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Functions of the spleen

Located in the abdominal cavity between the diaphragm and the fundus of the stomach, the spleen is the largest secondary lymphoid organ in the body. It acts mainly as a blood filter that selectively removes immune complexes, circulating pathogens and senescent, dysfunctional, or infected red blood cells. [START_REF] Mebius | Structure and function of the spleen[END_REF] As a result, splenectomy is associated with an increased susceptibility to severe bacterial infections (Streptococcus pneumoniae, Haemophilus influenzae, Neisseria meningitidis…) and a major risk of overwhelming sepsis. [START_REF] Den Haan | Innate Immune Functions of Macrophage Subpopulations in the Spleen[END_REF][START_REF] Borges Da Silva | Splenic Macrophage Subsets and Their Function during Blood-Borne Infections[END_REF] Besides its immune function, the spleen is involved in other important physiological processes such as iron homeostasis. Senescent or ruptured red blood cells are trapped in the spleen and their hemoglobin content is metabolized into free iron, which supplies most of the iron needed for erythropoiesis. [START_REF] Klei | From the Cradle to the Grave: The Role of Macrophages in Erythropoiesis and Erythrophagocytosis[END_REF][START_REF] Alam | The Heme Connection: Linking Erythrocytes and Macrophage Biology[END_REF] The adult spleen is also a prominent site for extramedullary hematopoiesis. In conditions of infection, anaemia and genetic blood disorders or during pregnancy, hematopoietic stem cells (HSC) mobilized from the bone marrow (BM) migrate into newly formed splenic niches, where they differentiate into blood cells. [START_REF] Inra | A perisinusoidal niche for extramedullary haematopoiesis in the spleen[END_REF][START_REF] Oda | Niche-induced extramedullary hematopoiesis in the spleen is regulated by the transcription factor Tlx1[END_REF][START_REF] Yang | The mechanisms of pathological extramedullary hematopoiesis in diseases[END_REF] The spleen also acts as a cell reservoir for monocytes, thrombocytes, plasmablasts, long-lived memory B cells and red blood cells. [START_REF] Van Der Laan | Monocyte subset accumulation in the human heart following acute myocardial infarction and the role of the spleen as monocyte reservoir[END_REF][START_REF] Heyns | Kinetics and mobilization from the spleen of indium-111-labeled platelets during platelet apheresis[END_REF][START_REF] Ellyard | Contribution of stromal cells to the migration, function and retention of plasma cells in human spleen: potential roles of CXCL12, IL-6 and CD54[END_REF][START_REF] Mamani-Matsuda | The human spleen is a major reservoir for long-lived vaccinia virus-specific memory B cells[END_REF][START_REF] Shephard | Responses of the human spleen to exercise[END_REF] During hemorrhage, acute physiological stress ("fight or flight" reaction) or apnoeic diving in aquatic mammals, contraction of the spleen increases the number of systemic red blood cells and platelets. [START_REF] Shephard | Responses of the human spleen to exercise[END_REF][START_REF] Stewart | The Human Spleen During Physiological Stress[END_REF][START_REF] Cabanac | Volume capacity and contraction control of the seal spleen[END_REF] Finally, rapid deployment of splenic monocytes participates in healing of the affected cardiac tissue in response to ischemic myocardial injury. [START_REF] Swirski | Identification of Splenic Reservoir Monocytes and Their Deployment to Inflammatory Sites[END_REF] Appropriate functioning of the spleen depends on various cells acting in concert. Recent evidence suggest that fibroblasts and macrophages engage in bi-directional, virtuous dialogues crucial for tissue homeostasis. In this review, we will discuss how cooperation of these two cell types underlies the pleiotropic functions of the spleen.

Overview of the splenic anatomy

The spleen is surrounded by a contractile capsule and compartmentalized into distinct microanatomical zones, each fulfilling different purposes (Figure 1). The lymphoid part of the spleen, the white pulp (WP), sheathes the smaller branches of the splenic arterial supply and is organized in a way reminiscent of lymph nodes, with peripheral B cell follicles surrounding inner T cell zones. As there are no afferent lymphatic vessels in the spleen, cells and antigens reach the WP via the blood. The WP is surrounded by the marginal zone (MZ), which separates the lymphoid and non-lymphoid parts of the spleen (Figure 1). Most of the arterial blood entering the spleen flows through the MZ, pouring into a marginal sinus (Figure 1) that connects to the surrounding fibroblastic tissue of the MZ. [START_REF] Kraal | New Insights into the Cell Biology of the Marginal Zone of the Spleen[END_REF] Therefore, the MZ plays an important part in blood screening and trafficking of cells into the organ. The rest of the arterial blood is discharged by open-ended capillaries into the cords of the red pulp (RP) (Figure 1), a complex meshwork of fibroblasts and reticular fibres forming a structural frame of an open blood circulation. The bloodstream subsequently runs into peculiar structures called venous sinuses (Figure 1). The specific architecture of the cords' reticular meshwork and sinuses enables the selective removal of senescent red blood cells in the RP. [START_REF] Mebius | Structure and function of the spleen[END_REF][START_REF] Steiniger | Human spleen microanatomy: why mice do not suffice[END_REF] Each of these splenic compartments is populated by distinct sets of fibroblasts, which assemble in complex 3D cellular meshworks that we will now briefly introduce.

Splenic fibroblasts

The spleen is divided into various areas delineated by cellular fibroblastic networks that underpin its structural integrity (Figure 2 and table 1). As these cells have been extensively described by others, [START_REF] Perez-Shibayama | Fibroblastic reticular cells at the nexus of innate and adaptive immune responses[END_REF][START_REF] Alexandre | Stromal cell networks coordinate immune response generation and maintenance[END_REF][START_REF] Malhotra | Stromal and hematopoietic cells in secondary lymphoid organs: partners in immunity[END_REF] we will here only summarize some of their key attributes as they pertain to their potential interactions with splenic macrophages. Developmentally, all subsets of splenic stromal cells derive from early mesenchymal progenitors expressing the transcription factors Islet-1 and Nkx2.5. [START_REF] Castagnaro | Nkx2-5+Islet1+ Mesenchymal Precursors Generate Distinct Spleen Stromal Cell Subsets and Participate in Restoring Stromal Network Integrity[END_REF] These progenitors are found in the splenic primordium as early as embryonic day (E) 10.5 and ultimately differentiate into mature stromal subsets of both, the RP and WP. [START_REF] Castagnaro | Nkx2-5+Islet1+ Mesenchymal Precursors Generate Distinct Spleen Stromal Cell Subsets and Participate in Restoring Stromal Network Integrity[END_REF] In addition to their structural functions, these stromal cells also directly impact on immune responses by controlling recruitment and distribution of immune cells to the different areas of the spleen. [START_REF] Nolte | A Conduit System Distributes Chemokines and Small Blood-borne Molecules through the Splenic White Pulp[END_REF] Finally, in the spleen as well as other lymphoid and non-lymphoid tissues, stromal cells are also emerging as cellular partners within macrophage niches.

