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Introduction

The central nervous system (CNS) is protected from the periphery by different anatomical barriers which ensure its structural integrity [START_REF] Banks | From blood-brain barrier to blood-brain interface: new opportunities for CNS drug delivery[END_REF]. While several studies have focused on the neuroprotective role of the blood-brain barrier and the choroid plexus, much less is known about the barrier localized at the surface of the CNS [START_REF] Banks | From blood-brain barrier to blood-brain interface: new opportunities for CNS drug delivery[END_REF][START_REF] Dragunow | Meningeal and choroid plexus cells--novel drug targets for CNS disorders[END_REF][START_REF] Rua | Advances in Meningeal Immunity[END_REF][START_REF] Schwartz | The resolution of neuroinflammation in neurodegeneration: leukocyte recruitment via the choroid plexus[END_REF]. The surface of the CNS (brain and spinal cord) is connected to the periphery by highly vascularized membranes devoid of a blood-brain barrier, the meninges [START_REF] Rua | Advances in Meningeal Immunity[END_REF][START_REF] Rustenhoven | Functional characterization of the dural sinuses as a neuroimmune interface[END_REF][START_REF] Weller | The meninges as barriers and facilitators for the movement of fluid, cells and pathogens related to the rodent and human CNS[END_REF]. The outer layer is called the 'dura mater' while the inner layer also called 'leptomeninges' contains the arachnoid and the pia mater, between which circulates the cerebrospinal fluid [START_REF] Rua | Advances in Meningeal Immunity[END_REF]. Meninges were thought to represent an inert connective tissue. However, similar to other barrier tissues in the skin, lung and intestine, the meninges (especially the dura mater, the focus of this study) are populated by a myriad of resident immune sentinels such as dendritic cells, lymphocytes, mast cells and also macrophages, the most abundant population [START_REF] Brioschi | Heterogeneity of meningeal B cells reveals a lymphopoietic niche at the CNS borders[END_REF][START_REF] Cugurra | Skull and vertebral bone marrow are myeloid cell reservoirs for the meninges and CNS parenchyma[END_REF][START_REF] Fitzpatrick | Gut-educated IgA plasma cells defend the meningeal venous sinuses[END_REF][START_REF] Goldmann | Origin, fate and dynamics of macrophages at central nervous system interfaces[END_REF][START_REF] Korin | High-dimensional, single-cell characterization of the brain's immune compartment[END_REF][START_REF] Mrdjen | High-Dimensional Single-Cell Mapping of Central Nervous System Immune Cells Reveals Distinct Myeloid Subsets in Health, Aging, and Disease[END_REF][START_REF] Rua | Advances in Meningeal Immunity[END_REF][START_REF] Schafflick | Single-cell profiling of CNS border compartment leukocytes reveals that B cells and their progenitors reside in non-diseased meninges[END_REF][START_REF] Van Hove | A single-cell atlas of mouse brain macrophages reveals unique transcriptional identities shaped by ontogeny and tissue environment[END_REF]. Due to their strategic localization at the interface between the periphery and the brain, immune cells in the meninges can communicate with both compartments. In particular, the sinuses that drain venous blood from the meninges, the brain and the skull, are highly surveilled and constitute an immune hub [START_REF] Rustenhoven | Functional characterization of the dural sinuses as a neuroimmune interface[END_REF]. At homeostasis, meningeal immune cells are already known to contribute to social and cognitive behavior in particular through the release of IL4, IFNγ and IL17, released by CD4+ or γδ T lymphocytes [START_REF] Brynskikh | Adaptive immunity affects learning behavior in mice[END_REF][START_REF] Ellwardt | Understanding the Role of T Cells in CNS Homeostasis[END_REF][START_REF] Kipnis | T cell deficiency leads to cognitive dysfunction: implications for therapeutic vaccination for schizophrenia and other psychiatric conditions[END_REF][START_REF] Kipnis | Pro-cognitive properties of T cells[END_REF][START_REF] Salvador | Neuromodulation by the immune system: a focus on cytokines[END_REF]. On the other hand, due to the high density of immune cells located in the meninges, the immune system is also involved in neuro-inflammatory diseases [START_REF] Ma | Meningeal immunity: Structure, function and a potential therapeutic target of neurodegenerative diseases[END_REF][START_REF] Waisman | Innate and adaptive immune responses in the CNS[END_REF]. For instance, we and others have shown that innate lymphocytes in the dural meninges can initiate and propagate neuroinflammation in cases of autoimmune diseases [START_REF] Kwong | T-bet-dependent NKp46(+) innate lymphoid cells regulate the onset of TH17-induced neuroinflammation[END_REF][START_REF] Rua | Advances in Meningeal Immunity[END_REF]. In infection models, neutrophil recruitment in the meninges and the parenchyma has been shown to promote vascular pathology [START_REF] Kim | Myelomonocytic cell recruitment causes fatal CNS vascular injury during acute viral meningitis[END_REF], while IgA+ producing plasma cells located at the dural meningeal sinuses were shown to protect the brain from Candida albicans infection [START_REF] Fitzpatrick | Gut-educated IgA plasma cells defend the meningeal venous sinuses[END_REF].

In contrast to neutrophils and lymphocytes, the role of meningeal macrophages in neuroinflammation has been elusive so far. In EAE, antigen-presentation by meningeal macrophages seemed dispensable for disease progression [START_REF] Jordao | Single-cell profiling identifies myeloid cell subsets with distinct fates during neuroinflammation[END_REF]. However, meningeal macrophages could play a role in different CNS challenges, such as infections. The surface of the CNS is seeded by 2 populations of tissue-resident meningeal macrophages (MM), MHC-II+ and MHC-II-of elusive functions [START_REF] Mrdjen | High-Dimensional Single-Cell Mapping of Central Nervous System Immune Cells Reveals Distinct Myeloid Subsets in Health, Aging, and Disease[END_REF][START_REF] Prinz | Ontogeny and homeostasis of CNS myeloid cells[END_REF][START_REF] Rua | Infection drives meningeal engraftment by inflammatory monocytes that impairs CNS immunity[END_REF][START_REF] Van Hove | A single-cell atlas of mouse brain macrophages reveals unique transcriptional identities shaped by ontogeny and tissue environment[END_REF]. In contrast with macrophages differentiating from blood monocytes during the peak or the resolution phase of a disease, which have been extensively studied, the function of tissue-resident macrophages is just starting to be elucidated [START_REF] Ginhoux | New insights into the multidimensional concept of macrophage ontogeny, activation and function[END_REF][START_REF] Guilliams | Does niche competition determine the origin of tissueresident macrophages?[END_REF][START_REF] Perdiguero | The development and maintenance of resident macrophages[END_REF][START_REF] Utz | Early Fate Defines Microglia and Non-parenchymal Brain Macrophage Development[END_REF].

Whether MM populations control viral neuroinvasion or promote inflammation, and by which mechanisms, is unknown.

Most studies on CNS viral infection in mouse models use an intracranial route of injection which bypasses potential antiviral mechanisms located at the CNS borders [START_REF] Manglani | New advances in CNS immunity against viral infection[END_REF]. In the case of LCMV, the intracranial infection model indeed induces a strong replication of the pathogen in the CNS, together with immune infiltration, such as neutrophils and CD8+ T cytotoxic cells [START_REF] Kang | Migration of cytotoxic lymphocytes in cell cycle permits local MHC Idependent control of division at sites of viral infection[END_REF]Kang andMcGavern, 2008, 2009;[START_REF] Kim | Myelomonocytic cell recruitment causes fatal CNS vascular injury during acute viral meningitis[END_REF]. The virus is not cytopathic, but the immune antiviral response is actually responsible for neuroinflammation, edema and death 6 days after infection, in all infected animals [START_REF] Kang | Migration of cytotoxic lymphocytes in cell cycle permits local MHC Idependent control of division at sites of viral infection[END_REF][START_REF] Kim | Myelomonocytic cell recruitment causes fatal CNS vascular injury during acute viral meningitis[END_REF]. Even if the strong penetrance of the disease makes this model useful to study the mechanisms underlying immunopathology, it does not enable us to study the barriers present in cases of natural infections, such as the meninges.

Using a more natural route of infection (hematogenous instead of intracranial), we analyzed for the first time the initial events occurring at the CNS borders, using the acute lymphocytic choriomeningitis model (LCMV Armstrong neurotropic strain 53b, noted LCMV thereafter) and uncovered the role of MM in controlling viral spread.

