, Fut7, Cd300lg, Gcnt1, and a trend for Ccl21a and Chst2 (Figure 5A). However, the gene expression profile of iHEC was highly heterogeneous. Global downregulation of GlyCAM-1 expression in inflamed PLNs was also apparent at the protein level (Figure S4A). Expression of the protein was completely lost in certain MECA-79 + HEVs, but in other vessels it was maintained at high levels in all iHEC or in a single iHEC (Figure 5B). Expression of Glycam1 and Ccl21a was highly correlated in iHEC (Spearman rho = 0.79 for iHEC vs rho = 0.11 for hHEC) (Figure S4B) and Glycam1 high Ccl21a low cells were not found in the iHEC population (Figure S4C). In fact, most of the mature HEV genes became more correlated in iHEC, with the notable exception of B3gnt3 (Figure S4B). Since we observed an upregulation of 39 cell cycle genes in iHEC vs hHEC (Table S1), we investigated the possibility that proliferation of HECs after immune stimulation may cause reduced transcription of mature HEV genes.

However, Spearman correlations of the upregulated cell cycle genes did not show strong positive or negative correlations with mature HEV genes (Figure S4D). Moreover, although CONFIDENTIAL February 8th 2019 11 CCL21 expression was downregulated (Figure S5A) and the percentage of CCL21 low cells increased in iHEC from OX-treated PLNs (Figure 5C), both ki67 + (proliferating) and ki67 - (non-proliferating) HECs expressed high and low levels of CCL21 in untreated or treated PLNs (Figure 5D).

Chst4 expression in iHEC was unchanged, and B3gnt3 was upregulated (Figure 5A), in accordance with the strong immunoreactivity of MECA-79 with HEVs in inflamed PLNs (Figure 5B). Madcam1, Sele, Selp, Cxcl9 and Mcam (encoding CD146) were upregulated in MECA-79 + iHEC (Figure 5E), similar to B3gnt3. Although Cxcl9 high cells generally expressed lower levels of Glycam1, Cxcl9 expression was also observed in some Glycam1 high iHEC (Figure 5F). CD146 expression was increased in iHEC (Figure S5B) and the protein shifted from a heterogeneous basal lamina-associated pattern in homeostatic HEVs to a homogenous cell-associated pattern (Figure 5G). P-selectin protein was detected in small quantities in hHEC but upregulated in many iHEC after antigen exposure, whereas E-selectin protein was only seen in a few iHEC in a heterogeneous pattern (Figure 5H). Sporadic expression of MAdCAM-1 in iHEC was detected both in the scRNA-seq data (Figure 5E) and histological analysis (Figure 5I). However, in both cases, MAdCAM-1 + MECA-79 + iHEC were very rare.

Together, these results revealed a high degree of heterogeneity of PLN HEVs during inflammation.

HEVs undergo a global and temporary phenotypic shift after immune stimulation of

PLNs

To further define the phenotypic shift of HEVs during inflammation, we analyzed the other genes modulated in iHEC after immune stimulation of PLNs with OX. Genes decreased in iHEC (Figure 6A) included Enpp2, which encodes autotaxin, an important enzyme for lymphocyte migration through HEV walls [START_REF] Girard | HEVs, lymphatics and homeostatic immune cell trafficking in lymph nodes[END_REF], and five activity-dependent CONFIDENTIAL February 8th 2019 12 genes (also designated immediate-early genes or early-response genes): Jun, Fosb, Nfkbia, Zfp36 and Gadd45g. Genes upregulated in iHEC (Figures 6B andS5C) included the genes encoding costimulatory molecule TNFRSF9 (Tnfrsf9; also known as CD137), and cholesterol 25-hydroxylase (Ch25h), an enzyme involved in the synthesis of oxysterol ligands for Gprotein coupled chemotactic receptor EBI2 [START_REF] Girard | HEVs, lymphatics and homeostatic immune cell trafficking in lymph nodes[END_REF]. In addition, there were genes whose expression increased in iHEC to resemble a bEC profile (Figure 6C) and genes that were upregulated in iHEC but not differentially expressed between hHEC and bEC, often because of low or no expression in hHEC at steady state (Figures 6D andS5D). These included the genes encoding chondroitin sulfate proteoglycan versican (Vcan) and LYVE-1 (Lyve1). Although LYVE-1 + iHEC were rare in the scRNA-seq data, some LYVE-1 + MECA-79 + HEVs were observed in tissue sections (Figure S5E) in agreement with a previous report [START_REF] Liao | Synchrony of high endothelial venules and lymphatic vessels revealed by immunization[END_REF]. iHEC in a single vessel were either all positive for LYVE-1 or not at all indicating spatial heterogeneity.

RT-qPCR analyses on independent HEC and bEC samples confirmed that mature HEV genes Glycam1 and Fut7, but not Chst4, were downregulated in HECs 3 days after stimulation of PLNs with OX (Figure 6E). However, this downregulation was transient and expression of Glycam1 and Fut7 was restored 7 days after OX stimulation. Expression of activity-dependent genes Jun and Zfp36 in HECs followed a similar pattern, with transient downregulation at day 3 (Figure 6E). Regulation of these two genes was specific to HECs since no change in mRNA was observed in bEC isolated from the same PLNs. Zfp36 encodes tristetraprolin (TTP), a protein that destabilizes mRNAs of inflammatory proteins in endothelial cells [START_REF] Zhang | mRNA-binding protein ZFP36 is expressed in atherosclerotic lesions and reduces inflammation in aortic endothelial cells[END_REF]. Its transient downregulation in inflamed HECs coincided with transient upregulation of the mRNAs encoded by inflammatory genes Selp, Sele and Cxcl9 (Figure 6E).
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13 Interestingly, homing experiments (Figure 6F) and intravital microscopy analyses (Figure 6G) revealed that, despite the downregulation of several mature HEV genes, naïve lymphocytes were efficiently recruited in inflamed PLNs 3 days after immune stimulation with OX. We concluded that PLN HEVs undergo a global and temporary shift towards an inflammatory phenotype after antigenic stimulation, but maintain their expression of Chst4 and MECA-79 antigens and their ability to recruit naïve lymphocytes in inflamed PLNs.