White Pulp and Marginal Zone fibroblasts

Splenic WP reticular cells broadly resemble those of the LN in their respective localization and functions. The center of the WP is populated by T-cell zone reticular cells (TRCs) (Figure 2 and table 1) characterized by expression of podoplanin (PDPN), [START_REF] Onder | A novel bacterial artificial chromosome-transgenic Podoplanin-Cre mouse targets lymphoid organ stromal cells in vivo[END_REF] PDGFRα, PDGFRβ and Vascular Cell Adhesion protein 1 (VCAM1). Much like in lymph nodes, [START_REF] Bajénoff | Fibroblastic Reticular Cells Guide T Lymphocyte Entry into and Migration within the Splenic T Cell Zone[END_REF][START_REF] Nolte | A Conduit System Distributes Chemokines and Small Blood-borne Molecules through the Splenic White Pulp[END_REF][START_REF] Worbs | CCR7 ligands stimulate the intranodal motility of T lymphocytes in vivo[END_REF] TRCs attract and nurture CCR7 + T cells and dendritic cells (DC) to and in the splenic T cell zone through the production of the homeostatic chemokines CCL19, CCL21 [START_REF] Luther | Coexpression of the chemokines ELC and SLC by T zone stromal cells and deletion of the ELC gene in the plt/plt mouse[END_REF] and the T cell survival factor IL-7. [START_REF] Link | Fibroblastic reticular cells in lymph nodes regulate the homeostasis of naive T cells[END_REF] On the other hand, follicular dendritic cells (FDCs) (Figure 2), the reticular subsets of the B cell follicle, attract B and T follicular helper cells and direct them to the follicles via CXCL13. [START_REF] Ansel | A chemokine-driven positive feedback loop organizes lymphoid follicles[END_REF] Mature FDCs retain antigen on their surface via complement receptors and thereby also participate in the maturation of the immune response (for review, [START_REF] Heesters | Follicular dendritic cells: dynamic antigen libraries[END_REF] ). CXCL12-producing cells in follicles might regulate B-cell trafficking and germinal center reactions. [START_REF] Rodda | Phenotypic and Morphological Properties of Germinal Center Dark Zone Cxcl12 -Expressing Reticular Cells[END_REF] Marginal reticular cells (MRC) (Figure 2) populate the border of the MZ that lines the sinus, and they express MAdCAM-1 and CXCL13. These fibroblasts delineate the WP region [START_REF] Katakai | Organizer-Like Reticular Stromal Cell Layer Common to Adult Secondary Lymphoid Organs[END_REF] and enhance the capture and trafficking of antigens into B cell follicles. [START_REF] Katakai | Marginal reticular cells: a stromal subset directly descended from the lymphoid tissue organizer[END_REF][START_REF] Koning | Interdependence of stromal and immune cells for lymph node function[END_REF] MRCs attract CXCR5 + B cells via the production of CXCL13 (for review, [START_REF] Cyster | SPHINGOSINE-1-PHOSPHATE, AND CELL MIGRATION IN SEC-ONDARY LYMPHOID ORGANS[END_REF][START_REF] Randall | Development of Secondary Lymphoid Organs[END_REF][START_REF] Roozendaal | Stromal Cell-Immune Cell Interactions[END_REF] ). They also promote B cell-ILC interactions during the generation of antibody responses [START_REF] Magri | Innate lymphoid cells integrate stromal and immunological signals to enhance antibody production by splenic marginal zone B cells[END_REF] and initiate antiviral immune responses. [START_REF] Junt | Subcapsular sinus macrophages in lymph nodes clear lymph-borne viruses and present them to antiviral B cells[END_REF] They represent the niche for MZ B cells and probably the one of CD169 + metallophilic macrophages, as discussed in more detail below. Indeed, MRC express RANK and the Notch ligand Delta-like 1, which are important for the maintenance of the MZ myeloid cell populations [START_REF] Habbeddine | Receptor Activator of NF-κB Orchestrates Activation of Antiviral Memory CD8 T Cells in the Spleen Marginal Zone[END_REF] and the differentiation of MZ B cells and Esam + DC, respectively. [START_REF] Fasnacht | Specific fibroblastic niches in secondary lymphoid organs orchestrate distinct Notch-regulated immune responses[END_REF] Finally, perivascular reticular cells (PRCs) (Figure 2 and table 1) are characterized by expression of PDGFRα, PDGFRβ, and Sca-1.

Intriguingly, this phenotype is reminiscent of CCL19 + fetal lymphoid tissue organizer cells, and PRCs indeed appear to retain stemness in adulthood and can differentiate into the different WP reticular cells in a LTβR-dependent manner. [START_REF] Cheng | Origin and differentiation trajectories of fibroblastic reticular cells in the splenic white pulp[END_REF] Inference of differentiation trajectories from single cell transcriptomic data suggests that PRCs can also generate splenic mural cells, a subset of perivascular cells surrounding splenic blood vessels that expresses pericyte markers (e.g. NG2, CD146). [START_REF] Cheng | Origin and differentiation trajectories of fibroblastic reticular cells in the splenic white pulp[END_REF] 

Red Pulp fibroblasts

The RP cords are populated by RP fibroblasts (Figure 2 and table 1). In mice, they express PDGFRβ and CXCL12, through which they can retain CXCR4 + differentiating plasma B cells. [START_REF] Ellyard | Contribution of stromal cells to the migration, function and retention of plasma cells in human spleen: potential roles of CXCL12, IL-6 and CD54[END_REF][START_REF] Hargreaves | A Coordinated Change in Chemokine Responsiveness Guides Plasma Cell Movements[END_REF] In agreement with this, human CD54 + RP stromal cells expressing CXCL12 produce IL-6 and are suspected to stimulate antibody production by CD11a + plasma cells. [START_REF] Ellyard | Contribution of stromal cells to the migration, function and retention of plasma cells in human spleen: potential roles of CXCL12, IL-6 and CD54[END_REF] RP fibroblasts also produce stem cell factor (SCF), a critical regulator of HSC, potentially implicating them in splenic extra-medullary hematopoiesis. [START_REF] Inra | A perisinusoidal niche for extramedullary haematopoiesis in the spleen[END_REF] The most abundant population of VCAM1 + RP fibroblasts specifically expresses the transcription factor WT1. [START_REF] Bellomo | Reticular Fibroblasts Expressing the Transcription Factor WT1 Define a Stromal Niche that Maintains and Replenishes Splenic Red Pulp Macrophages[END_REF] Their transcriptome is enriched for genes associated with mesenchymal differentiation and endothelial cell function. [START_REF] Cheng | Origin and differentiation trajectories of fibroblastic reticular cells in the splenic white pulp[END_REF][START_REF] Bellomo | Reticular Fibroblasts Expressing the Transcription Factor WT1 Define a Stromal Niche that Maintains and Replenishes Splenic Red Pulp Macrophages[END_REF] These fibroblasts are key regulators of macrophage homeostasis in the RP, [START_REF] Bellomo | Reticular Fibroblasts Expressing the Transcription Factor WT1 Define a Stromal Niche that Maintains and Replenishes Splenic Red Pulp Macrophages[END_REF] as we will discuss below.