Results

MM populations coexist and uptake peripheral compounds

We first analyzed the MM populations present at steady state in primate and mouse dural meninges and confirmed the presence of a vast network of MM that can be identified using Ionized calcium binding adaptor molecule 1 (Iba1) or the mannose receptor CD206 (Figure 1A andS1A-D). MM density did not significantly vary over time (Figure S1E) and appeared similar in primates (Figure S1F). Most MM were both CD206+ and Iba1+ (Figure S1G). MM could be subdivided into MHC-II + and MHC-II -populations (noted 'MHC-II+ MM' and 'MHC-II-MM' thereafter), and the proportion of MHC-II+ MM was high in aged primates (Figure 1B). We developed a panel of antibodies allowing flow cytometric analysis of immune cells in mouse dural meninges (Figure S1H, panel used in the manuscript unless otherwise specified). We also designed an alternative antibody panel based on previous studies [START_REF] Guilliams | Unsupervised High-Dimensional Analysis Aligns Dendritic Cells across Tissues and Species[END_REF] and confirmed that MM expressed high levels of CD206, MerTK and lower levels of CD11c and CD26 compared to cDCs (Figure S1I, J) [START_REF] Rua | Infection drives meningeal engraftment by inflammatory monocytes that impairs CNS immunity[END_REF][START_REF] Van Hove | A single-cell atlas of mouse brain macrophages reveals unique transcriptional identities shaped by ontogeny and tissue environment[END_REF]. Kinetic experiments indicated an increase of MHC-I and MHC-II+ MM in mouse dural meninges over time (Figure 1C), which was partially dependent on the presence of T cells at steady-state (Figure S2A-D). To know whether maintenance of MHC-II+ MM in the adult was dependent on blood-derived monocytes, we performed lineage-tracing experiments using Cx3cr1-CreERT2 : R26-LSL-TdTomato mice to label resident cells and Ms4a3-Cre mice to track monocytes. Monocyte-derived cells were enriched in both MM populations over time (Figure S2E-G) [START_REF] Van Hove | A single-cell atlas of mouse brain macrophages reveals unique transcriptional identities shaped by ontogeny and tissue environment[END_REF]. We then compared MM ability to detect compounds injected peripherally. MM could readily pick up dextran injected in the vasculature (Figure 1D and Figure S2H-K), with a slight but significant higher uptake by MHC-II+ MM (Figure 1E). Dextran was uptaken efficiently, especially by MHC-II+ MM in the sutures (Figure 1F). Taken together, these results indicate that MM are organized in a dense network allowing efficient detection of peripheral compounds at the brain surface.

Both MM populations respond to a peripheral microbial product

We next performed single-cell RNA sequencing on total nucleated meningeal cells 24 hours after saline (PBS) or lipopolysaccharide (LPS) intravenous injection (Figure 2A and Figure S3A). MM (cluster 4) changed their transcriptional program after LPS injection (Figure 2A). When subdivided into two clusters, we could detect that MHC-II+ and MHC-II-MM responded to LPS (Figure 2B and Figure S3B-E), and more than two thirds of their transcriptomic changes were specific of each population (Figure 2C-E). Interestingly, the main response of MHC-II+ MM consisted in suppressing several pathways linked with translation and antigen-presentation. The upregulated pathways were linked with chemotaxis and IL1 response (Figure 2F and Supplementary Table 1). In contrast, MHC-II-MM upregulated metabolic processes and downregulated tissue development pathways (Figure 2G and Supplementary Table 2, and Figure S3F-H). We also analyzed putative cell-cell interactions using NicheNet and CellChatDB algorithms, which suggested that MHC-II+ MM established stronger communications with other meningeal cells compared to MHC-II-MM upon LPS challenge (Figure S3I-K).

The proportion of MHC-II+ MM was decreased upon activation (Figure 2H) which was also confirmed in meningeal samples of mice injected with LPS (Figure 2I and Figure S4A-C), SARS-CoV2 (Figure 2J-L) and LCMV (Figure 2M, N and Figure S4D-G). Of note, IL10R and IFNAR signaling did respectively affect MHC-II changes occurring upon LPS and LCMV injections (Figure S4H-K). Overall, these data suggest that MM populations both respond to a peripheral insult: MHC-II+ MM developed putative cell-cell interactions with other meningeal cells, and blocked metabolic pathways.

Peripherally injected LCMV reaches the dural meninges leading to immune cells activation

Following intravenous LCMV injection, dural meninges and brain contained LCMV mRNA, viral proteins and infectious particles (Figure 3A, B, Figure S4L-N). Analysis of dural meninges 6 days after infection showed a significant increase in the number of immune cells (Figure 3C), and MM activation (Figure 3D). Immunohistochemistry showed clusters of meningeal immune cells (Figure 3E,F). This suggests that LCMV could transiently infect the CNS compartment even after a peripheral injection, where it triggered an immune response.

Genetic depletion of MM results in fatal meningitis

To further elucidate the role of MM, we used Cd163-Cre mice [START_REF] Etzerodt | Specific targeting of CD163(+) TAMs mobilizes inflammatory monocytes and promotes T cell-mediated tumor regression[END_REF].

We first evaluated the recombination efficiency in the CNS using a YFP-reporter mouse. In the dural meninges, a majority of MM were YFP+ (>50% of MHC-II+ MM and >60% of MHC-II-MM, Figure 4A), while the other cell types were less affected by the recombination. Importantly, in the brain, microglia were almost not targeted (<1%), while a majority of parenchymal barrierassociated macrophages (>50%) were YFP+ (Figure 4B). We next investigated the role of MM using a direct depletion strategy. In DT-treated Cd163-Cre : Csf1r-LSL-DTR mice, we achieved depletion of macrophages in the meninges, which was statistically significant for MHC-II+ macrophage populations (Figure 4C), while microglia were not significantly affected (Figure 4D). Following LCMV infection, meningeal inflammatory profile was similar to non-depleted mice (Figure 4E), while the viral load in the brain was significantly increased (Figure 4F), leading to fatal meningitis (Figure 4G). Of note, the viral load in the spleen was also increased in Cd163-Cre : Csf1r-LSL-DTR mice, although to a lesser extent than in the brain (Figure S5A).

Further analysis of the dural meninges revealed appearance of infected cells (Figure 4H). This innovative genetic depletion strategy thus indicated a role for non-microglial macrophages in blocking viral spread to the CNS.

IFNs sensing by MM, but not MHC-II-mediated antigen presentation, is required for

LCMV control

Deletion of Stat1 in LysM-derived cells resulted in higher number of CD8+ T cells than controls at day 6 post-infection (Figure 5A) and an increased brain viral load (Figure 5B). Mice did not succumb to the infection (Figure S5B-C). Of note, LysM is not specific to MM (immgen.org) and the spleens of LysM-Cre : Stat1 fl/fl mice were also more infected compared to controls (Figure S5D). Numerous clusters of LCMV+ cells and inflammatory cells were seen around blood vessels (Figure 5C) (of note, Ly6C stains both blood vessels and monocytes).

Similarly, deletion of Stat1 in Cd163-derived cells resulted in a strong recruitment of inflammatory cells in the dural meninges and an increased viral load in the brain (Figure 5D-F), although mice did not succumb to the infection (Figure S5E, F). To more specifically target IFN-I signaling pathway, we used Cd163-Cre : Ifnar fl/fl mice. We checked that MM, but not the negative fraction of meningeal cells, were affected by Ifnar deletion (Figure S5G). Intravenous infection of those mice with LCMV resulted in a strong recruitment of inflammatory cells in the dural meninges (Figure 5G), and an increased viral load in the brain (Figure 5H) compared to controls, which was associated with weight loss and fatal meningitis (Figure S5H,I). Of note, the spleens of Cd163-Cre : Ifnar fl/fl mice were also more infected compared to controls, although to a lower extent (Figure S5J). The antiviral function of macrophages did not seem to strictly require antigen presentation to CD8+ T cells or CD4+ T cells, as Cd163-Cre : Csf1r-LSL-DTR mice still had higher CNS viral loads compared to controls upon depletion of CD8+ T cells (Figure S5K-L) or CD4+ T cells (Figure S5M-N) in all mice. Of note, we found that DT seemed less efficient at increasing viral load upon CD8 + T cells and CD4 + T cells depletion (Figure S5K-N) compared to T cells-competent mice (Figure 4F), thus not ruling out potential antigen presentation to T cells. However, MHC-II itself on MM was not required to control LCMV as Cd163-Cre : H2Ab1 fl/fl mice did not have higher viral loads than controls (Figure S5O-Q). Moreover, in Cd163-Cre : Csf1r-LSL-DTR mice, no vascular leakage was observed after DT injection (Figure S5R,S). Overall, even though Cd163 is not specific to the CNS compartment, this suggests that macrophages protect the meninges from viral infection through IFNAR signaling, and that this protection does not strictly depend on antigen presentation or vascular functions.

Pharmacological depletion of MM results in fatal meningitis

To more locally target macrophages in the meninges, we developed an innovative transcranial delivery approach to deliver CSF1R antagonist (PLX3397) in the meninges. Titration of the drug allowed depletion of MM (Figure 6A-C and Figure S6A). Although flow cytometric analysis showed that parenchymal non-microglial macrophages were not affected (Figure 6D), a more detailed analysis of the brain surface revealed a decrease of pial macrophage density (Figure 6E). Importantly, microglia, blood and spleen myeloid cells were not affected by the treatment (Figure 6F-H). Strikingly, in the absence of MM (Figure 6I), LCMV viral load was specifically increased in the brain, but not the spleen, of infected mice (Figure 6J) which led to fatal meningitis in ~1/3 of the mice (Figure 6K). Some areas of the dural meninges became massively infected following intravenous LCMV injection after PLX3397 treatment (Figure 6L). Of note, similar results were obtained using PLX5622 (Figure S6B-I).

Overall, the results of these depletion studies demonstrate the importance of MM in preventing fatal meningitis.