The homeostatic HEV phenotype is defined by molecular signatures reflecting cellular activation scRNA-seq analysis determined that 41 genes expressed in hHEC were downregulated both after LTβR inhibition and after immune stimulation of PLNs with OX, similar to mature HEV genes (Glycam1, Fut7 and Gcnt1) (Figure 7A). These genes co-regulated with critical HEV genes included genes encoding the two major HEV membrane heparan sulfate proteoglycans, glypican-1 (Gpc1) and syndecan-4 (Sdc4) that are important for CCL21 immobilization at the cell surface [START_REF] Bao | Endothelial heparan sulfate controls chemokine presentation in recruitment of lymphocytes and dendritic cells to lymph nodes[END_REF]. Search of the human protein atlas (proteinatlas.org) [START_REF] Uhlen | Proteomics. Tissue-based map of the human proteome[END_REF] revealed strong staining for glypican-1 in HEVs from human PLNs and tonsil (Figure S6A). Strikingly, nine activity-dependent genes were downregulated during HEV dedifferentiation, including genes encoding transcription factors Fos, Jund and Egr1, signaling components Nfkbiz, Gem, Dusp6 and Ppp1r15a, chemokine Cxcl1, and transcriptional regulator Id2, a critical regulator of PLN organogenesis (Figure 7A). Other genes modulated in the two conditions encoded enzymes, transcription and translation regulators, signaling components, leukocyte chemoattractants, and secreted proteins.

Expression of NUCB2 (nucleobindin 2) was detected in HEVs from human PLNs and tonsil (Figure S6B).
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14 One advantage of scRNA-seq is the ability to study gene-regulatory networks. When we performed Spearman correlation analyses on the combined data from hHEC, dHEC and iHEC, we discovered two main gene networks (Figure 7B). The first cluster included mature HEV genes such as Glycam1, Fut7 and Gcnt1. A second cluster, previously undescribed in HEVs, corresponded to activity-dependent genes and included Fos, Jun and Zfp36. This cluster appeared to have an opposite pattern to mature HEV genes (Figure S4B) by having stronger correlations during homeostasis and weaker, although still significant, correlations after inhibition of LTβR signaling or during inflammation (Figure 7C). Interestingly, constitutive expression of ZFP36 protein was observed in human PLN HEVs (Figure S6C).

Lastly, we identified genes associated with the homeostatic HEV phenotype that were upregulated in HECs compared to bEC but equally expressed in hHEC, dHEC and iHEC (Figure S7). Particularly striking was the overexpression in HECs of 44 genes encoding ribosomal proteins or ribosomal-associated genes. Many other genes reflecting cellular activation and intense biosynthetic activity were upregulated in HECs, including genes involved in splicing, translation, endoplasmic reticulum and Golgi processing. In addition, genes encoding proteins with important roles in mitochondria, metabolism, cell adhesion and signaling were also increased in HECs. Finally, there were genes downregulated in HECs compared to bEC.

Discussion

HEVs are a critical component of the immune system but their phenotypic diversity, heterogeneity and plasticity are still poorly defined, compared to those of immune cells.

HECs are difficult to study because they are very rare (< 0.02 % in adult mouse PLNs), and highly plastic [START_REF] Lacorre | Plasticity of endothelial cells: rapid dedifferentiation of freshly isolated CONFIDENTIAL February 8th 2019 26 high endothelial venule endothelial cells outside the lymphoid tissue microenvironment[END_REF][START_REF] Moussion | Dendritic cells control lymphocyte entry to lymph nodes through high endothelial venules[END_REF]. In the present work, we overcame these limitations by successfully applying single cell transcriptomics to HECs freshly isolated from adult mouse PLNs. Our results provide a comprehensive view of the full length transcriptome of PLN HECs at steady state, during inflammation and after inhibition of LTβR signaling. They uncover the cellular and spatial heterogeneity of HEVs in homeostatic PLNs, and unveil important differences in the regulation of genes Glycam1, Fut7, Gcnt1, Chst4, B3gnt3 and Ccl21a, that control lymphocyte trafficking.

Our scRNA-seq experiments reveal a previously unappreciated heterogeneity of HEVs in PLNs at steady state. We confirmed this heterogeneity in situ at the RNA level using RNA-FISH and at the protein level using immunohistofluorescence and flow cytometry.

Importantly, we showed that HEVs exhibit heterogeneity at the protein level both during lymph node homeostasis and after antigenic stimulation during inflammation. In addition, our immunohistofluorescence analyses revealed that HEVs in homeostatic and inflamed lymph nodes exhibit both cellular and spatial heterogeneity. The functional consequences of the cellular and spatial heterogeneity of PLN HEVs are currently unknown but spatial heterogeneity could reflect different properties of HEVs in different PLN areas (paracortex vs medulla) and cellular heterogeneity could be linked to different functions of individual HECs, for instance, those located close to preferential exit sites or 'exit ramps' in HEV walls [START_REF] Girard | HEVs, lymphatics and homeostatic immune cell trafficking in lymph nodes[END_REF].