Capsule fibroblasts

The spleen is surrounded by a contractile capsule formed by a dense connective layer containing smooth muscle fibers, which enter the splenic parenchyma and form the trabeculae. With the exception of the hilum, the surface of the capsule is covered by a single layer of mesothelial cells. This capsule contains different stromal subsets [START_REF] Tan | Murine Spleen Tissue Regeneration from Neonatal Spleen Capsule Requires Lymphotoxin Priming of Stromal Cells[END_REF] that can be found from neonates to adult mice. Interestingly, the neonatal capsule can fully regenerate all splenic tissues with functional capacity upon grafting. This potential has been attributed to the presence of putative stromal MAdCAM-1 + LTβR + lymphoid tissue organizer cells, which rely on LTα1β2 signals for regeneration. [START_REF] Tan | Murine Spleen Tissue Regeneration from Neonatal Spleen Capsule Requires Lymphotoxin Priming of Stromal Cells[END_REF] Contrary to WP FRCs, the fibroblasts of the mesothelium do not express Ccl19, as revealed recently by single cell transcriptomic analyses of splenic fibroblasts from Ccl19-ieYFP mice. This work also demonstrated that the outer layer of the splenic capsule is made up of specific fibroblasts expressing mesothelin, while a subcapsular layer is formed by fibroblasts expressing Lumican. [START_REF] Cheng | Origin and differentiation trajectories of fibroblastic reticular cells in the splenic white pulp[END_REF] 

Splenic macrophages

The spleen comprises several subsets of macrophages (Figure 3 and table 2) that can be distinguished by their locations, developmental origins, phenotypic profiles and functional specializations. The major subsets of splenic macrophages will be reviewed in the following sections.

Red Pulp Macrophages (RPM)

RPM reside in the splenic cords, where they "bath" in the open blood circulation in close association with RP fibroblasts (Figure 3 and table 2). [START_REF] Fujita | A Scanning Electron Microscope Study of the Human Spleen[END_REF][START_REF] Hataba | Scanning electron microscopic study of the red pulp of mouse spleen[END_REF][START_REF] Bellomo | Reticular Fibroblasts Expressing the Transcription Factor WT1 Define a Stromal Niche that Maintains and Replenishes Splenic Red Pulp Macrophages[END_REF] These macrophages control iron homeostasis via the recycling of iron contained in aged erythrocytes. RPM express high levels of F4/80, VCAM1, CD68, as well as scavenger receptors (CD163, CD91, signal regulatory protein alpha (SIRPα), CD36, complement receptor 3, Fc receptors), which allow them to clear free hemoglobin, free heme and senescent erythrocytes retained in the reticular network of the RP. [START_REF] Klei | From the Cradle to the Grave: The Role of Macrophages in Erythropoiesis and Erythrophagocytosis[END_REF][START_REF] Alam | The Heme Connection: Linking Erythrocytes and Macrophage Biology[END_REF][START_REF] Klei T Robert Leon | Hemolysis in the spleen drives erythrocyte turnover[END_REF][START_REF] Nairz | Pumping iron"-how macrophages handle iron at the systemic, microenvironmental, and cellular levels[END_REF] The mechanisms by which senescent erythrocytes are recognized and degraded by RPMs are still ill-defined, since erythro-phagocytic events are rarely observed in vivo in RPM. [START_REF] Gottlieb | Physiologically aged red blood cells undergo erythrophagocytosis in vivo but not in vitro[END_REF][START_REF] Klei T Robert Leon | Hemolysis in the spleen drives erythrocyte turnover[END_REF] In vivo imaging and transfusion experiments in mice showed that senescent erythrocytes interact with the extracellular matrix of the splenic architecture and ultimately release their cytoplasmic content through rupture of their cell membrane, a process known as hemolysis. [START_REF] Klei T Robert Leon | Hemolysis in the spleen drives erythrocyte turnover[END_REF] It is thought that RPM recognize and phagocytose the remnant erythrocyte "ghost shells", now devoid of hemoglobin, along with scavenger-associated heme and hemoglobin.