Low proportion of post-natal MHC-II+ MM correlates with higher viral spread to the CNS

We analyzed three different setups in which MHC-II+ MM proportion was experimentally or naturally low. First, we took advantage of the LPS-induced decrease of MHC-II+ MM (Figure 2H, I and Figure S7A). Twenty-four hours following LPS treatment, LCMV was injected in the vasculature. Six days later, meningeal immune response and viral loads revealed a loss of viral control (Figure 7A and Figure S7B). Second, we compared viral spread in the CNS of 4 months and 1 month-old mice, as younger mice have less MHC-II+ MM (Figure 1C). Viral loads were higher in young mice (Figure 7B) which correlated with higher inflammation in the dural meninges (Figure S7C). Third, we noticed that in LysM-Cre : Csf1r-LSL-DTR mice injected with diphtheria toxin (to deplete macrophages) and with an anti-integrin blockade regimen (to block infiltrating monocytes), MM depletion was followed by macrophage repopulation through local proliferation of MHC-II-MM (Figure S7D-G). Of note, off-target effects were limited (Figure 7C and Figure S7H). The MM landscape was thus reminiscent of neonatal mice and we refer to these mice as 'rejuvenated' mice. Infection with LCMV resulted in a significant increase in brain viral load in rejuvenated mice compared to controls (Figure 7D) with similar inflammation (Figure S7I). Of note, spleen viral loads were also increased in rejuvenated mice (Figure S7J). We then studied the overall antiviral response in the whole dural meninges by RT-qPCR, 2 days post-infection. Interestingly, the antiviral response was blunted in rejuvenated mice, suggesting a role of MM, especially MHC-II+ MM, in CNS protection (Figure 7E). Finally, we investigated the cell-intrinsic antiviral properties of MM, by measuring viral RNA by RT-qPCR in sorted MHC-II+ and MHC-II-MM at day 1 and day 2 after infection. Interestingly, LCMV was detected in both MM populations, but with different kinetics (Figure 7F). MHC-II+ MM contained more viral RNA than MHC-II-cells 24 hours post-infection. However, they quickly cleared viral RNA. On the opposite, MHC-II-MM had higher viral load 48 hours after infection (Figure 7F). Altogether, these results suggest that low levels of MHC-II+ MM correlate with a decreased antiviral state in the meninges after a peripheral infection, and that MHC-II+ MM can intrinsiquely quench viral replication.

Discussion

Recent data suggest that immune responses in the CNS are important players of neurocognition and neuropathology. Most of the studies focusing on brain infections use intracranial injection of the pathogen to achieve sufficient disease penetrance, which bypasses the initial events at the brain borders potentially blocking CNS invasion [START_REF] Manglani | New advances in CNS immunity against viral infection[END_REF]. The CNS is protected by highly vascularized membranes, the dural meninges, that contain at least two main MM populations (neonatal MHC-II-and post-natal MHC-II+), of elusive functions. We show that those populations responded to peripheral stimulation, and that Stat1 and Ifnar in macrophages prevented viral spread to the CNS. The antiviral function of macrophages did not depend on their MHC-II mediated antigen-presentation. Moreover, using novel pharmacological depletion strategies, we show that MM were crucial in blocking fatal neuroinfection. MHC-II-MM are prevalent in neonates, and MHC-II+ MM progressively appear over time [START_REF] Chakarov | Two distinct interstitial macrophage populations coexist across tissues in specific subtissular niches[END_REF][START_REF] Goldmann | Origin, fate and dynamics of macrophages at central nervous system interfaces[END_REF][START_REF] Mrdjen | High-Dimensional Single-Cell Mapping of Central Nervous System Immune Cells Reveals Distinct Myeloid Subsets in Health, Aging, and Disease[END_REF][START_REF] Van Hove | A single-cell atlas of mouse brain macrophages reveals unique transcriptional identities shaped by ontogeny and tissue environment[END_REF].

At least two main macrophage populations, MHC-II high and MHC-II low , have been described across tissues in mice, and in humans [START_REF] Chakarov | Two distinct interstitial macrophage populations coexist across tissues in specific subtissular niches[END_REF][START_REF] Perdiguero | The development and maintenance of resident macrophages[END_REF][START_REF] Wang | Single-cell profiling of human dura and meningioma reveals cellular meningeal landscape and insights into meningioma immune response[END_REF]. The appearance of MHC-II+ MM over time is linked in part with a recruitment of blood-derived cells that occurs under homeostatic conditions, as shown in this study and as previously reported for dural macrophages [START_REF] Van Hove | A single-cell atlas of mouse brain macrophages reveals unique transcriptional identities shaped by ontogeny and tissue environment[END_REF] and choroid plexus macrophages [START_REF] Goldmann | Origin, fate and dynamics of macrophages at central nervous system interfaces[END_REF][START_REF] Van Hove | A single-cell atlas of mouse brain macrophages reveals unique transcriptional identities shaped by ontogeny and tissue environment[END_REF]. Alternatively, as the bone-marrow of the skull has been shown to be a myeloid reservoir, it is possible that monocytes directly seed the dural meninges from the bone-marrow [START_REF] Cugurra | Skull and vertebral bone marrow are myeloid cell reservoirs for the meninges and CNS parenchyma[END_REF]. The increase of MHC-II and MHC-I is coherent with the theory of inflammaging [START_REF] Franceschi | Inflammaging: a new immune-metabolic viewpoint for age-related diseases[END_REF], which associates low level of inflammation upon aging with decline in cognitive functions [START_REF] Baruch | Aging. Aging-induced type I interferon response at the choroid plexus negatively affects brain function[END_REF][START_REF] Dulken | Single-cell analysis reveals T cell infiltration in old neurogenic niches[END_REF]. However, our study sheds light on the positive role of MM, including post-natal MHC-II+, in surveying the brain borders.

Upon peripheral challenge, we first noticed a decrease of MHC-II+ MM. This could be linked with (1) MHC-II down-regulation, (2) migration of MHC-II+ cells, (3) death of MHC-II+ MM, or (4) a combination thereof. Cytokines (IL10, IFNs) influenced the ratio of MHC-II+ MM, but further studies using lineage tracing methods should provide a better understanding of the biology of those cells. For instance, down-regulation of MHC-II expression has important regulatory functions [START_REF] Oh | Molecular mechanism and cellular function of MHCII ubiquitination[END_REF], and loss of resident macrophages upon challenge has been described in both lymphoid and non-lymphoid tissues [START_REF] Barth | Review of the macrophage disappearance reaction[END_REF][START_REF] Gaya | Host response. Inflammation-induced disruption of SCS macrophages impairs B cell responses to secondary infection[END_REF][START_REF] Ginhoux | Dying for a Cause: Regulated Necrosis of Tissue-Resident Macrophages upon Infection[END_REF]. In addition, response of both MM populations was distinct.

The major transcriptomic changes in the MHC-II+ MM population involved upregulation of IL1 pathway and downregulation of antigen-presentation and metabolic processes. In contrast, the transcriptomic changes of the MHC-II-MM included down-regulation of homeostatic functions linked with tissue nurturing. This suggests that several subpopulations of tissue-resident macrophages coexist, and that the tissue-nurturing, neonatal, MHC-II-MM population is progressively replaced by more inflammatory, anti-microbial macrophages.

We next analyzed the response of this barrier tissue to viral infection using a more natural route of infection than usually performed (hematogenous instead of intracranial). This infection model resulted in a transient and 'asymptomatic' infection. LCMV injected in the vasculature infected the dural meninges and the brain parenchyma at low levels before being cleared, and we hypothesized that the absence of pathology was in fact due to an active control of the virus at the CNS borders.

The role of perivascular macrophages in viral and bacterial infections has mainly been assessed using clodronate which is inflammatory and non-specific to resident macrophages [START_REF] Abtin | Perivascular macrophages mediate neutrophil recruitment during bacterial skin infection[END_REF]Polfliet et al., 2001a;Polfliet et al., 2001b;[START_REF] Steel | Distinct macrophage subpopulations regulate viral encephalitis but not viral clearance in the CNS[END_REF]. Using Cd163-Cre mice, we uncovered the role of non-microglial macrophage populations in controlling neuroinfection.

By which mechanisms do MM control CNS invasion? Outcome of the infection with LCMV has been shown to depend on several antiviral pathways, including IFN-response through Stat1 pathway [START_REF] Jung | Contribution of STAT1 to innate and adaptive immunity during type I interferonmediated lethal virus infection[END_REF]. Our data indicate that MM also use this pathway, and act as an amplifier to block further infection. Moreover, Ifnar deletion in macrophages is enough to drive a pathological outcome, suggesting that among IFNs, IFN-I are key regulators of MM antiviral functions. Whether Stat1 and Ifnar play a role in MHC-II+ or MHC-II-MM is unknown due to the lack of genetic tools to perform conditional ablation in those populations.

Of note, in the Cd163-Cre:Csf1r-LSL-DTR model, DT treatment seemed less efficient at increasing viral load upon T cells depletion compared to T cells-competent mice. Thus, we cannot rule out an additional role of antigen presentation, as CD8+ T cells are known to control LCMV viral load [START_REF] Kang | Lymphocytic choriomeningitis infection of the central nervous system[END_REF]. The Cd163-Cre mice however allowed us to rule out the role of MHC-II mediated antigen presentation, which does not seem to be required for MM antiviral functions. PLX treatment (using PLX3397 or PLX5622) has been useful to deplete body macrophages, including microglia. Using a transcranial drug-delivery approach, we were able to deplete barrier macrophages more specifically. This resulted in the death of LCMV-infected mice. Because macrophages in the pial meninges were also affected by the PLX treatment, it will be important to generate new tools to be able to dissect the role of dural versus pial macrophages, and within dural macrophages, to dissect the role of CD206+ (mostly studied in this manuscript) and CD206-macrophages (minor population).