The heterogeneity of PLN HEVs in homeostasis and inflammation supports a critical role of the local tissue microenvironment in the regulation of HEV gene and protein CONFIDENTIAL February 8th 2019 16 expression. One important environmental signal for HEV differentiation is the activation of LTβR [START_REF] Browning | Lymphotoxin-beta receptor signaling is required for the homeostatic control of HEV differentiation and function[END_REF][START_REF] Drayton | I kappa B kinase complex alpha kinase activity controls chemokine and high endothelial venule gene expression in lymph nodes and nasal-associated lymphoid tissue[END_REF][START_REF] Onder | Endothelial cell-specific lymphotoxin-beta receptor signaling is critical for lymph node and high endothelial venule formation[END_REF] by ligands produced by dendritic cells [START_REF] Moussion | Dendritic cells control lymphocyte entry to lymph nodes through high endothelial venules[END_REF]. Despite the critical role of the LTβR pathway in HEV regulation, only a few modulated genes are currently known. In the present study, we show that LTβR signaling has a major impact on the HEC transcriptome during homeostasis, and we provide a comprehensive view of LTβR-dependent genes and pathways in HECs from resting PLNs. Unsurprisingly, many genes involved in the canonical and non-canonical NFκB signaling pathways were altered after treatment with LTβR-Ig. In addition, genes implicated in several other important pathways or functions were modulated, including genes involved in the regulation of gene expression, protein assembly, transport or degradation. Our scRNA-seq analyses revealed that LTβR signaling is important for maintaining the expression of several mature HEV genes during steady-state, in agreement with other studies [START_REF] Browning | Lymphotoxin-beta receptor signaling is required for the homeostatic control of HEV differentiation and function[END_REF][START_REF] Liao | Synchrony of high endothelial venules and lymphatic vessels revealed by immunization[END_REF][START_REF] Moussion | Dendritic cells control lymphocyte entry to lymph nodes through high endothelial venules[END_REF][START_REF] Onder | Endothelial cell-specific lymphotoxin-beta receptor signaling is critical for lymph node and high endothelial venule formation[END_REF]. Indeed, Glycam1, Fut7 and Gcnt1 were all downregulated. In contrast, expression of Chst4, a bona fide target of the LTβR pathway [START_REF] Browning | Lymphotoxin-beta receptor signaling is required for the homeostatic control of HEV differentiation and function[END_REF][START_REF] Drayton | I kappa B kinase complex alpha kinase activity controls chemokine and high endothelial venule gene expression in lymph nodes and nasal-associated lymphoid tissue[END_REF][START_REF] Liao | Synchrony of high endothelial venules and lymphatic vessels revealed by immunization[END_REF], was not significantly decreased after mild inhibition of LTβR signaling, indicating that intermediate levels of LTβR-dependent signals are sufficient for Chst4 expression. One could imagine that the Chst4 promoter harbors NFκB2 binding sites of higher affinity that efficiently recruit the limiting NFκB2 complexes after mild inhibition of LTβR signaling. Whatever the mechanisms involved, our results demonstrate that LTβRdependent HEV genes can be separated into two categories: those that require high levels of LTβR signaling (Glycam1, Fut7, Gcnt1) and those that require lower levels of LTβRdependent signals for expression (Chst4). We believe that this differential sensitivity of HEV genes to LTβR signaling could explain, at least in part, the cellular and spatial heterogeneity of PLN HEVs. We have previously observed a different regulation of Fut7 and Chst4 during CONFIDENTIAL February 8th 2019 17 dedifferentiation of human HECs [START_REF] Lacorre | Plasticity of endothelial cells: rapid dedifferentiation of freshly isolated CONFIDENTIAL February 8th 2019 26 high endothelial venule endothelial cells outside the lymphoid tissue microenvironment[END_REF], indicating that differences in regulation of LTβR-dependent HEV genes also exist in humans.

Interestingly, whereas expression of Glycam1, Fut7 and Gcnt1 was rapidly downregulated in HECs after immune stimulation of PLNs, expression of Chst4 was maintained and that of B3gnt3 was increased. Accordingly, we observed strong staining of HEVs with MECA-79 in inflamed PLNs. Downregulation of mature HEV genes did not appear to be linked to proliferation or upregulation of cell cycle genes in iHEC. We thus believe that the most likely mechanism involved in the downregulation of Glycam1, Fut7 and Gcnt1 is the reduced activation of LTβR on HEVs due to temporary shut-down of afferent lymphatics [START_REF] Liao | Synchrony of high endothelial venules and lymphatic vessels revealed by immunization[END_REF] and dilution of dendritic cell-derived LTβR ligands [START_REF] Moussion | Dendritic cells control lymphocyte entry to lymph nodes through high endothelial venules[END_REF] We found that in adult PLNs, Ccl21a expression in HEVs was maintained independently of the LTβR pathway, in agreement with our previous observations after depletion of CD11c + dendritic cells [START_REF] Moussion | Dendritic cells control lymphocyte entry to lymph nodes through high endothelial venules[END_REF] and those of Browning et al. after long-term treatment with LTβR-Ig [START_REF] Browning | Lymphotoxin-beta receptor signaling is required for the homeostatic control of HEV differentiation and function[END_REF]. Moreover, we observed that some individual MECA-79 + HECs expressed only Glycam1 or Ccl21a implying regulation of the two genes by different pathways. Therefore, although the mechanisms controlling Ccl21a expression in adult PLN HEVs remain unknown, our current results suggest that at least two distinct pathways regulate HEV-specific gene expression during homeostasis.
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18 Our scRNA-seq data reveal that the homeostatic HEV phenotype in resting PLNs is characterized by activation signatures very similar to those that define activated PLN stromal cells [START_REF] Rodda | Single-Cell RNA Sequencing of Lymph Node Stromal Cells Reveals Niche-Associated Heterogeneity[END_REF], indicating that HEVs receive activation signals even in resting PLNs and are activated at steady state. Many activity-dependent genes including Fos, Fosb, Jun, Jund, Egr1, Nfkbia, Nfkbiz and Zfp36, were constitutively expressed in HECs during homeostasis. These activity-dependent genes were strongly correlated, indicating that the coordinated expression of genes reflecting cellular activation is an important characteristic of the homeostatic HEV phenotype. Another characteristic of HECs, compared to bEC, is the coordinated overexpression of genes reflecting high protein biosynthesis and metabolism, including genes encoding ribosomal proteins, mitochondrial components, and proteins involved in translation, endoplasmic reticulum and Golgi processing, and metabolism. HECs in mouse PLNs produce prodigious amounts of Glycam1 and Ccl21a mRNAs. A significant part of their biosynthetic activity is thus likely to be devoted to the production of these two major secretory products.