Once they have captured senescent red blood cells, RPM must degrade their toxic cargo. To this end, RPM are equipped with a molecular machinery capable of neutralizing the toxic effects of heme and metabolizing iron. [START_REF] Kohyama | Role for Spi-C in the development of red pulp macrophages and splenic iron homeostasis[END_REF][START_REF] Haldar | Heme-Mediated SPI-C Induction Promotes Monocyte Differentiation into Iron-Recycling Macrophages[END_REF][START_REF] Kovtunovych | Dysfunction of the heme recycling system in heme oxygenase 1-deficient mice: effects on macrophage viability and tissue iron distribution[END_REF][START_REF] Alam | Counter Regulation of Spic by NF-κB and STAT Signaling Controls Inflammation and Iron Metabolism in Macrophages[END_REF] Following hemoglobin degradation in the phagolysosome, heme is transported into the cytosol by the heme-transporter HRG1, where it is catabolized into iron by heme oxygenase-1 (HO1). Cytosolic iron is either stored in ferritin complexes or exported into plasma through ferroportin (FPN). [START_REF] Alam | The Heme Connection: Linking Erythrocytes and Macrophage Biology[END_REF] Intracellular heme is also a strong inducer of the transcription factor SPI-C, which regulates RPM homeostasis. [START_REF] Kohyama | Role for Spi-C in the development of red pulp macrophages and splenic iron homeostasis[END_REF][START_REF] Haldar | Heme-Mediated SPI-C Induction Promotes Monocyte Differentiation into Iron-Recycling Macrophages[END_REF] Indeed, mice deficient in SpiC or HO1 are largely devoid of RPM, underscoring that these genes are critical for RPM development and survival after erythrocyte clearance. [START_REF] Kohyama | Role for Spi-C in the development of red pulp macrophages and splenic iron homeostasis[END_REF][START_REF] Kovtunovych | Dysfunction of the heme recycling system in heme oxygenase 1-deficient mice: effects on macrophage viability and tissue iron distribution[END_REF] Specifically, SPI-C was shown to increase transcription of Fpn in LPS-activated tissue macrophages, and SpiC KO pre-RPM display reduced expression of this transporter. [START_REF] Alam | Counter Regulation of Spic by NF-κB and STAT Signaling Controls Inflammation and Iron Metabolism in Macrophages[END_REF] These observations indicate that SpiC deficiency could cause lethal excess of intracellular iron in RPM due to insufficient FPNmediated export. [START_REF] Alam | Counter Regulation of Spic by NF-κB and STAT Signaling Controls Inflammation and Iron Metabolism in Macrophages[END_REF] Aside from their role in iron homeostasis, RPM are also strategically located to detect and defend the organism against blood-borne infections, such as malaria. Early microscopy studies in monkeys and mice have established that RPM phagocytose free or internalized parasites and infected erythrocytes. [START_REF] Schnitzer | Pitting Function of the Spleen in Malaria: Ultrastructural Observations[END_REF][START_REF] Tosta | The role of spleen macrophages in malaria: an ultrastructural study[END_REF] In mice, RPM also take part in the control of parasitemia by promoting immune responses during blood stage malaria. Infection of Ifnb-Yfp reporter mice with the rodent malaria parasite P. chabaudi has demonstrated that RPM are a primary source of type I interferon, which promotes the inflammatory response needed to fight this parasite. [START_REF] Kim | Splenic Red Pulp Macrophages Produce Type I Interferons as Early Sentinels of Malaria Infection but Are Dispensable for Control. Rénia L, éditeur[END_REF] Yet, SpiC KO mice are still able to control the infection, supporting the notion that RPM are dispensable for the clearing of malaria. [START_REF] Kim | Splenic Red Pulp Macrophages Produce Type I Interferons as Early Sentinels of Malaria Infection but Are Dispensable for Control. Rénia L, éditeur[END_REF] However, SpiC KO mice do display increased numbers of monocytes in blood and spleen compared to WT controls, suggesting that the lack of RPM is compensated by recruitment of monocytes to the spleen. [START_REF] Kim | Splenic Red Pulp Macrophages Produce Type I Interferons as Early Sentinels of Malaria Infection but Are Dispensable for Control. Rénia L, éditeur[END_REF][START_REF] Sponaas | Migrating monocytes recruited to the spleen play an important role in control of blood stage malaria[END_REF][START_REF] Lai | Organ-Specific Fate, Recruitment, and Refilling Dynamics of Tissue-Resident Macrophages during Blood-Stage Malaria[END_REF] RPM are also involved in the recognition and elimination of fungal and bacterial infections. Histological examination of spleens from rodents injected with capsular polysaccharide from Cryptococcus neoformans showed selective capture of this microbial compound by RPM. [START_REF] Jesus | Spleen deposition of Cryptococcus neoformans capsular glucuronoxylomannan in rodents occurs in red pulp macrophages and not marginal zone macrophages expressing the C-type lectin SIGN-R1[END_REF] In mice lacking MZ macrophages as a result of chronic Leishmania donovani infection, resistance to co-infection with Streptococcus pneumoniae depends on RPM. Consequently, depletion of RPM with clodronate liposomes abrogates this protective effect and results in pneumococcal sepsis in these mice. [START_REF] Kirby | SIGNR1-Negative Red Pulp Macrophages Protect against Acute Streptococcal Sepsis after Leishmania donovani-Induced Loss of Marginal Zone Macrophages[END_REF] Furthermore, co-culture experiments using isolated RPM and naive CD4 + T cells implicated these macrophages in the process of differentiation towards functional regulatory T cells. [START_REF] Kurotaki | CSF-1-Dependent Red Pulp Macrophages Regulate CD4 T Cell Responses[END_REF] Macrophages are known regulators of hematopoiesis in adult and fetal tissues. [START_REF] Mccabe | Macrophages: Key regulators of steady-state and demandadapted hematopoiesis[END_REF] Using CyTOF, flow cytometric, transcriptomic analyses, and vital time-lapse imaging in E10-E10.5 Csf1rGFP ("MacGreen") embryos, Mariani et al. found that CD206 + macrophages seeding the aortagonad mesonephros (AGM) interact with nascent intra-aortic hematopoietic cells. Depletion of macrophages in AGM explants with clodronate-liposomes or the CSF1R inhibitor BLZ945 impairs the generation of hematopoietic cells both from in vitro cultures and following in vivo transplantation of explant-derived cells into adult irradiated mice, thus demonstrating that these macrophages are crucial components of the niche of emerging intra-aortic hematopoietic progenitors. [START_REF] Mariani | Pro-inflammatory Aorta-Associated Macrophages Are Involved in Embryonic Development of Hematopoietic Stem Cells[END_REF] Similarly, several studies have established a prominent role for RPM in the support of splenic extramedullary hematopoiesis (EMH). In LPS-induced EMH, nanoparticle-mediated silencing of VCAM-1 specifically in RPM impairs splenic anchoring of HSC, which normally is mediated via Very Late Antigen-4, a VCAM-1 ligand. This highlights an essential contribution of RPM to the retention of HSC in the splenic niche. [START_REF] Dutta | Macrophages retain hematopoietic stem cells in the spleen via VCAM-1[END_REF] In line with this, depletion of CD169 + macrophages in diphtheria toxin-treated Cd169 DTR mice or depletion of phagocytes with clodronate-loaded liposomes reduces splenic erythropoiesis during experimental anaemia induced by myeloablation, polycythemia vera and β-thalassemia. [START_REF] Chow | CD169+ macrophages provide a niche promoting erythropoiesis under homeostasis and stress[END_REF][START_REF] Ramos | Macrophages support pathological erythropoiesis in polycythemia vera and β-thalassemia[END_REF][START_REF] Jacobsen | Mobilization with granulocyte colony-stimulating factor blocks medullar erythropoiesis by depleting F4/80+VCAM1+CD169+ER-HR3+Ly6G+ erythroid island macrophages in the mouse[END_REF] Additional evidence was provided by Paulson and colleagues, who demonstrated that RPM are required to maintain erythroid homeostasis during anemia following inflammation, myeloablation or phenylhydrazine treatment. [START_REF] Liao | Monocyte-derived macrophages expand the murine stress erythropoietic niche during the recovery from anemia[END_REF][START_REF] Bennett | Inflammation induces stress erythropoiesis through heme-dependent activation of SPI-C[END_REF][START_REF] Chen | Epo receptor signaling in macrophages alters the splenic niche to promote erythroid differentiation[END_REF] Monocyte lineage tracing in tamoxifentreated Cx3cr1 YFPCreER;tdTomato mice revealed that labelled monocytes massively infiltrate the spleen of these mice following phenylhydrazine treatment. [START_REF] Liao | Monocyte-derived macrophages expand the murine stress erythropoietic niche during the recovery from anemia[END_REF] Upon transplantation of BM from the same model, labelled monocytes also extensively seed the spleen of recipient WT mice recovering from myeloablation. Transfer of purified labelled monocytes into irradiated recipients further confirmed that recruited monocytes differentiate into RPM during the recovery phase. [START_REF] Liao | Monocyte-derived macrophages expand the murine stress erythropoietic niche during the recovery from anemia[END_REF] These monocyte-derived RPM associate with erythroid progenitors, thereby becoming erythroblastic island macrophages that expand the stress erythropoietic niche.

Transfer of dye-labelled erythrocytes prior to myeloablation revealed increased erythrophagocytotic behaviour in RPM, which causes them to produce CCL2, a potent monocyte chemoattractant. CCL2-producing RPM thus might regulate the monocytic influx into the growing splenic erythroid niche. [START_REF] Liao | Monocyte-derived macrophages expand the murine stress erythropoietic niche during the recovery from anemia[END_REF] Erythro-phagocytosis by RPM is also increased in response to stimulation of Toll-like receptors (TLR) during sterile inflammation. Subsequent activation of SPI-C promotes stress erythropoiesis through expression of Gdf15 in RPM, a signal initiating the expansion of stress erythroid progenitors. In the same conditions, SpiC KO mice fail to activate Gdf15 transcription, which severely impairs expansion of these progenitors in the RP. [START_REF] Bennett | Inflammation induces stress erythropoiesis through heme-dependent activation of SPI-C[END_REF] RPM are also a source of canonical Wnt ligands and prostaglandin E2, which respectively promote proliferation and differentiation of stress erythroid progenitors. [START_REF] Chen | Epo receptor signaling in macrophages alters the splenic niche to promote erythroid differentiation[END_REF] In conclusion, RPM regulate key functions of the spleen, including iron recycling and stress hematopoiesis, whilst also protecting from infections.