The role of MHC-II+ versus MHC-II-tissue-resident macrophages is still controversial [START_REF] Chakarov | Two distinct interstitial macrophage populations coexist across tissues in specific subtissular niches[END_REF]. Using different models, we show that a lower proportion of MHC-II+ MM was associated with higher viral loads. Our data also suggest that MHC-II+ MM could quickly promote a broad antiviral state in the dural meninges, and could quench viral replication. As MHC-II+ MM appear after the neonatal period, this study should also set the ground for understanding the high susceptibility of neonates to CNS infection (de Vries, 2019; [START_REF] Kim | Acute bacterial meningitis in infants and children[END_REF][START_REF] Sahu | Central nervous system infection in the pediatric population[END_REF]. Of note, it is counter-intuitive that even though MHC-II+ MM seem important to control viral load, MHC-II labelling of MM was decreased acutely upon infection. We hypothesize that this could be due to 2 distinct functions of MM: (1) MHC-IIindependent (e.g. antimicrobial role in the acute phase, as described here) and (2) MHC-IIdependent (e.g. regulatory role in the repair phase). Those functions would thus need to be temporally and sequentially regulated. As acute antimicrobial functions do not require MHC-II expression, a decrease of MHC-II on MM could allow redirection of CD4+ T cells to inflammatory monocytes or macrophages and DC that infiltrate the tissue and are more efficient at presenting antigens during neuroinflammation, as shown in the context of EAE [START_REF] Jordao | Single-cell profiling identifies myeloid cell subsets with distinct fates during neuroinflammation[END_REF]. Then, in the post-inflammatory phase, restauration of MHC-II levels on MM could help return to homeostasis by interacting with Treg for instance [START_REF] Chaudhry | Interleukin-10 signaling in regulatory T cells is required for suppression of Th17 cell-mediated inflammation[END_REF][START_REF] Nobs | Tissue-resident macrophages: guardians of organ homeostasis[END_REF].

Overall, our study unraveled the key role of MM in protecting the brain borders. IFNs allowed MM to counteract viral spread to the CNS and MM depletion resulted in fatal meningitis. This unraveled key cellular pillars of neuroinvasion that have been elusive for decades. The data that we obtained did not only increase our understanding of the role of immune sentinels in neuroinvasion but could also provide a rationale for targeting innate immune meningeal sentinels in the clinic.

Limitations of the study

Although we found that sensing of IFNs was required for MM antiviral functions, it will be important to elucidate the exact molecular mechanisms by which MM provide such a broad meningeal protection. As meningeal macrophages contain different populations, further studies will be needed to determine if there is a division of labor between MHC-II+ and MHC-II-MM, with a population being more antimicrobial, and another more tissue-nurturing, for instance. Finally, we evaluated the role of MM in antiviral responses against LCMV, but it remains unknown if MM also protect the brain against other viruses, bacteria, fungi and parasites, in mice but also in humans.
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All codes and data are available on Github and Zenodo. In-house-made code, original data, and corresponding docker images are available from the project github repository (https://github.com/mteleman/LCMV_paper_RRLab_PBS_LPS_single_cell) both with a readme explaining the detailed procedure to reproduce the results.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

Experimental model and subject details

Mice. C57BL/6J (B6), B6.129P2(Cg)-Cx3cr1 tm2.1(Cre/ERT2)Litt/WganJ (Cx3cr1-CreERT2), B6.129P2-Lyz2 tm1(cre)Ifo/J (LysM-Cre), B6.Cg-Gt(ROSA)26Sor tm14(CAG-tdTomato)Hze/J (R26-LSL-TdTomato), B6.129X1-Gt(ROSA)26Sor tm1(EYFP)Cos/J (R26-LSL-YFP), Tg(Csf1r-HBEGF) (Cs1fr-LSL-DTR) and heterozygous K18-hACE2 (2B6.Cg-Tg(K18-ACE2)2Prlmn/J), H2-Ab1 fl/fl (B6.129X1-H2-Ab1tm1Koni/J) mice were obtained from The Jackson Laboratory. Cd3e Δ5/Δ5 mice (noted CD3 - /-) were provided by B. Malissen [START_REF] Malissen | Altered T cell development in mice with a targeted mutation of the CD3-epsilon gene[END_REF]. Ms4a3-Cre mice were provided by F.

Ginhoux [START_REF] Liu | Fate Mapping via Ms4a3-Expression History Traces Monocyte-Derived Cells[END_REF]. B6 D b GP33-41 TCR-tg (P14), and actin-OFP were bred and maintained at the National Institutes of Health (NIH). Ifnar1 tm1Uka (Ifnar fl/fl ) [START_REF] Kamphuis | Type I interferons directly regulate lymphocyte recirculation and cause transient blood lymphopenia[END_REF][START_REF] Le Bon | Cutting edge: enhancement of antibody responses through direct stimulation of B and T cells by type I IFN[END_REF], C57BL/6-Stat1 tm1c(EUCOMM)Wtsi (Stat1 fl/fl ) [START_REF] Tomasello | Molecular dissection of plasmacytoid dendritic cell activation in vivo during a viral infection[END_REF] and Cd163-Cre mice [START_REF] Etzerodt | Specific targeting of CD163(+) TAMs mobilizes inflammatory monocytes and promotes T cell-mediated tumor regression[END_REF] Baboons. Adult baboons were maintained at the local primate center (Rousset, France) which harvested and provided the tissues.

Method details

LCMV. LCMV Arm53b stocks were prepared as previously mentioned [START_REF] Rua | Infection drives meningeal engraftment by inflammatory monocytes that impairs CNS immunity[END_REF]. Adult mice at 6 to 8 weeks of age were infected intravenously with 1 × 10 7 plaque forming units (PFU) of LCMV Armstrong clone 53b. Survival following infection was monitored. Supernatant was then aliquoted and stored at -80°C. 8-12-week-old female K18-hACE2 mice (noted Tg-K18) were intranasally inoculated with 1.1x10 5 TCID50 (50% of Tissues Culture Infective Dose) of SARS-CoV-2 (strain BetaCoV/France/IDF0372/2020) or saline injection solution (PBS). Mice were harvested at 2, 3, 4, 5, 6 and 7 days post-infection. In addition, one control group of K18-hACE2 non-carrier animals ('NC') was intranasally inoculated with of SARS-CoV-2 and one control group of K18-hACe2 animals was injected with PBS. SARS-CoV2 virus inoculations were performed under anesthesia that was induced and maintained with ketamine hydrochloride and xylazine, and all efforts were made to minimize animal suffering. Meningeal whole mount immunohistochemistry of mouse dural meninges. Mice were euthanized with overdose of ketamine-xylazine anesthetic and perfused with phosphate buffered saline (PBS) for subsequent antibody staining. Skull caps were removed, and following a brief wash in PBS, dural meninges were incubated at room temperature for 15 min in 1.5 mL of blocking solution containing mouse IgG (0.5 mg/mL, Jackson Research) and Fc Block CD16/32 (24G2 supernatant purified from tissue culture supernatant, 1/100). The dural meninges were subsequently stained with coupled primary antibodies at room temperature for 1 h. The following coupled antibodies were used at a concentration of 2.5 µg/mL unless otherwise specified and were obtained from BioLegend: Brilliant Violet 421 anti-mouse IA b /IE b (1.25 μg/mL; clone M5/114.15.2), Alexa Fluor 488 and Alexa Fluor 647 anti-mouse Ly6C (clone HK1.4), Alexa Fluor 488 and Alexa Fluor 647 anti-mouse CD206 (clone C068C2), FITC antimouse CD11b (clone M1/70), PE anti-mouse CD31 (clone 390), PE anti-mouse CD8a (clone 53-6.7). All antibodies were diluted in PBS + 2% FBS, referred to as 'staining buffer'. Dural meninges were then washed three times in staining buffer for 30 seconds (30 s) and fixed overnight at 4°C in 5% formalin (Sigma). The following day the dural meninges were carefully removed from the skull caps with fine-tipped forceps. The dural meninges were placed in mounting medium (FluorSave Reagent with or without DAPI; Vectashield) on a glass slide (Superfrost Plus; ThermoScientific), spread out and flattened with forceps, and cover-slipped.