scRNA-seq analysis revealed that HEVs acquire an inflammatory phenotype after antigenic stimulation of PLNs. Downregulation of mature HEV genes was transient and correlated with transient upregulation of inflammatory genes. We believe that this phenotypic shift allows HECs to temporarily acquire a bi-functional phenotype for recruitment of both naïve and activated lymphocytes [START_REF] Guarda | L-selectin-negative CCR7-CONFIDENTIAL February 8th[END_REF][START_REF] Martin-Fontecha | CD40L+ CD4+ memory T cells migrate in a CD62P-dependent fashion into reactive lymph nodes and license dendritic cells for T cell priming[END_REF], and other leukocytes [START_REF] Yoneyama | Evidence for recruitment of plasmacytoid dendritic cell precursors to inflamed lymph nodes through high endothelial venules[END_REF] in immune-stimulated PLNs. We found that the gene encoding anti-inflammatory protein ZFP36, known to destabilize mRNAs encoding inflammatory proteins in endothelial cells [START_REF] Zhang | mRNA-binding protein ZFP36 is expressed in atherosclerotic lesions and reduces inflammation in aortic endothelial cells[END_REF], was constitutively expressed in homeostatic HECs and transiently downregulated during inflammation, when mRNAs of inflammatory proteins were upregulated. Constitutive expression of anti-inflammatory proteins such as ZFP36 could be a key characteristic of the homeostatic HEV phenotype that CONFIDENTIAL February 8th 2019 19 prevents expression of inflammatory proteins and entry of activated lymphocytes and leukocytes through PLN HEVs at steady state. GlyCAM-1 may also limit extravasation of leukocytes through HEVs [START_REF] Hoke | Selective modulation of the expression of L-selectin ligands by an immune response[END_REF]. Indeed, GlyCAM-1 produced by MECA-79 + blood vessels of neural tissues following radiation therapy, has been shown to function as a negative regulator of monocyte extravasation [START_REF] Williams | GlyCAM1 negatively regulates monocyte entry into the optic nerve head and contributes to radiation-based protection in glaucoma[END_REF]. The global downregulation of GlyCAM-1 in HEVs after antigenic stimulation could thus facilitate the entry of various immune cell types (including naïve T and B cells) in the inflamed PLNs.

We found that naïve lymphocytes rolled and arrested on HEV walls, and entered into immune-stimulated PLNs, despite downregulation of important HEV genes such as Fut7 and Gcnt1. Others have shown that recruitment of naïve lymphocytes into inflamed PLNs remains L-selectin-dependent [START_REF] Hoke | Selective modulation of the expression of L-selectin ligands by an immune response[END_REF]. Several factors could explain these observations that at first seem counter-intuitive. The reduced levels of GlyCAM-1 inhibitor may compensate the presumably lower affinity of L-selectin ligands that are synthesized after downregulation of Fut7 and Gcnt1. Maintenance of Chst4, B3gnt3 and MECA-79 expression in iHEC and/or slow turnover of membrane-associated MECA-79 + HEV sialomucins (such as CD34) synthesized before downregulation of Fut7 and Gcnt1, could also play important roles.

Moreover, increased input of naïve lymphocytes due to the expansion of the HEV network in inflamed PLNs [START_REF] Mondor | Clonal Proliferation and Stochastic Pruning Orchestrate Lymph Node Vasculature Remodeling[END_REF][START_REF] Webster | Regulation of lymph node vascular growth by dendritic cells[END_REF], and maintenance of high levels of CCL21, despite some reduction after antigenic stimulation, are other important elements likely to contribute to the efficient recruitment of naïve lymphocytes into inflamed PLNs.

We believe that the dataset that we have generated constitutes a useful resource for further phenotypic and functional characterization of HEVs in future studies. By combining different experimental conditions, we have identified genes closely associated with the functional HEV phenotype. Some of the genes that were co-regulated or correlated with critical HEV genes under these experimental conditions could turn out to encode important CONFIDENTIAL February 8th 2019 20 regulators of HEV-mediated lymphocyte trafficking. These candidate regulators include enzymes, transcriptional and translational regulators, secreted factors, signaling components and proteins modulating cell adhesion. The genes encoding the two major HEC membrane heparan sulfate proteoglycans [START_REF] Bao | Endothelial heparan sulfate controls chemokine presentation in recruitment of lymphocytes and dendritic cells to lymph nodes[END_REF], GPC1 and SDC4, were identified among the genes co-regulated with Glycam1, Fut7 and Gcnt1. This suggested that CCL21 presentation to rolling lymphocytes by membrane heparan sulfate proteoglycans is closely associated with the homeostatic HEV phenotype. Our scRNA-seq experiments identified 39 other genes that were downregulated in HECs both after treatment with LTβR-Ig and induction of PLN inflammation. Further experiments will be required to determine potential roles of these genes in HEV-mediated lymphocyte trafficking. Genes differentially expressed with bEC and modulated in HECs only during inflammation (similar to Ccl21a and B3gnt3) or not modulated under our treatment conditions (similar to Chst4) are also of interest because they could include genes with important roles in lymphocyte recruitment.