Marginal Zone Macrophages (MZM)

The MZ contains several layers of macrophages (Figure 3 and table 2). Although typically referred to as a single population, these can be distinguished based on specific surface markers.

The inner rim of the MZ comprises macrophages that co-express SIGN-R1 and macrophage receptor with collagenous structure (MARCO), while the outer rim is populated by MZM that express MARCO but lack SIGN-R1. [START_REF] You | Marginal Zone B Cells Regulate Antigen Capture by Marginal Zone Macrophages[END_REF][START_REF] Pirgova | Marginal zone SIGN-R1 + macrophages are essential for the maturation of germinal center B cells in the spleen[END_REF] MZM are embedded in a network of reticular fibroblasts and are constantly exposed to the blood. [START_REF] Kraal | New Insights into the Cell Biology of the Marginal Zone of the Spleen[END_REF][START_REF] Den Haan | Innate Immune Functions of Macrophage Subpopulations in the Spleen[END_REF] Owing to their unique location and set of immune receptors (i.e. SIGN-R1, MARCO, but also Scavenger receptor A), MZM represent the first line of defence against circulating pathogens, a feature shared with marginal metallophilic macrophages (MMM, see below). In vivo depletion of MZM and MMM through the uptake of clodronate liposomes demonstrated that these cells are crucial for the early control of Listeria monocytogenes and lymphocytic choriomeningitis virus infections. [START_REF] Aichele | Macrophages of the Splenic Marginal Zone Are Essential for Trapping of Blood-Borne Particulate Antigen but Dispensable for Induction of Specific T Cell Responses[END_REF][START_REF] Seiler | Crucial role of marginal zone macrophages and marginal zone metallophils in the clearance of lymphocytic choriomeningitis virus infection[END_REF] Histological studies have shown that MZM and MMM phagocytose pathogens like Leishmania donovani, L. monocytogenes, adenovirus, murine cytomegalovirus (MCMV) and cowpox virus. [START_REF] Gorak | Dendritic cells, but not macrophages, produce IL-12 immediately following Leishmania donovani infection[END_REF][START_REF] Aoshi | The cellular niche of Listeria monocytogenes infection changes rapidly in the spleen[END_REF][START_REF] Paolo | Virus Binding to a Plasma Membrane Receptor Triggers Interleukin-1α-Mediated Proinflammatory Macrophage Response In Vivo[END_REF][START_REF] Hsu | Murine cytomegalovirus displays selective infection of cells within hours after systemic administration[END_REF] Studies performed in SIGN-R1 -/-mice showed that MZM exert protection against lethal S. pneumoniae infection. [START_REF] Lanoue | SIGN-R1 Contributes to Protection against Lethal Pneumococcal Infection in Mice[END_REF] MZMs are also involved in central tolerance through ingestion of circulating apoptotic cells. [START_REF] Mcgaha | Apoptotic cell responses in the splenic marginal zone: a paradigm for immunologic reactions to apoptotic antigens with implications for autoimmunity[END_REF] Indeed, in clodronate liposome-treated mice depleted of MZM, chronically injected apoptotic cells are no longer trapped in the MZ and instead, accumulate in the WP. This dysregulated efferocytosis drives adaptive inflammatory responses and eventually fatal autoimmunity. [START_REF] Mcgaha | Marginal zone macrophages suppress innate and adaptive immunity to apoptotic cells in the spleen[END_REF] The immunological activities of MZM also include their ability to efficiently trap and present antibody-coated blood-borne antigens to MZ B cells. [START_REF] You | Marginal Zone B Cells Regulate Antigen Capture by Marginal Zone Macrophages[END_REF][START_REF] Prokopec | Cutting Edge: Marginal Zone Macrophages Regulate Antigen Transport by B Cells to the Follicle in the Spleen via CD21[END_REF] MZ B cells further migrate inside the B follicles, and deposit their antigenic cargo onto FDC, eventually generating germinal center reactions in a MARCO and SIGN-R1-dependent manner. [START_REF] Cinamon | Follicular shuttling of marginal zone B cells facilitates antigen transport[END_REF] In line with this, engagement of MARCO with specific antibodies reduces the transport of CD21-dependent antigens to the follicles by MZ B cells. [START_REF] Prokopec | Cutting Edge: Marginal Zone Macrophages Regulate Antigen Transport by B Cells to the Follicle in the Spleen via CD21[END_REF] MARCO also mediates interactions between MZM and MZ B cells, and binding of its known ligand S. aureus induces relocation of MZ B cells to B follicles. [START_REF] Karlsson | Macrophages Control the Retention and Trafficking of B Lymphocytes in the Splenic Marginal Zone[END_REF] Selective ablation of SIGN-R1 macrophages using short-term clodronate liposome treatment or SIGN-R1 Cre/DTR mice impairs the development of germinal center B cells and the establishment of a mature germinal center reaction. [START_REF] Pirgova | Marginal zone SIGN-R1 + macrophages are essential for the maturation of germinal center B cells in the spleen[END_REF] The absence of SIGN-R1 + macrophages further hinders normal clustering of CD4 + DC expressing dendritic cell inhibitory receptor 2 (DCIR2) to the interfollicular regions of the spleen, where they normally play a key role in priming Tfh responses. [START_REF] Pirgova | Marginal zone SIGN-R1 + macrophages are essential for the maturation of germinal center B cells in the spleen[END_REF] Thus, SIGN-R1 + MZM specifically contribute to the regulation of splenic humoral immunity. Collectively, a rich body of work has shown that MZM have a key role in antimicrobial immunity through screening of circulating antigens and regulation of MZ and GC B cell responses.

Marginal Metallophilic Macrophages (MMM)