SARS-CoV2 Virus

Biosafety

For uncoupled primary antibody staining, the dural meninges were incubated at 4°C overnight in formalin 5%. The next day, the following primary antibodies were used at a concentration of 2.0 µg/mL: goat anti-mouse IBA1 (Novus Biologicals), rabbit anti-mouse IBA1 (Fujifilm-Wako), chicken anti-mouse NF-H (Abcam) in staining buffer with Triton-X100 (Sigma) at 0.5%, overnight at 4°C. The third day, the dural meninges were washed three times in staining buffer for 30 s and stained with secondary antibodies. The following secondary antibodies were used at a concentration of 2.0 µg/mL: donkey anti-rabbit IgG Alexa Fluor 647 (clone Poly4064, BioLegend), donkey anti-goat IgG Alexa Fluor Plus 488 (Thermofischer). All secondary antibodies were diluted in staining buffer and secondary stainings were performed at room temperature for 2 h. For LCMV staining, dural meninges were briefly fixed in 5% formalin during 10 min at room temperature, to facilitate LCMV detection. This was followed by intracellular staining in staining buffer supplemented with 0.5% Triton-X100 overnight at 4°C, of Alexa Fluor 647 rat anti-LCMV (2.5 µg/mL; clone VL-4; BioXCell). Anti-LCMV monoclonal antibody was directly conjugated to Alexa Fluor 647 using a Mix-N-Stain CF647 antibody-labeling kit (Sigma) according to manufacturer's instructions. Alternatively, purified rat anti-LCMV (2.0 µg/mL; clone VL-4; BioXCell) was used overnight at 4°C, and followed by aforementioned washes and secondary stains. For EdU staining, 1 mg of EdU was injected 1hour prior to sacrifice, and EdU was revealed following the manufacturer's instructions (Click-iT EdU, Thermofischer).

Meningeal whole mount immunohistochemistry of baboon dural meninges. Baboon dural meninges were fixed in 4% paraformaldehyde (Sigma) for 24 h. The following primary antibodies were used for staining: chicken anti-human IBA1 (1.25 μg/mL, Synaptic Systems) and mouse IgG2a anti-human HLA-DR (1.25 μg/mL; L243, BioLegend) for 48 h at 4°C in staining buffer supplemented with 0.5% Triton X-100. After three 5 min washes, dural meninges were incubated for 24 h at 4°C with secondary antibodies. Following three 5 min washes, dural meninges were incubated in clearing medium (Histodenz, Sigma) for 48 h at 4°C.

Pia mater immunohistochemistry.

Brain samples were fixed in a solution of formalin 5% during 10 min on ice and incubated in a staining solution containing staining buffer supplemented with 0.5% Triton X-100 and staining was then performed as for meningeal whole mounts.

Brain immunohistochemistry. Brains were fixed in formalin 5% overnight at 4°C. The next day, samples were washed with PBS before dehydration in a solution of 30% sucrose overnight at 4°C. For inclusion, each brain was individually placed in a clear base mold (37x24x5 mm, Leica), covered with OCT Embedding Medium (Thermofischer) and frozen using isopenthane. Brain slices were cut with a cryostat at a thickness of 25 µm and stained with antibodies in staining buffer supplemented with 0.5% Triton-X100, with similar steps as indicated for meningeal whole mounts.

Imaging acquisition. Fluorescent images were acquired using a Zeiss LSM780 x 2 laser scanning confocal microscope (Carl Zeiss Microscopy) equipped with 405, 488, 561, and 635 nm laser lines, 4 side window PMTs for simultaneous 4 channel acquisition, and a 10X objective (or 20X for zooms). 3D tile scans encompassing the entire meninges were collected (z depth = 400 μm, z step size = 20 μm for meninges, and 10 μm for brain sections).

Imaging analysis. After collecting tile scans by confocal microscopy, entire meningeal whole mounts or specific anatomical regions within the meninges (e.g. lobe, suture) were analyzed using Imaris 9.6.0 software. The Surface Creation Wizard was used to identify positively stained cells within the maximal intensity projections of meningeal tile scans. Once identified, a value-based visual surface was generated for all positively stained cells, which enabled quantification of fluorescence intensity as well as the frequency of labeled and unlabeled cells.

Channel statistics for MHC-II or dextran were obtained for cellular surfaces defined based on CD206. For the clustering approach, the Surface Creation Wizard of Imaris 9.6.0 software was also used to quantify cell clusters quantities and total meningeal area, using adequate object size parameter. 

Mononuclear cell isolation. Anesthetized mice received an intracardiac perfusion with PBS

to remove contaminating blood cells. Dural meninges were isolated using forceps to gently separate them from the underside of the skull cap (the same method used to prepare meningeal whole mounts above). For the brains and the spleens, organs were recovered and cut in small pieces. This was followed by enzymatic digestion in RPMI containing 2.5 mg/mL collagenase D (Roche) + 0.1 mg/mL DNase (Roche) for 30 min at 37°C with gentle shaking every 10 min, for all three organs. Following digestion, cellular suspensions were passed through a 35-μm pore cell strainer (meninges) or 70-μm pore cell strainer (brains and spleens).

After this step, meningeal cells were used for staining. Cells from the brain, however, were resuspended in 40% Percoll (GE Healthcare) gradient and centrifuged to remove myelin and debris from the preparation. Afterwards, brain leukocytes were stained comparably to meningeal cells. Spleen leukocytes were treated with RBC 1X lysis buffer (Thermofischer) to eliminate red blood cells, then washed and 1:20 of total cells were isolated for cell staining.

Blood cell isolation. Blood samples were collected by retro-orbital bleeding using capillary tubes (Microhematocrit Tubes, Thermofischer) and placed in 1 mL PBS. Red blood cells were lysed with RBC 1X lysis buffer and samples were washed twice with staining buffer before antibody staining.

Flow cytometry. Surface staining was performed by incubating cell suspensions for 30 min on ice with cocktails of monoclonal antibodies in staining buffer. Prior to staining, cell preparations were blocked with 5 μg/mL rat anti-mouse CD16/32 (Fc receptor block; BDBiosciences) and 0.5 mg/mL whole mouse IgG (Jackson ImmunoResearch Laboratories, Inc.) for 10 min on ice to reduce unspecific antibody binding. Dead cells were excluded from the analysis by using the LiveDead fixable Blue Cell Staining kit (Invitrogen). The following rat or mouse anti-mouse antibodies were obtained from BioLegend (BL), BDBiosciences (BD) or ThermoFisher (T) and were used at a concentration of 0.5 µg/mL unless otherwise specified: In vitro quantification of LCMV by flow cytometry. Brain and meningeal samples were homogenized in 300 µl and 1 ml of MEM respectively and centrifuged at 480g for 5 min at 4 °C. Then, 25 µl of supernatant was used to infect Vero cells in 250 µl MEM 7% FBS (culture medium). After 1 hour incubation at 37 °C, the medium was replaced by fresh culture medium and after 48 h, Vero cells were analyzed for LCMV infection using flow cytometry, as described in the Flow cytometry section.

In vitro quantification of LCMV by plaque assay. Brain and meningeal samples were homogenized in 300 µl and 1 ml of MEM respectively and centrifuged at 480g for 5 min at 4 °C. Then, 10 µl (meninges) or 100 µl (brains) of supernatant were used for plaque assay titration on Vero cells. Six days later, PFU were quantified by immunofluorescence using intracellular LCMV staining.

Cell sorting. MM were isolated from PBS or LCMV-infected mice at day 1 and day 2 postinfection using a Melody Cell Sorter (BDBiosciences) equipped with an integrated BSL-2 enclosure. Meningeal cells were extracted and stained as described in the Mononuclear cell isolation and Flow cytometry sections above. Two different cell populations (MHC-II+ MM and MHC-II-MM for LCMV quantification; or MM fraction versus MM-negative fraction for Ifnar exon deletion measurement) were sorted to >95% purity.

Adoptive transfers. Mice were seeded i.v. with 10 4 OFP + P14 CD8 + T cells in PBS purified from the splenocytes of naive transgenic mice using a CD8 negative selection kit (Stem Cell Technologies). The purity after enrichment was determined to be greater than 98%. Mice were infected one day later. Isolation of nucleated meningeal cells and scRNA-sequencing using 10X Genomics platform. Single-cell RNA sequencing was performed on 4 meningeal samples (from 2 mice injected with PBS and 2 with LPS) using 10X genomics and data was analyzed using Seurat software in combination with public datasets (http://brainimmuneatlas.org). Meningeal cells were extracted as described in the Mononuclear cell isolation and Flow cytometry sections above and stained with Hoechst 33342 (10 µg/mL, Sigma) and Draq7 (0.3 µM, ThermoFischer). The 4 samples were differentially labelled using 4 Hashtags (TotalSeq-A, clone M1/42; 30-F11, BioLegend) at 0.1 mg/mL for 15 min at 4°C. After a wash, nucleated cells were isolated from 2 PBS or 2 LPS-injected mice (7 weeks-old males) at day 1 postinjection using a FACS Aria III SORP (BDBiosciences) using a 100 µm nozzle. 52 000 cells of each sample were pooled, centrifuged at 350g for 3 min, and 35 000 cells of the pool were loaded on a Chromium Single Cell Instrument (10x Genomics) to generate single-cell gel beads-in-emulsion (GEM). GEM and scRNA-libraries were prepared using the Single Cell 3'v3 Pre-processing of 10x 3' datasets. Raw fastq files from gene expression libraries were processed using Cell Ranger software, with alignment on the mm10 reference genome. For each experiment, cells with less than 200 genes detected and genes detected in less than 3 cells were removed. We further excluded bad quality cells expressing less than 1,000 UMI, more than 20% mitochondrial genes or less than 3% ribosomal genes. HTO barcodes for sample demultiplexing after hashing were counted using CITE-seq-count and were normalized for each cell using a centered log ratio (CLR) transformation across cells implemented in the Seurat function NormalizeData. Cells were demultiplexed using Seurat MULTIseqDemux function and barcodes assigned as doublets or negative were excluded from further analysis.