The scRNA-seq approach that we used had several advantages but also some limitations. Since we could not use an unbiased approach due to the rarity of HECs, we used cell sorting with MECA-79, a marker of functional HECs in mouse PLNs that reacts specifically with HEV blood vessels mediating lymphocyte trafficking [START_REF] Girard | HEVs, lymphatics and homeostatic immune cell trafficking in lymph nodes[END_REF].

We believe that the use of MECA-79 was appropriate to capture all functional HEC subsets in PLNs, because we have not seen heterogeneity of this marker by immunohistofluorescence.

The combination of the Fluidigm C1 platform (that offered the possibility to perform carefully controlled experiments, including visual inspection of the wells) with cell sorting of functional HECs using MECA-79, together with stringent pre-and post-sequencing quality controls (Figure S1) [START_REF] Lun | A step-by-step workflow for low-level analysis of single-cell RNA-seq data with Bioconductor[END_REF], allowed us to generate a high quality HEC scRNA-seq dataset. This dataset is characterized by a high sequencing depth (> 1.6 million mapped reads), high sensitivity (mean number of genes detected > 5000), and full-length CONFIDENTIAL February 8th 2019 21 transcriptome coverage. This will be undoubtedly useful in future studies, for instance to analyze splicing events and/or long non-coding RNAs in HECs. However, it is important to point out that our study has several limitations, including the relatively low number of high quality cells sequenced, and the possibility that technical variability could explain some cell to cell variability, particularly for lower expressed genes [START_REF] Hicks | Missing data and technical variability in single-cell RNA-sequencing experiments[END_REF]. Although the distinction between technical variation and true biological variation is a challenge in scRNAseq experiments [START_REF] Hicks | Missing data and technical variability in single-cell RNA-sequencing experiments[END_REF], we have no doubts that the heterogeneity of HECs that we describe in the present manuscript is due to biological variation and not to technical variation because we have confirmed the scRNA-seq results with independent techniques, including RNA-FISH, immunohistofluorescence and flow cytometry.

In conclusion, our results provide important insights into the phenotypic diversity, heterogeneity and plasticity of PLN HEVs and their regulation in homeostasis and inflammation. The dataset comprehensively describes the full length HEV transcriptome on a genome-wide scale in different experimental conditions, and constitutes a useful resource for further characterization of HEV regulation and function. Future work should also aim at defining the phenotype of HEVs at single cell resolution in other mouse or human lymphoid organs and to compare it to potentially related endothelial cell types. In this respect, the appearance of functional HEV-like blood vessels for lymphocyte entry into tumors [START_REF] Martinet | Human solid tumors contain high endothelial venules: association with T-and B-lymphocyte infiltration and favorable prognosis in breast cancer[END_REF] and chronically inflamed tissues [START_REF] Girard | HEVs, lymphatics and homeostatic immune cell trafficking in lymph nodes[END_REF] makes them an interesting target for future studies. (I) Variability plot of hHEC represented as mean against squared coefficient of variation (cv 2 ). Blue dots represent genes determined by Monocle to be differentially expressed between hHEC and bEC (P < 0.001, multiple testing corrected), green dots represent commonly described endothelial cell genes and purple dots represent stably expressed or ribosome associated genes. Selected genes are labeled for reference. Each symbol (H) represents an individual mouse; small horizontal lines represent the mean (+/-s.d.). NS, not significant (P=0.9019); *P=0.0002; **P < 0.0001 (unpaired two-tailed student's t-test). Data are representative of two experiments (H, number of total cells; mice per group: n=5), five experiments (H, percentages; mice per group: n=5), or are pooled from 5-10 mice per experiment (C, F and G). See also Figures S1-S3. (B) Spearman correlation networks of mature HEV genes and activity-dependent genes in HECs. The networks are based on combined data from hHEC, dHEC and iHEC. Blue lines are weighted with a cutoff of an equivalent of P < 0.05.

(C) Spearman correlation networks of activity-dependent genes in hHEC, dHEC and iHEC.

Blue lines are weighted with a cutoff of an equivalent of P < 0.05. S6 andS7.

See also Figures

Axillary, brachial and inguinal PLNs were removed from mice (pooled from 5-10 agematched mice) using forceps and washed with digestion buffer (PBS with Ca 2+ and Mg 2+ and 2% fetal bovine serum (FBS)). PLNs were minced lightly using scissors through a 40 µm cell strainer and then gently dissociated using the flat end of a syringe plunger. Cells were washed with digestion buffer multiple times to eliminate some lymphocytes. Remaining tissue in the cell strainer was placed in 1 mL digestion buffer with 1 mg/mL collagenase VIII (Sigma, C2139) and 10 ng/mL DNaseI (Sigma, 11284932001) for 25 min at 37°C on a rocker, and pipetted once to loosen tissue. Digestion was halted by adding digestion buffer with 5 mM EDTA and filtered through a 100 µm cell strainer. Cells were then washed multiple times and resuspended in Staining Buffer (PBS, without Ca 2+ and Mg 2+ , 0.5% BSA and 2 mM EDTA) before being passed through a 35 µm cell strainer.