MMM populate the inner side of the marginal sinus that surrounds B follicles (Figure 3 and table 2). MMM are closely associated with MRC and are defined by high expression of CD169 (Sialoadhesin), thus resembling subcapsular sinus macrophages (SSM) of the lymph node. [START_REF] Katakai | Marginal reticular cells: a stromal subset directly descended from the lymphoid tissue organizer[END_REF][START_REF] Bellomo | Lymph node macrophages: Scavengers, immune sentinels and trophic effectors[END_REF] Like MZM, MMM are important for scavenging of blood-borne pathogens and apoptotic bodies. [START_REF] Den Haan | Innate Immune Functions of Macrophage Subpopulations in the Spleen[END_REF] Phagocytosis assays using BM-derived macrophages from wild type and CD169-deficient mice revealed that CD169 promotes the uptake of meningococci and Campylobacter jejuni. [START_REF] Jones | Recognition of sialylated meningococcal lipopolysaccharide by siglecs expressed on myeloid cells leads to enhanced bacterial uptake: Siglec-mediated uptake of sialylated meningococci[END_REF][START_REF] Heikema | Characterization of the Specific Interaction between Sialoadhesin and Sialylated Campylobacter jejuni Lipooligosaccharides[END_REF] CD169 was also found to recognize porcine reproductive and respiratory syndrome virus in porcine alveolar macrophages, highlighting a more general and evolutionarily conserved role of CD169 + macrophages in the clearance of viruses. [START_REF] Vanderheijden | Involvement of Sialoadhesin in Entry of Porcine Reproductive and Respiratory Syndrome Virus into Porcine Alveolar Macrophages[END_REF] Interestingly, MMM can indirectly activate T cell responses through the transfer of CD169-bound antigens to cross-presenting splenic DC. Following in vivo antigen targeting to MMM by Ovalbumin (OVA)-conjugated anti-CD169 antibodies, isolated splenic CD8 + DC are able to stimulate OVA-specific OT-I T cells in vitro. This confirms antigen transfer from MMM to DC. Depletion of MMM with clodronate liposomes before intravenous infection with adenovirus abolishes activation of cytotoxic T cell by splenic DC. [START_REF] Backer | Effective collaboration between marginal metallophilic macrophages and CD8+ dendritic cells in the generation of cytotoxic T cells[END_REF] SSM have been characterized as important antigen-presenting cells controlling B cell immunity in lymph nodes. Imaging studies have shown that they capture opsonized antigens and viral particles from lymph and present them to B cells for subsequent follicular delivery. [START_REF] Junt | Subcapsular sinus macrophages in lymph nodes clear lymph-borne viruses and present them to antiviral B cells[END_REF][START_REF] Phan | Subcapsular encounter and complement-dependent transport of immune complexes by lymph node B cells[END_REF][START_REF] Phan | Immune complex relay by subcapsular sinus macrophages and noncognate B cells drives antibody affinity maturation[END_REF][START_REF] Carrasco | B Cells Acquire Particulate Antigen in a Macrophage-Rich Area at the Boundary between the Follicle and the Subcapsular Sinus of the Lymph Node[END_REF] Interestingly, upon stimulation with LPS or chimeric Fc protein tar-geting CD169, MMM migrate from the marginal sinus into B follicles, providing further evidence that they also contribute to the regulation of B cell immunity. [START_REF] Groeneveld | In-vivo effects of lipopolysaccharide on lymphoid and non-lymphoid cells in the mouse spleen: Migration of marginal metallophils towards the follicle centres[END_REF][START_REF] Martínez-Pomares | Fc chimeric protein containing the cysteine-rich domain of the murine mannose receptor binds to macrophages from splenic marginal zone and lymph node subcapsular sinus and to germinal centers[END_REF][START_REF] Milićević | Tumour necrosis factor receptor-1 is dispensable for the migration of marginal metallophilic macrophages into the Bcell zone of the mouse spleen[END_REF][START_REF] Yu | B Cells Control the Migration of a Subset of Dendritic Cells into B Cell Follicles Via CXC Chemokine Ligand 13 in a Lymphotoxin-Dependent Fashion[END_REF] While this remains to be formally demonstrated, MMM might even recruit follicular B cells. Activated splenic follicular B cells express Epstein-Barr virus-induced G protein-coupled receptor 2, and migrate towards the MZ in response to its endogenous ligand oxysterol (such as 7a,25-dihydroxycholesterol). [START_REF] Hannedouche | Oxysterols direct immune cell migration via EBI2[END_REF][START_REF] Liu | Oxysterols direct B-cell migration through EBI2[END_REF] Splenic macrophages express transcripts for enzymes involved in oxysterol biosynthesis such as Cyp7b1 and Cyp27a1, and their levels are increased following LPS activation. [START_REF] Liu | Oxysterols direct B-cell migration through EBI2[END_REF] Given the location of MMM, this could implicate them as the potential producers of chemotactic factors guiding activated B cells to the outer follicular niche. [START_REF] Liu | Oxysterols direct B-cell migration through EBI2[END_REF]100 In return, B cells might regulate MMM through poorly known feedback mechanisms. Transgenic mice in which all B cells are gradually depleted due to overexpression of the TNF family member CD70 concomitantly lose MZM and MMM, while other splenic macrophages are unaltered. These data suggest that B cells are essential for the maintenance of these macrophages, presumably through expression of Lymphotoxin α1β2. [101][102][103] Besides their crucial role in scavenging antigens from the circulation, MMM might thus present antigens to B cells and attract them during infection through production of chemotactic cues, thereby contributing to efficient B cell responses in the spleen.

Tingible Body Macrophages (TBM)

TBM are predominantly found in active germinal centers (Figure 3 and table 2). They contain efferocytic vacuoles filled with apoptotic B cells in various states of degradation, which are referred to as tingible bodies. 104 These macrophages are equipped with efferocytotic receptors and soluble molecules such as CD68, Mer receptor tyrosine kinase (MerTK), Tim4, CD36, milk fat globule epidermal growth factor 8 (MFG-E8), Gas6 and C1q. [START_REF] Den Haan | Innate Immune Functions of Macrophage Subpopulations in the Spleen[END_REF] Impaired efferocytosis in MerTK-deficient mice induces accumulation of apoptotic B cells and hyperactived germinal centers upon exposure to the conjugated hapten NP16-CGG. 105 Moreover, electron transmission microscopy identifies intact apoptotic B cells outside TBM in MFG-E8-deficient mice immunized with keyhole limpet hemocyanin, hence further implicating this efferocytic receptor in the clearance of apoptotic B cells by TBM. 106 In these mice, impaired efferocytosis eventually leads to autoimmune symptoms, 105,106 suggesting that TBM are crucial for the regulation of germinal center reactions and the maintenance of peripheral B tolerance.

T Zone Macrophages (TZM)

T Zone macrophages are equipped with phagocytic receptors (CD68, MerTK, TIM4, CD36) and are found in the T cell zone of the spleen, but also other secondary lymphoid organs such as lymph nodes and Peyer's patches (Figure 3 and table 2). 107,108,[START_REF] Bellomo | Reticular Fibroblasts Expressing the Transcription Factor WT1 Define a Stromal Niche that Maintains and Replenishes Splenic Red Pulp Macrophages[END_REF] Lymph node TZM have recently been characterised in detail. 107 These macrophages readily remove apoptotic irradiated T cells and OT-II CD4 T cells injected respectively into naive and OVA-immunized mice, suggesting that they represent the counterparts of TBM in the B cell zone. Lymph node TZM are also intimately associated with the TRC meshwork. [START_REF] Bellomo | Lymph node macrophages: Scavengers, immune sentinels and trophic effectors[END_REF]107 Moreover, chimeric reconstitution with a mixture of Cx3cr1-sufficient and -deficient BM cells revealed that Cx3cr1-sufficient lymph node TZM captured more apoptotic T cells than Cx3cr1-deficient TZM. As apoptotic lymphocytes have been shown to release CX3CL1, 109 the ligand of CX3CR1, it is likely that the CX3CL1-CX3CR1 axis regulates TZM mediated efferocytosis. 107 Whilst splenic TZM remain to be studied with state-of-the-art approaches, the striking similarity in structure and macrophage colonisation between the spleen and lymph nodes suggests that their TZM exert analogous functions and exploit similar pathways.