The resulting filtered UMI count matrices were log-normalized with Seurat NormalizeData with a scale factor of 10,000.

10x Dataset analysis. Analysis of datasets were performed using custom R scripts. Variable genes (n=2000) were identified with Seurat FindVariableFeatures (vst method). After centering with Seurat ScaleData, principal component analysis was performed on variable genes with Seurat RunPCA, and embedded in two-dimensional UMAP plots with Seurat RunUMAP on 50 principal components. UMAP embeddings colored by sample metadata or clusters were generated by Seurat DimPlot, those colored by single gene expression or module scores were generated by Seurat FeaturePlot or with ggplot2 ggplot. Clustering was performed using the FindNeighbors and FindClusters methods of the Seurat package using 30 number of neighbors for SNN graph build and Leiden clustering method with a sensitivity set to 2.0 within the global data and with a sensitivity set to 0.3 within the MM subset. Subsetting was performed using subset function of the Seurat package using the identities of relevant clusters. Marker genes between clusters were identified using the FindAllMarkers method of the Seurat package using the Wilcoxon Rank Sum test on genes expressed at least in 10% of the cells, a logFC threshold of 0.25 and a FDR threshold of 0.001. Heatmap of gene expression along tissue clusters was done performing a mean of the expression of the genes of interest over the clusters, using the heatmap package (version 1.0.12) for the plot. Heatmap of Szymkiewicz-Simpson coefficient were computed using the set of identified marker genes of each cluster and the ggplot2 ggplot function (version 3.3) for the plot. For the 'thresholding method', cells expressing CD206 were LCMV mRNA (normalised to Actin) ✱✱

  were maintained in our facility. Cd163-Cre : R26-LSL-YFP, CD163-Cre : Csf1r-LSL-DTR, Cd163-Cre : Stat1 fl/fl , Cd163-Cre : Ifnar fl/fl , LysM-Cre : Stat1 fl/fl , LysM-Cre : Csf1r-LSL-DTR, Cx3cr1-CreERT2: R26-LSL-TdTomato, Ms4a3-Cre : R26-LSL-TdTom and littermate controls (noted 'control' thereafter) were obtained in the F1 and F2 generations by originally crossing the aforementioned homozygous mouse lines. P14 OFP + were derived from the F1 cross: actin-OFP x P14. Male and female mice in this study were used at 6-8 weeks of age unless otherwise specified. All animals used were sex-and age-matched. Unless otherwise specified, all mice were then bred and maintained under specific pathogen free conditions at Centre d'Immunologie de Marseille-Luminy (CIML), with water and food ad libitum and 12h/12h night/daylight cycle. All animal experiments were approved and performed in accordance with the limiting principles for using animal in testing (the three Rs: replacement, reduction, and refinement) and approved by the French Ministry of Higher Education and Research or in accordance with the guidelines set forth by the NIH Animal Care and Use Committee. Animal experiments were done in accordance with institutional animal care and ethical committees and French and European guidelines for animal care under approval APAFIS#26484-2020062213431976 v6 (experiments involving SARS-CoV2) and APAFIS#20225-2019041017282751 v4 (other experiments).

  Vero E6 (CRL-1586; American Type Culture Collection) were cultured at 37°C in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 10 mM HEPES (pH 7.3), 1 mM sodium pyruvate, 1 X non-essential amino acids and 100 U/ml penicillin-streptomycin. The BetaCoV/France/IDF0372/2020 strain was supplied by the National Reference Centre for Respiratory Viruses hosted by Institut Pasteur (Paris, France) and headed by Pr. Sylvie van der Werf. The human sample from which strain BetaCoV/France/IDF0372/2020 was isolated has been provided by Dr. X. Lescure and Pr. Y. Yazdanpanah from the Bichat Hospital, Paris, France. Moreover, the strain BetaCoV/France/IDF0372/2020 was supplied through the European Virus Archive goesGlobal (Evag) platform, a project that has received funding from the European Union's Horizon 2020 research and innovation program under grant agreement No 653316. Infectious stocks were grown by inoculating Vero E6 cells and collecting supernatant upon observation of cytopathic effect; debris were removed by centrifugation and passage through a 0.22-μm filter.

  Work with LCMV was performed in the biosafety level 3 laboratory (BSL3) of CIML by authorized, trained personnel. Work with SARS-CoV-2 was performed in the BSL3 of Center for Immunophenomics (CIPHE) by personnel equipped with powered air-purifying respirators. All the CIPHE BSL3 facility operations are overseen by a Biosecurity Officer and accredited by Agence Nationale de Sécurité du Médicament (ANSM).

Histocytometry.

  Channel statistics for MHC-II, dextran, CD206 and IBA1 previously obtained, were exported into Excel (Microsoft), and mean voxel fluorescence was plotted in FlowJo software by utilizing the Text to FCS conversion utility (TreeStar Inc). Percentages of surfaces either positive or negative for MHC-II or dextran were gated using traditional log-scale based flow cytometry plots in FlowJo and then graphed on linear XY plots to map their respective positions within the meninges.

  CD45.2 BUV737 (clone 104, BD), CD11b Brilliant Violet 570 (clone M1/70, BL), CD90.2 (Thy1.2) BUV395 (clone 30-H12, BD), Ly6G Brilliant Violet 711 (clone RA3-6B2, BL), CD206 Alexa Fluor 488 (1.25 µg/mL; clone C068C2, BL), CD206 PE-Cy7 (1.25 µg/mL; clone C068C2, BL), IAb/IEb Brilliant Violet 421 (clone M5/114.15.2, BL), H-2Db H-2Kb PE (clone 28-8-6, BL), Ly6C PE-CF594 (clone AL-21, BD), CD8a Alexa Fluor 700 (clone SK1, BL), CD4 Brilliant Violet 786 (clone RM4.5, BD), NK1.1 APC (clone S17016D, BL), CD64 Brilliant Violet 605 (clone X54-5/7.1, BL), CD11c PE-Cyanine5.5 (clone N418, T) and CD115 Alexa Fluor 647 (2.5 µg/mL, clone AFS98, BL), CD24 BV650 (clone M1/69, BD), CD26 PE (clone H194-112, BL), XCR1 BV510 (clone ZET, BL), F4/80 APC7 (clone BM8, BL), MerTK Alexa Fluor 700 (clone DS5MMER, T), CD172a FITC (clone P84, BD), CD68 PE (clone FA-11, BL), CD55 Alexa Fluor 647 (clone DAF, BL), CD38 PE (clone 90, BL), BST2 BV785 (clone RU0, BL). For intracellular staining to detect LCMV, single cell suspensions were first stained with surface antibodies and were then treated with Cytofix/Cytoperm (BD). This was followed by intracellular staining anti-LCMV (VL-4; Bio X Cell). Anti-LCMV mAb was directly conjugated to Alexa Fluor 647 using an antibody-labeling kit from Invitrogen. Samples were acquired using BD FACSymphony™ A5 Cell Analyzer or an Aurora CellSorter (Cytek), and data were analyzed using FlowJo software version 10.5.3. For flow analyses, unless otherwise specified, meningeal cells were gated as follows : neutrophils : LiveDead -CD45 + CD11b + Thy1.2 -Ly6C -Ly6G + cells; monocytes : LiveDead -CD45 + CD11b + Thy1.2 -Ly6C + Ly6Gcells, with MHC-II subsets; MM : LiveDead -CD45 + CD11b + Thy1.2 -Ly6C -Ly6G -CD11c -CD64 + CD206 + cells, with MHC-II subsets; other macrophages : LiveDead -CD45 + CD11b + Thy1.2 -Ly6C -Ly6G -CD11c -CD64 + CD206cells, with MHC-II subsets; CD11b + DC : LiveDead -CD45 + CD11b + Thy1.2 -Ly6C -Ly6G -CD11c + CD64 -MHC-II + cells; CD11b -DC : LiveDead -CD45 + CD11b -Thy1.2 -CD11c + CD64 -MHC-II + cells; CD8 + T cells : LiveDead -CD45 + CD11b -Thy1.2 + CD8 + cells; CD4 + T cells : LiveDead -CD45 + CD11b -Thy1.2 + CD4 + cells; NK cells : LiveDead -CD45 + NK1.1 + Thy1.2cells; NKT/ILC1 cells : LiveDead -CD45 + CD11b -Thy1.2 + NK1.1 + cells; other T cells/ILC : LiveDead -CD45 + CD11b -Thy1.2 + CD4 -CD8 -NK1.1cells and CD45neg cells : LiveDead -CD45cells. For brain cells, gating was done for microglia on LiveDead -CD45 int CD11b + Thy1.2 -Ly6C -Ly6G -CD11c -CD206cells; for brain macrophages on LiveDead -CD45 + CD11b + Thy1.2 -Ly6C -Ly6G -CD11c -CD64 + CD206 + cells, with MHC-II subsets and for neutrophils, monocytes, CD11b + , CD11b -DC, CD8 + T cells, CD4 + T cells, NK cells, NKT cells, other T cells/ILC and CD45neg cells : identical to meningeal gating. Spleen neutrophils were gated on LiveDead -CD45 + Thy1.2 -CD11b + Ly6C -Ly6G + cells, monocytes on LiveDead -CD45 + CD11b + Thy1.2 -Ly6C + Ly6Gcells and macrophages on LiveDead -CD45 + CD11b + Thy1.2 -Ly6C -Ly6G -CD64 + cells. Blood neutrophils were gated on LiveDead -CD45 + Thy1.2 -CD11b + Ly6C -Ly6G + cells and monocytes on LiveDead -CD45 + CD11b + Thy1.2 -CD115 + Ly6C + Ly6Gcells.