Flow cytometry and cell sorting

Isolated cells from PLNs were incubated with primary antibodies for 30 min, washed, and subsequently incubated with streptavidin-conjugated antibodies for 15 min, both on ice in the dark. For intracellular staining, cells were fixed and permeabilized using the Foxp3/Transcription Factor Staining Buffer Set (eBioscience Cat. No. 00-5523), and stained according to manufacturer's one step-protocol. Briefly, cells were fixed for 30 min at room temperature in the dark then washed. Primary antibodies were incubated with cells in Fixation/Permeabilization buffer for 30 min; cells were then washed and incubated with secondary antibodies for 15 min before washing and resuspension in flow cytometry buffer (PBS without Ca 2+ and Mg 2+ , 2% FBS, and 5mM EDTA). The following antibodies were Samples were acquired on a BD LSR II flow cytometer using DiVa software (BD Biosciences) and analyzed using FlowJo 10.1 (Tree Star). For cell sorting, a BD Influx was used. Starting cells were gated by FSC/SSC gates to select healthy, singlet populations.

Endothelial cells were gated as CD45 -gp38 -and CD31 high . The CD31 high population was then further gated into MECA-79 + positive HECs and MECA-79 -bECs.

Immunohistofluorescence

PLNs removed from mice using forceps were fixed in paraformaldehyde 4% overnight at 4°C. Samples were either flash frozen in OCT embedding media using liquid nitrogen or, embedded in paraffin using an Excelsior™ AS Tissue Processor. Formalin-fixed paraffinembedded (FFPE) sections were cut at 5 µm, deparaffinized and rehydrated. Epitope retrieval was performed using citrate buffer pH 6.0 using a microwave for 15 minutes. Frozen samples were cut at 5 µm using a Cryostat (Leica) and allowed to dry. Both FFPE and cryostat sections were washed with PBS, incubated with MAXblock Blocking Medium (Cat. No. 15252) for 1 h, and then stained with primary antibodies overnight at 4°C in PBS + 20% ImmunoResearch. Slides were washed 3 times for 3 min and then incubated with secondary antibodies in PBS + 20% MAXblock for 1 h. Slides were washed, incubated with DAPI for 5 minutes, then washed and mounted in Mowiol. Low magnification photos were taken using a Zeiss widefield microscope and high magnification photos were taken using an Olympus confocal microscope. ImageJ was used for processing microscopy images.

RNA fluorescence in-situ hybridization (RNA-FISH)

RNA-FISH coupled with immuno-histochemistry staining was performed using the ViewRNA ISH Tissue Assay Kit (1-plex, ThermoFischer, QVT0050) on FFPE sections.

Slides were baked at 60°C for 1h, treated with Histo-Clear to remove paraffin then incubated with pretreatment buffer solution for 10 min at 90-95°C for epitope retrieval. Slides were then digested with protease for 15 min before fixation in NBF 10% at room temperature. Target probe sets were applied and hybridized to the tissue for 3h at 40°C. Glycam1 (VB1-18028) and Ccl21a (VB1-19144) TYPE 1 probes were used at 1:50 dilution. Signal was amplified through the sequential hybridization of PreAmplifier and Amplifier QT mixes to the target probe set. Target mRNA molecules were detected with Fast Red substrate. Slides were then incubated with supernatant containing MECA-79 mAb, washed, then followed by goat antirat IgM Alexa Fluor 488 (Jackson ImmunoResearch). After washing, slides were incubated with DAPI, then washed and mounted using Ultramount Aqueous Permanent Mounting Medium (Dako, S1964). Cd34 mRNA was detected using RNAscope probe Mm-CD34 according to manufacturer's instructions (Advanced Cell Diagnostics). Low magnification photos were taken using a Zeiss widefield microscope and high magnification photos were taken using an Olympus confocal microscope. ImageJ was used for processing microscopy images.

Real Time quantitative PCR (RT-qPCR)

HECs and bEC from PLNs pooled from 5 mice were sorted on a BD influx into low binding tubes containing 350µL of RLT Buffer (Qiagen, 74104) supplemented with 1% βmercaptoethanol. Total RNA was isolated using an RNeasy Mini Kit (Qiagen, 74104) and cDNA were synthesized using SuperScript® VILO™ cDNA Synthesis Kit according to the manufacturer's instructions (ThermoFisher Scientific, 11754-050). qPCR was performed using the ABI7500 Prism SDS Real-Time PCR Detection System (Applied Biosystems) with Power SYBR® Green PCR Master Mix (ThermoFisher Scientific, 4367659) and a standard temperature protocol. The results are expressed as relative quantities and calculated using the 2-∆∆CT method. Each gene was tested in triplicate and three separate qPCR experiments were performed. Primers were designed using Primer Express software and were purchased from Sigma-Aldrich. Hprt and Tbp were used as control genes for normalization.

Short term homing assays

Recipient mice were treated on one side of their bodies with 4% OX. After 3 days, naive PLN cells from an untreated donor mouse were counted, labeled with CellTracker™ Orange CMTMR Dye (CTO, Invitrogen C2927) and injected (5 x 10 6 cells) into the tail vein of mice.

After 1 hour, mice were sacrificed and PLNs were isolated. Percentages of CMTMR-labeled lymphocytes recruited in PLNs (among total cells) were determined by flow cytometry.

Intravital microscopy

Wide-field intravital microscopy was performed as previously described [START_REF] Moussion | Dendritic cells control lymphocyte entry to lymph nodes through high endothelial venules[END_REF]. In brief, calcein-labeled naïve lymphocytes from untreated donor mice were CONFIDENTIAL February 8th 2019 41 injected into the right femoral artery of recipient mice treated with 4% OX or not treated, and fluorescent events in the left inguinal PLN microcirculation were visualized and recorded.