4 Establishment and maintenance of splenic macrophage populations All macrophages derive from precursors sharing the same transcriptome and epigenetic landscape. The core macrophage program is driven by major lineage-determining transcription factors that support macrophage identity and common functions like phagocytosis and immune defence. These include PU.1, CEBP, MAF and MAFB. [110][111][112][113][114] Upon seeding their target organ, these precursors receive tissue-specific cues, which trigger the expression of additional transcription factors and ultimately endow macrophages with tissuespecific functions. [114][115][116] The mechanisms regulating the transcriptional program of other tissue-resident macrophages have been reviewed elsewhere, and we will now focus on the imprinting of splenic macrophage identity. 113,117 During embryonic and postnatal development, the spleen is seeded by different waves of macrophage precursors. The embryonic spleen contains a single population of F4/80 bright macrophages that predominates in the RP until the second postnatal week. [118][119][120] Lineage tracing experiments demonstrated that these F4/80 bright RPM originate from erythro-myeloid progenitors produced in the extra-embryonic yolk sac. 121 Studies in parabiotic mice and models in which BM-derived monocytes are lineage traced further established that adult RPM self-maintain at steady state with low contribution from circulating monocytes. 122,123 However, during blood stage malaria infection, increased erythrophagocytosis, drug-induced hemolysis or following experimental depletion, the damaged RPM network is rapidly replenished by monocytes [START_REF] Lai | Organ-Specific Fate, Recruitment, and Refilling Dynamics of Tissue-Resident Macrophages during Blood-Stage Malaria[END_REF]124,[START_REF] Haldar | Heme-Mediated SPI-C Induction Promotes Monocyte Differentiation into Iron-Recycling Macrophages[END_REF][START_REF] Bellomo | Reticular Fibroblasts Expressing the Transcription Factor WT1 Define a Stromal Niche that Maintains and Replenishes Splenic Red Pulp Macrophages[END_REF] and monocyte-derived RPM ultimately acquire the characteristics of their embryonic counterparts. [START_REF] Lai | Organ-Specific Fate, Recruitment, and Refilling Dynamics of Tissue-Resident Macrophages during Blood-Stage Malaria[END_REF] The segregation of RP and WP is initiated a few days after birth, and this coincides with the emergence of macrophages in the WP and MZ. 125 In the latter, MARCO + MZM and CD169 + MMM are seeded at postnatal days 7-14, probably from monocytes, and acquire their final locations at four weeks of age. 120 Indeed, monocytes transferred into LXRα-deficient mice that lack MZ macrophages partially reconstitute MMM and MZM, supporting the notion that circulating monocytes are the precursors of these macrophages. 120 However, the repopulation kinetics differ for the distinct macrophages of the MZ, as shown in depletion experiments using clodronate liposomes: while MMM and MARCO+ MZM are replenished within two weeks, complete reappearance of SIGN-R1 + MARCO + MZM takes up to six weeks. [START_REF] Pirgova | Marginal zone SIGN-R1 + macrophages are essential for the maturation of germinal center B cells in the spleen[END_REF]126 Data describing the ontogeny and homeostatic renewal mechanisms of splenic TZM are still missing. However, as the T zone develops when adult-type definitive hematopoiesis is already operational, they likely originate from monocytes. 127,128 Renewal of lymph node TZM has also been studied under more physiological conditions in partial chimeras, in which lymph nodes were protected from irradiation. This demonstrated that adult TZM are replaced by monocytes, albeit at a slow pace. 107 Considering their overall similarity to their lymph node counterparts, these data strongly suggest that splenic TZM also renew from monocytes. Initial seeding and maintenance of WP macrophages is less well characterised. However, the appearance of TBM coincides with the generation of germinal center reactions after weaning. 125 This relatively late seeding with TBM suggests that they probably also originate from monocytes.

The concept of the macrophage niche

The identity of any tissue-resident macrophage population is thought to be imprinted and maintained by its immediate microenvironment, also referred to as niche. Macrophage niches are thus composed of a group of cells and their surrounding extracellular matrix. According to this holistic concept, the macrophage niche meets several criteria: It constitutes a physical anchor to its macrophage, while also providing survival factors and tissue-specific cues that imprint its functional identity. 129,130 Based on the fact that mice deficient in macrophages suffer from pleiotropic defects, the niche concept postulates that macrophages engage in mutually beneficial interactions with their niche. In the absence of macrophages, their niche would not function properly or even survive, hence explaining the multi-organ failure observed in mice deficient in CSF1 or its receptor CSFR1, key regulators of macrophage development and survival. [131][132][133][134] In sum, macrophage niches appear to nurture and imprint their macrophages for their own benefit, establishing interdependent cell circuits that are essential for tissue homeostasis. 130 In the following sections, we will discuss our current understanding of splenic macrophage niches and their underlying molecular mechanisms (Figure 4). We will also draw from studies in other tissues, in particular lymph nodes, with which the spleen shares structural features and similar populations of stromal cells and macrophages, as outlined above.

Scaffolding and anchoring

Sessility of tissue-resident macrophages is thought to be facilitated by their constitutive expression of cellular adhesion proteins like integrins of the β1, β2, and β5 families. 110,135,136 Inhibition of integrin-mediated adhesion using PI3K inhibitors causes BM-derived macrophages to undergo anoikis, a specific type of apoptosis resulting from their inability to form cell-matrix interactions. 137 Matrix-derived intracellular signals have also been associated with the functionality of macrophages. For example, β3-deficient mice develop osteosclerosis due to dysfunctional osteoclasts. 138 RPM express high levels of α9 integrin, a known ligand of various extracellular matrix proteins such as fibronectin and tenascin-C, which are abundant in the spleen. [START_REF] Kurotaki | CSF-1-Dependent Red Pulp Macrophages Regulate CD4 T Cell Responses[END_REF][139][140][141] Transcriptional analyses revealed that developing RPM upregulate αD integrin, possibly contributing to their retention within the RP. 142 As introduced, RPM also express SpiC, which potently induces VCAM1 in these macrophages. [START_REF] Kohyama | Role for Spi-C in the development of red pulp macrophages and splenic iron homeostasis[END_REF] As a result, the few remaining RPM observed in SpiC KO mice lack VCAM1. [START_REF] Kohyama | Role for Spi-C in the development of red pulp macrophages and splenic iron homeostasis[END_REF] Since Vcam1 KO mice also display a paucity of RPM, VCAM1 might control their anchoring in the RP. 143 Adhesion of macrophages to their niche can also be mediated by chemotactic factors such as CX3CL1 and CSF1 (see section 5.2). Many macrophage subsets express the chemokine receptor CX3CR1. Its ligand, CX3CL1, is expressed as a transmembrane adhesion protein that can further be cleaved into a soluble chemokine. 144 An early study revealed that CX3CR1 allows efficient adherence of Leukemic monocyte-like THP-1 cells to membrane-bound CX3CL1, whilst enhancing adhesion to fibronectin and ICAM-1 in response to soluble-CX3CL1. 145 Another study reported that CX3CR1 promotes the insertion of F4/80 + macrophages into the wall of micro-vessels during neovascularisation following carotid artery ligation. CX3CL1 was further shown to regulate the morphogenesis of CX3CR1 + macrophages in vitro by stimulating their tubulogenesis between two matrigel layers. 146 These data indicate that CX3CR1/CX3CL1 signalling probably controls the tight attachment of CX3CR1 + arterial macrophages to CX3CL1 + endothelium. 146,147 Similar mechanisms might regulate the association of CX3CR1 + TZM with CX3CL1 + found on cellular ramifications of TRC in the splenic T zone. [START_REF] Bellomo | Lymph node macrophages: Scavengers, immune sentinels and trophic effectors[END_REF] Interestingly, crosstalk between the cytokine CSF1 and integrin signalling might have an important role in macrophage biology. In support of this notion, high doses of CSF1 rescue the differentiation defect of β3 integrin-deficient osteoclasts in vitro, and in vivo administration of an engineered bispecific antagonist that simultaneously targets CSF1R and αvβ3 integrin inhibits osteoclast activity in a mouse model of ovariectomy-induced osteoporosis. 148,149 It is therefore tempting to speculate that adhesion of splenic macrophages (MZM and RPM) to their respective niches is crucial to maintain their homeostasis and functionality.