  PLX3397 and PLX5622 administration. Mice were injected transcranially under the scalp with 2 mg of Pexidartinib (PLX3397, DC Chemicals, China) or 2mg of PLX5622 (DC Chemicals, China), dissolved in 20 µL of dimethyl sulfoxide (Sigma Aldrich) and 180 µL of Corn oil (delivery vehicle for fat soluble, Sigma Aldrich). The control is composed equally but does not contain PLX.LPS and Dextran injections. 100 µl of LPS (InVivogen, 0.1 mg/mL) or Dextran-Rhodamine B isothiocyanate (70 kDa; Sigma Aldrich, 10 mg/mL) were injected intravenously via the retroorbital vein, and analyzed or manipulated 24 hours (LPS) or 1 hour (Dextran) later.Evans blue injection. To analyze vascular leakage, 200 µl of Evans Blue (Sigma, 10 mg/mL) was injected intraperitoneally for 1 hour, before sacrifice.CD8+ T and CD4+ T cell depletionCD8+ T and CD4+ T cells were depleted by injecting 0.25 mg of CD8-depleting antibody (clone YTS 169.4, BioXCell) or CD4-depleting antibody (clone GK1.5, BioXCell) intravenously at day 3 and day 5 post-infection.IL10R-blockingMice were injected with 125 µg of IL10R blocking antibody (clone 1B1.3A, BioXCell) both intravenously and transcranially 4 hours before PBS, LPS or LCMV injection. Controls were similarly injected with 125 µg of rat IgG1 isotype control (clone HRPN, BioXcell).DT administration and rejuvenation treatment.A solution of 100 µl containing 0.1 µg of diphteria toxin ('DT'; Sigma) in carboxymethylcellulose (12 mg/mL; Sigma) was injected transcranially under the scalp of mice. DT was injected on two consecutive days before infection or sacrifice. For 'rejuvenation' experiments, LysM-Cre : Csf1r-LSL-DTR mice and controls were injected with 0.1 µg of DT (Sigma) at day 0 and day 1 to deplete MM. Then, mice were injected intravenously at day 2 and 3 with 250 µg of anti-LFA-1 (clone M17/4, BioXcell) and 250 μg anti-VLA-4 (clone PS/2, BioXcell) to block immune infiltration and promote local repopulation. Mice were then infected with LCMV at day 8, and analyzed 2 days later (whole meningeal qPCR antiviral genes plate) and 6 days later (meningeal immune flow and parenchymal LCMV RT-qPCR).Tamoxifen administration. For induction of Cre recombinase, 6-to 8-week-old Cx3cr1-CreERT2 : R26-LSL-TdTomato mice received daily intraperitoneal injections (for 5 days) of 2 mg Tamoxifen (Cayman Chemicals) dissolved in 100 μL corn oil (Sigma Aldrich).

Gel

  Bead and Library Kit (10X Genomics, No. 1000092) and the Chromium i7 Multiplex kit (10x Genomics, No 120262) according to the manufacturer's instructions. Briefly, GEM reversetranscription incubation was performed in a 96-deep-well reaction module at 53°C for 45 min, 85°C for 5 min and ending at 4°C. Next, GEMs were broken and complementary DNA (cDNA) was cleaned up with DynaBeads MyOne Silane Beads(Thermo Fisher Scientific, No. 37002D) and SPRIselect Reagent Kit (Beckman Coulter, No. B23317). Full-length, barcoded cDNA was PCR amplified with a 96-deep-well reaction module at 98°C for 3 min, 11 cycles at 98°C for 15 s, 63°C for 20 s and 72°C for 1 min, one cycle at 72°C for 1 min and ending at 4°C. Following cleaning up with the SPRIselect Reagent Kit and enzymatic fragmentation, library construction to generate Illumina-ready sequencing libraries was performed by the addition of R1 (read 1 primer), P5, P7, i7 sample index and R2 (read 2 primer) via end repair, A-tailing, adapter ligation, post-ligation SPRIselect cleanup/size selection and sample index PCR. After generation of the gene expression and HTO libraries, the cDNA content of post-sample index PCR samples was analyzed using the 2100 BioAnalyzer (Agilent) and the samples were sequenced by the TGML platform (TAGC, Marseille). Sequencing libraries (molar ratio 92/8 for gene expression/HTO) were loaded on a NextSeq500 Illumina flow cell High output (75 cycles) with sequencing settings following the recommendations of 10x Genomics (read 1:28 cycles; read 2: 55 cycles; index i7: 8 cycles; index i5: no cycles; 1.8 pM loading concentration).scRNA-seq analysis. Preprocessing and analysis of data were done through the usage of standard tools and custom R and bash scripts. We notably used R version 4.0.3, Seurat package version 3.2.2[START_REF] Stuart | Comprehensive Integration of Single-Cell Data[END_REF], 10x Genomics CellRanger version 4, CITE-seqcount version 1.4.3[START_REF] Stoeckius | Cell Hashing with barcoded antibodies enables multiplexing and doublet detection for single cell genomics[END_REF]. Docker and Singularity containers were used to ensure the reproducibility of analyses. All codes and data are available on Github and Zenodo.

LegendFigure 1 .

 1 Figure 1. MM populations inhabit mouse and primate dural meninges A. Maximal intensity projection of a confocal z-stack of dural meninges from an aged baboon (top) and an adult mouse (bottom) with MHC-II stain (red) and IBA1 or CD206 stain (green). Scale bar: 100 µm. Image is representative of 4 baboons and 5 mice. B. Baboon dural meninges were cleared and stained for IBA1 and MHC-II. The proportion of MHC-II+ MM in baboons is indicated. Graphs show the mean ± s.e.m. Data are representative of 4 baboons and 2 regions per baboon were quantified. C. At different ages, expression of MHC-II and MHC-I by MM was assessed by flow cytometry on mouse dural meninges. Graphs show the mean ± s.e.m. and asterisks denote statistical significance (*p<0.05; ***p<0.001; Pearson correlation test, with "r" correlation coefficient indicated). Data are representative of 6 independent experiments with 6 mice (d10, d14), 5 mice (d60), 10 mice (d30), 15 mice (d90) and 3 mice (d120, d150, d210) per group for MHC-II assessment, and 6 independent experiments with 3 mice (d14), 5 mice (d60), 10 mice (d30), 15 mice (d90) and 3 mice (d120, d150, d210) per group for MHC-I assessment. D. Representative maximal intensity projection of meningeal whole mount of B6 mice injected intravenously with 70 kDa fluorescent dextran 60 min prior. The inset shows an area of the parietal lobe, with CD206 (red) and dextran (green). Scale bar: 3 mm (whole meninges) and 200 µm (inset). IL: interparietal-occipital lobe; PL: parietal lobe; FL: frontal lobe; SSS: superior sagittal sinus; TS: transverse sinus. 'i.v.'= intravenous. Data are representative of 2 independent experiments with 4 mice per group. E, F. Dextran uptake was quantified using histocytometry. (E) Intensity of dextran fluorescence in MM. Bar graphs show the mean ± s.e.m. for the indicated groups and asterisks denote statistical significance (**p<0.01; Unpaired two-tailed Student's t test). (F) Dextran uptake by MHC-II+ MM (blue) and MHC-II-MM (orange) subsets was visualized. Data are representative of 2 independent experiments with 4 mice per group.

Figure 2 .

 2 Figure 2. MHC-II+ MM and MHC-II-MM differentially respond to peripheral stimuli

Figure 3 .

 3 Figure 3. Infection of LCMV via the intravenous route leads to a transient infection in the dural meninges and the brain A, B. LCMV mRNA levels were quantified by in the dural meninges (A) and brains (B) at days 1, 6 and 30 post-infection and compared to mock-infected mice. Bar graphs show the mean ± s.e.m. and asterisks denote statistical significance (ns=not significant; **p<0.01; ****p<0.0001; Kruskall-Wallis test with Dunn's post-hoc test). Data are representative of 4 independent experiments with 12 mice (naive) and 6 mice (d1, d6, d30) per group. C, D. At day 6 post LCMV infection, meningeal infiltrating cells were enumerated. Bar graphs show the mean ± s.e.m. and asterisks denote statistical significance (**p<0.01; ****p<0.0001; One-way ANOVA test followed by unpaired two-tailed Student's t-test with Holm-Sidak test for pairwise comparison for C; Unpaired two-tailed Student's t-test for D). Data are representative of 2 independent experiments with 7 (PBS) and 8 (LCMV) mice per group. E, F. B6 mice were injected intravenously with P14-OFP + CD8 + T cells and with either PBS or LCMV and analyzed at day 6 (D6) post-infection. (E) Immune clusters of MHC-II+ cells were analyzed and quantified in interparietal-occipital, parietal and frontal regions of the dural meninges. Bar graphs show the mean ± s.e.m. for the indicated groups and asterisks denote statistical significance (**p<0.01; Kruskall Wallis test followed by Mann-Whitney two-tailed test with Holm-Sidak correction for multiple analysis). (F) Maximal intensity projections of meningeal whole mounts from B6 mice showing MHC-II (blue), CD11b (green) and P14-OFP + T cells (red). Scale bar: 1 mm. Magnified area highlighted in the white box is shown on the right. Scale bar: 30 µm. Data are representative of 2 independent experiments with 7 mice per group.