Preparation of full length cDNA libraries and sequencing

The C1 Single-Cell Auto Prep System (Fluidigm) was used to perform whole transcriptome amplification of single cells. After preparation of PLN single cell suspensions, fluorescent antibody-labeled cells were sorted on a BD Influx into low binding tubes containing 3 µL of staining buffer. Cells were then counted using a hemocytometer and placed into the C1 chip at a 7:3 ratio (7 µl of cell suspension at 66,000-333,000 cells/mL, mixed with 3 µl of Suspension Reagent from the C1 Single-Cell Reagent Kit for mRNA Seq) according to manufacturer instructions (Fluidigm). 5 µl were then injected into the chip, ensuring that a total of 230-1165 cells were loaded on the C1 chip. HECs were captured using a 10-17 µm chip and bEC were captured using a 5-10 µm chip according to the manufacturer's instructions using the Fluidigm C1 single cell RNA-sequencing program (C1 System Software v1.5 and v2.1.2; https://www.fluidigm.com/binaries/content/documents/fluidigm/consumables/software/c1system-software/c1-system-software/fluidigm%3Afile). After loading, photos of each capture site were taken using a Zeiss wide-field microscope for further analysis. Thermo Fisher ArrayControl RNA Spikes (Cat # AM1780) were added to the lysis mix for quality control as Photos of capture sites were analyzed using ImageJ to determine the number of cells in each capture site and remove samples containing CD45 + or gp38 + contaminating cells. Some capture sites in the C1 chip held more than one HEC possibly due to HECs "catching" each other while traveling through the circuitry of the chip. These samples were also sequenced as they still provided valuable transcriptomic information. cDNA samples containing sufficient amounts of cDNA (> 0.1 ng/ µl, as determined by the Agilent Fragment Analyzer) and no contaminating cells (capture sites were photographed using a wide-field fluorescence microscope and sites containing contaminating cells expressing either CD45 or gp38 coupled with PE were discarded from further processing) were used to generate cDNA libraries using the Nextera XT DNA Library Preparation Kit as per the manufacturer's instructions (Illumina). After tagmentation, PCR amplification and cleaning, libraries were pooled and paired-end sequencing was performed using either the Illumina HiSeq 2500 or 3000 sequencers to a sequencing depth > 2 million reads/single cell.

QUANTIFICATION AND STATISTICAL ANALYSES

Read alignments and gene-expression estimation

Paired-end reads were trimmed using trimmomatic-0.32 [START_REF] Bolger | Trimmomatic: a flexible trimmer for Illumina sequence data[END_REF] 

Quality Control

To filter low quality sequences and cells, fractions of reads mapping to the mouse genome, spike-in controls and mitochondrial genes were calculated for each cell. To filter low quality samples, FASTQ files were first analyzed using fastqscreen v0.9.5 [START_REF] Wingett | FastQ Screen: A tool for multi-genome mapping and quality control[END_REF] for non-murine contaminants. Then FASTQC v0.11.2 was run on samples before and after trimming to evaluate quality of reads and adapter contamination. TopHat2 v2.0.14 [START_REF] Kim | TopHat2: accurate alignment of transcriptomes in the presence of insertions, deletions and gene fusions[END_REF] was used to measure the percentage of reads that aligned to RNA spike-ins or mitochondrial genes using fasta files containing either 3 Ambion Spike-In controls or the murine mitochondrial genome (mm10). The option --no discordant was applied to tophat2.

We removed any samples where reads aligned more than 20% RNA to spike-in controls or more than 15% to mitochondrial genes. We also verified whether cells expressed distinct cell markers associated with other cell types such as lymphocytes and discarded any samples with high expression. We initially sequenced 276 samples of which 220 passed the quality filters.

Only data from high-quality cells with > 1.6 million mapped reads, and > 3000 captured genes were used for further analysis (n=220 cells). An overview of the step-by-step workflow that we used for quality control both pre-and post-sequencing is provided in Supplemental Information (Figure S1A andB). Figure S1C includes histograms showing library sizes, number of expressed genes, spike-in proportion, and mitochondrial proportion, some of the most widely used criteria for sample filtering [START_REF] Lun | A step-by-step workflow for low-level analysis of single-cell RNA-seq data with Bioconductor[END_REF]. Since the use of different sequencing instruments can be at the origin of batch effects [START_REF] Hicks | Missing data and technical variability in single-cell RNA-sequencing experiments[END_REF], we verified that expression levels of housekeeping genes (B2m, Actb) and HEV genes (Glycam1, Ccl21,

Fut7, Chst4, Gcnt1, Cd34) in hHEC isolated in independent experiments and sequenced on Illumina HiSeq 2500 or HiSeq 3000 instruments were not significantly different (Figure S1D).

Identification of variable genes and cell clustering

The R package Monocle v2.4.0 [START_REF] Qiu | Single-cell mRNA quantification and differential analysis with Census[END_REF] was used to define differentially expressed genes between individual conditions (Table S1) using FPKM with a lowerDetectionLimit=0.01, expressionFamily=tobit and minimum expression of 5 cells. We added an arbitrary cell to each condition which contained an FPKM of 1.1 of each gene, allowing comparisons of genes that were expressed in one condition but not in another. To analyze a single-cell dataset, Monocle first normalizes expression values to account for technical variation in RNA recovery and sequencing depth. Cell clustering was performed using the 'Rtsne' R package. Dimensionality reduction was performed with t-stochastic neighbor embedding (t-SNE) algorithm with 10 first principal components, a perplexity between 30 and 40 and theta = 0.001 using R on log2(FPKM+1) values. Read densities were visualized using IGV v2.3.90. Spearman correlations were performed using core R packages using the option "all.obs".

Statistical analyses

Statistical analyses and graphical interpretation of scRNA-seq data were performed using R 3.3.0 software. Graphics were made using the R core package and packages corrplot 0.84, devtools 1.13.6, genefilter 1.56.0, ggplot2 2.2.1, gplots 3.0.1, grid 3.3.2, gridExtra 2.3, 

  in the inflamed PLN microenvironment. Different sensitivity of mature HEV genes to LTβR-dependent signals could explain the maintenance of Chst4 and MECA-79 expression in inflamed PLN HEVs despite downregulation of Glycam1, Fut7 and Gcnt1. In addition, different exposure of individual HECs to LTβR-dependent signals and inflammatory signals such as TNFα in the inflammatory microenvironment could explain the cellular and spatial heterogeneity of GlyCAM-1, E-selectin, MAdCAM-1 and CXCL9 expression in inflamed PLN HEVs.
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  MAXblock. The following antibodies were used: Anti-Human/Mouse High Endothelial Venule Marker Alexa-Fluor 488 (Clone MECA-79, eBioscience), CD31 unconjugated (Clone ab28364,Abcam), gp38/Podoplanin-Biotin (Clone eBio8.1.1, eBioscience), CCL21 unconjugated (Clone AF457, R&D Systems), MAdCAM-1 unconjugated (Clone MECA367, BD Pharmingen), CD146-PerCP/Cy5.5 (Clone ME-9F1, Biolegend), CD62P-Alexa Fluor 647 (Clone RB40.34, BD Biosciences), CD62E unconjugated (Clone 10E9.6, BD Biosciences), LYVE-1 unconjugated (Clone 223322, R&D Systems), GlyCAM-1 (Clone CAM02, kindly CONFIDENTIAL February 8th 2019 39 provided by Steven Rosen). All secondary antibodies were purchased from Jackson

  //www.fluidigm.com/binaries/content/documents/fluidigm/resources/c1-mrna%E2%80%90seq-pr-100%E2%80%907168/c1-mrna%E2%80%90seq-pr-100%E2%80%907168/fluidigm%3Afile). Reverse transcription of mRNA and synthesis of whole transcriptome full-length amplified complementary DNA (cDNA) by template switching were performed on the C1 chip using the SMARTer Ultra Low RNA Kit for the Fluidigm C1 System (Takara). Amplified cDNA from the C1 was verified using a Fragment DNF-474_HS NGS Fragment Analysis Kit 1bp-6000bp). Only samples containing sufficient quantities of cDNA for library preparation (> 0.1 ng/ µl) were selected.
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Jean-Philippe Girard (Jean-Philippe.Girard@ipbs.fr).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice 6-10-week-old female C57Bl/6J (wild type) mice were purchased from Charles River Laboratories and housed under specific-pathogen-free conditions in the IPBS animal facility.

All mice were handled according to institutional guidelines under protocols approved by the French Ministry of Research and the FRBT (C2EA-01) animal care committee (Project APAFIS#1821-2015092217557701v4).

METHOD DETAILS

In vivo treatments

Interruption of LTβR signaling was performed as previously described [START_REF] Liao | Synchrony of high endothelial venules and lymphatic vessels revealed by immunization[END_REF]) by a single i.p. injection of 100 µg of LTβR-Ig fusion protein (murine receptor-human IgG1 fusion, Tebu-bio, 71122) per mouse and PLNs were harvested seven days later. Immune stimulation of PLNs with Oxazolone (OX) was performed as previously described [START_REF] Liao | Synchrony of high endothelial venules and lymphatic vessels revealed by immunization[END_REF]) by skin painting 4% OX in acetone/olive oil (3:1 mix) on shaved areas of the groin and area surrounding the brachial and axillary PLNs. 50 µL of OX per area was applied (only once) and PLNs were harvested three or seven days later.

Preparation of single cell suspensions [START_REF] Qiu | Single-cell mRNA quantification and differential analysis with Census[END_REF] which provided adjusted P values (multiple testing corrected P values) of each data set. P < 0.05 (multiple testing corrected) was considered to be statistically significant (*) while P < 0.05 (multiple testing uncorrected) was considered to be a trend (T).

Statistics performed on flow cytometry data, RT-qPCR data, cellularity counts data, RNA-FISH and reads and genes counts data were unpaired two-tailed Student's t-tests calculated using Prism 6.0 of which P < 0.05 was considered to be significant (*) and P > 0.05 was considered to be not significant (NS). For experiments containing more than two groups, a one-way ANOVA followed by two-stage step-up method of Benjamini, Krieger and Yekutieli was performed. P < 0.05 was considered to be significant (*). Spearman correlation networks were composed of Spearman's rank correlation coefficients (r s ). To determine statistical significance of an individual gene correlation relationship, a cutoff was calculated by converting coefficients corresponding to α values of 0.05 and 0.001 using a two-tailed Spearman rank correlation coefficient table based on the n (number of single cells used to compare two conditions) of each experiment. Each r s was then categorized by this cutoff value.

DATA AND SOFTWARE AVAILABILITY

Single cell RNA-seq data have been deposited in NCBI's Gene Expression Omnibus and are accessible through GEO Series accession number GSE106514. The code used in R for the analyses is provided in the accompanying Data S1 -R Code.
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Supplemental Tables (Excel file datasets)

Table S1 -Statistical significance of differentially expressed genes between each condition, Related to Figure 1 Table S2 -Statistical significance of scRNA-seq data for genes previously shown to be 5 expressed in HEVs, Related to Figure 1 Table S3 -List of oligonucleotides, Related to STAR Methods Supplemental Data Data S1 -R Code, Related to Figures 1234567