Figure 4 .

 4 Figure 4. MM genetic depletion increases susceptibility to fatal meningitis A, B. CNS immune cells of Cd163-Cre : R26-LSL-YFP mice were analyzed by flow cytometry. (A) Bar graphs show the percentage of YFP + cells. Bar graphs show the mean ± s.e.m. for the indicated groups, and asterisks denote statistical significance (*p<0.05; **p<0.01; ****p<0.0001; Kruskall Wallis test followed by Mann-Whitney two-tailed test with Holm-Sidak correction for multiple analysis). Data are representative of 4 independent experiments with 8 mice (Control) and 17 mice (Cd163-Cre : R26-LSL-YFP) per group. A representative FACS plot of YFP expression in MM of control versus Cd163-Cre : R26-LSL-YFP mice is shown (right). (B) Bar graphs show the percentage of YFP + cells. Bar graphs show the mean ± s.e.m. for the indicated groups, and asterisks denote statistical significance (ns=not significant; *p<0.05; **p<0.01; ***p<0.001; Kruskall Wallis test followed by Mann-Whitney two-tailed test

Figure 5 .

 5 Figure 5. MM antiviral action requires Stat1 and Ifnar A. At day 6 post-infection, meningeal immune cells of LysM-Cre : Stat1 fl/fl mice were analyzed by flow cytometry. Bar graphs show the mean ± s.e.m. and asterisks denote statistical significance (ns=not significant; *p<0.05; ***p<0.001; Kruskall Wallis test followed by Mann-Whitney two-tailed test with Holm-Sidak correction for multiple analysis). Data are representative of 3 independent experiments with 20 mice (Control + LCMV) and 8 mice (LysM-Cre : Stat1 fl/fl + LCMV) per group. B. LCMV mRNA levels were quantified in the brains of LysM-Cre : Stat1 fl/fl mice at day 6 postinfection. Bar graphs show the mean ± s.e.m. and asterisks denote statistical significance (****p<0.0001; Mann-Whitney two-tailed test). Data are representative of 4 independent experiments with 18 mice (Control + LCMV) and 9 mice (LysM-Cre : Stat1 fl/fl + LCMV) per group. C. Maximal intensity projection of meningeal whole mounts from LysM-Cre : Stat1 fl/fl at day 6 post-infection show numerous clusters of LCMV (green) surrounded by monocytes (red) and MHC-II+ cells (blue) compared to controls. Magnified area of highlighted white box shows viral patches in LysM-Cre : Stat1 fl/fl mice. Data are representative of 2 independent experiments with 2 mice per group. Scale bar: 3 mm (full dural meninges) and 200 µm (inset). D6: day 6 post-infection. D. At day 6 post-infection, meningeal immune cells of Cd163-Cre : Stat1 fl/fl mice were analyzed by flow cytometry. Bar graphs show the mean ± s.e.m. and asterisks denote statistical significance (ns=not significant; *p<0.05; **p<0.01; ****p<0.0001; Kruskall Wallis test followed by Mann-Whitney two-tailed test with Holm-Sidak correction for multiple analysis). Data are representative of 6 independent experiments with 25 mice (Control + LCMV) and 15 mice (Cd163-Cre : Stat1 fl/fl + LCMV) per group. E. LCMV mRNA levels were quantified in the brains of Cd163-Cre : Stat1 fl/fl mice at day 6 postinfection. Bar graphs show the mean ± s.e.m. and asterisks denote statistical significance (**p<0.01; Mann-Whitney two-tailed test). Data are representative of 7 independent experiments with 21 mice (Control + LCMV) and 15 mice (Cd163-Cre : Stat1 fl/fl + LCMV) per group. F. Maximal intensity projection of meningeal whole mounts from Cd163-Cre : Stat1 fl/fl at day 6 post-infection show few clusters of LCMV (green) surrounded by monocytes (red) compared to controls. Data are representative of 3 independent experiments with 6 mice (Control D6) and 7 mice (Cd163-Cre : Stat1 fl/fl D6) per group. Magnified area of highlighted white box shows

Figure 6 .

 6 Figure 6. MM depletion through pharmacological PLX3397 increases susceptibility to fatal meningitis A. B6 mice were injected transcranially with a CSF1R antagonist (PLX3397) to deplete MM and compared to mock-injected mice. Immune cells were assessed by flow cytometry. Bar graphs show the mean ± s.e.m and asterisks denote statistical significance (ns=not significant; *p<0.05; One-way ANOVA test followed by unpaired two-tailed Student's t-test with Holm-Sidak test for pairwise comparison). Data are representative of 2 independent experiments with 5 mice (Mock) and 7 mice (PLX3397) per group. A representative FACS plot of MM among CD11b+ Ly6c-Ly6g-cells, in mock and PLX-treated mice is shown on the right. B. MM density was assessed on whole mount images. Bar graphs show the mean ± s.e.m and asterisks denote statistical significance (ns=not significant; *p<0.05; **p<0.01; Kruskall Wallis test followed by Mann-Whitney two-tailed test with Holm-Sidak correction for multiple analysis). Data are representative of 3 independent experiments with 7 mice (Mock) and 12 mice (PLX3397) per group. C. Maximal intensity projection of meningeal whole mounts from PLX3397-treated mice were stained for CD206 (green), Ly6C (blue) and MHC-II (red). Scale bar: 1 mm. The insets show a region of the suture and of the lobe represented by the white box. Scale bar: 100 µm. Data are representative of 3 independent experiments with 7 mice (Mock) and 12 mice (PLX3397) per group. D. Brain macrophages (perivascular macrophages, choroid plexus macrophages and pial macrophages), were assessed by flow cytometry. Bar graphs show the mean ± s.e.m. (ns=not significant; Mann-Whitney two-tailed test). Data are representative of 2 independent experiments with 10 mice (Mock) and 9 mice (PLX3397) per group. E. Density of pial macrophages was assessed on brain surfaces stained with CD206 for macrophage quantification in PLX3397-and mock-injected mice. Bar graphs show the mean

Figure 7 .

 7 Figure 7. Low levels of MHC-II+ MM are associated with increased neuroinfection A. Mice were subjected to an injection of lipopolysaccharide (LPS) or saline solution (PBS), 24 h before infection with LCMV. At day 6 post-infection, LCMV mRNA was quantified in brains of mice injected with LPS and compared to controls (PBS), showing significantly higher viral load in LPS-injected mice. Bar graphs show the mean ± s.e.m. and asterisks denote statistical significance (*p<0.05; Mann-Whitney two-tailed test). Data are representative of 2 experiments with 4 mice (PBS + LCMV) and 8 mice (LPS + LCMV) per group. B. Four months-old (4MO) and one month-old (1MO) B6 mice were injected with LCMV. Bar graphs show the mean ± s.e.m. and asterisks denote statistical significance (*p<0.05; Mann-Whitney two-tailed test). Data are representative of 3 independent experiments with 11 mice per group. C, D. Mice were subjected to meningeal 'rejuvenation' before infection with LCMV. (C) LysM-Cre : Csf1r-LSL-DTR mice and controls were injected with DT and with blocking antibodies (anti-LFA/VLA) to block MHC-II+ cells infiltration and promote local MHC-II-MM proliferation. MM were analyzed by flow cytometry at day 8 post DT. Bar graphs show mean ± s.e.m and asterisks denote statistical significance (ns=not significant; **p<0.01; One-way ANOVA test followed by unpaired two-tailed Student's t-test with Holm-Sidak test for pairwise comparison). Data are representative of 2 independent experiments with 5 mice per group. (D) At day 8 post DT injection, mice were infected with LCMV. At day 6 post-infection, LCMV mRNA was quantified in brains of 'rejuvenated' mice and compared with controls. Bar graphs show the mean ± s.e.m. and asterisks denote statistical significance (***p<0.001; Mann-Whitney twotailed test). Data are representative of 2 independent experiments with 7 mice per group.E. Mice were subjected to meningeal 'rejuvenation' before infection with LCMV (as in D). Two days after infection, the whole meningeal tissue was used to assess gene expression by primePCR (SAB antiviral plate). Among the 89 genes tested, the top 20 differentially expressed genes between PBS and LCMV infection were indicated, and their expression was normalized to PBS-injected mice. Data are representative of 2 experiments with 6 (control) and 5 (rejuvenated) mice per group. F. MHC-II+ and MHC-II-MM (gated on CD45 + CD11b + CD64 + CD206 + cells) were sorted at 24 h and 48 h post-LCMV infection in vivo, and LCMV was quantified in each sample. The proportion of samples positive for LCMV is indicated. Bar graphs show the mean ± s.e.m. and asterisks denote statistical significance (*p<0.05; **p<0.01; Unpaired two-tailed Student's ttest). Data are representative of 3 independent experiments, with pools of 4, 7 and 10 mice (24 h) and 5, 5 and 10 mice (48 h).
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as the mean ± s.e.m. Technical replicates and iterative measures were averaged per biological unit, so that one symbol represents one individual.
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