Nurturing

Like most tissue macrophages, RPM, MMM and MZM depend on CSF1 for their development and maintenance: These macrophages are drastically reduced or lacking in Csf1-deficient (Csf1 op/op ) mice, [START_REF] Kurotaki | CSF-1-Dependent Red Pulp Macrophages Regulate CD4 T Cell Responses[END_REF][START_REF] Karlsson | Macrophages Control the Retention and Trafficking of B Lymphocytes in the Splenic Marginal Zone[END_REF]150 and completely or partially restored upon administration of recombinant CSF1. 134,150 The RPM population is quickly diminished upon blocking CSF1, and in turn, rapidly increases upon administration of recombinant CSF1. [151][152][153] Histological examination of Csf1-LacZ reporter mice attested to the presence of a local source of CSF1 in the RP, and fibroblasts are known producers of this cytokine. 154,155 Indeed, we confirmed the presence of CSF1 in RP fibroblasts by immunostaining, and further analysis of their transcriptome revealed that these cells express both membrane-bound and soluble isoforms of CSF1. Using genetic approaches differentially targeting distinct splenic stromal cells, we provided evidence that conditional deletion of Csf1 in RP fibroblasts, but not WP fibroblasts or endothelial cells, drastically reduces RPM numbers without altering circulating levels of CSF1. This identified RP fibroblasts as the nurturing component of the RPM niche. [START_REF] Bellomo | Reticular Fibroblasts Expressing the Transcription Factor WT1 Define a Stromal Niche that Maintains and Replenishes Splenic Red Pulp Macrophages[END_REF] The transcription factor WT1 is expressed by embryonic mesenchymal spleen progenitors, and is critical for splenic organogenesis and the development of adult splenic stromal cells. 156 In Wt1 ΔCsf1 mice, the deletion of Csf1 in splenic fibroblastic cells also highly impacts the MMM and MARCO+ MZM populations. [START_REF] Bellomo | Reticular Fibroblasts Expressing the Transcription Factor WT1 Define a Stromal Niche that Maintains and Replenishes Splenic Red Pulp Macrophages[END_REF] Transcriptomic analysis of stromal and macrophage populations identified in scRNAseq datasets from murine spleen inferred that MRC and macrophages are equipped to communicate through CSF1/CSF1R. This suggests that MRC could provide CSF1 for MMM, an assumption that needs to be experimentally validated. [START_REF] Bellomo | Reticular Fibroblasts Expressing the Transcription Factor WT1 Define a Stromal Niche that Maintains and Replenishes Splenic Red Pulp Macrophages[END_REF] Similarly, the source of CSF1 for MZM remains to be identified. Our work strongly supports the idea that steady local supply of CSF1 is required for the development and maintenance of splenic macrophages. [START_REF] Bellomo | Reticular Fibroblasts Expressing the Transcription Factor WT1 Define a Stromal Niche that Maintains and Replenishes Splenic Red Pulp Macrophages[END_REF] Along these lines, re-establishing normal levels of membrane-bound Csf1 in Csf1 op/op using a transgenic approach corrects the paucity of most macrophages normally observed in these mice, as well as their gross defects. 157 According to the nurturing scaffold model inspired by in vitro observations of Medzhitov and colleagues, membranebound CSF1 allows tight association between macrophages and nurturing cells, such as fibroblasts. 154 In line with this, experiments using the macrophage cell line BAC1.2F5 showed that exposure to CSF1 promotes the formation of focal complexes and cellular adherence to laminin or fibronectin substrates. 158 This might explain how phenotypically and functionally different macrophage populations co-exist in very close splenic anatomic locations like the RP and MZ.

Experimental data identifying the survival factors involved in the homeostasis of WP macrophages are still lacking. As TZM are not affected by the deletion of Csf1 in splenic WP fibroblasts, it is conceivable that their maintenance depends on other survival factors. In lymph nodes, TZM are tightly associated with CX3CL1 + TRCs, suggesting that this axis might regulate their homeostasis. [START_REF] Bellomo | Lymph node macrophages: Scavengers, immune sentinels and trophic effectors[END_REF] Yet, the number and turnover of TZM seem normal in Cx3cr1-deficient mice, implicating an alternative mechanism such as IL-34 signalling through CSFR1. 107 Finally, systemic injection of CSF1R-blocking antibodies in MacGreen (Csf1r-EGFP) transgenic mice has no effect on lymph node TBM, while lymph node SSM are efficiently depleted, suggesting that TBM are also independent of CSF1/CSF1R signalling. 159 

Imprinting

The local microenvironment has a profound influence on the functional identity of tissue-resident macrophages. Individual macrophages are exposed to a particular combination of niche cues that together induce signal-dependent transcription factors. Through activation of signature genes, these factors ultimately endow macrophages with specific functions that contribute to homeostasis within their tissue of residence. 117,130 Such niche imprinting likely represents a multifactorial process that relies on cytokines, metabolites and cell-cell contact. This has recently been described for liver Kupffer cells (KC). Using conditional depletion of KC in the Clec4f DTR transgenic model, Bonnardel et al. showed that stellate cells, endothelial cells, and hepatocytes collectively contribute to the imprinting of KC identity by providing CCL2, VCAM1, Bone Morphogenetic Proteins, Notch ligands, CSF1 and IL34 to recently recruited monocytes. 160 Phagocytosis, a defining functional property of all macrophages, also participates in this phenotypic imprinting within tissues, and hence, macrophage heterogeneity. 161 Constant phagocytosis and degradation of apoptotic cells activates the transcription factors PPARγ, RXRα and LXR through the accumulation of cellular lipids. Efferocytosis of apoptotic thymocytes by macrophages induces expression of critical phagocytic genes such as Mer, Cd36, Axl, Fcgr1, C1q or Mfge8. 162,163 Hence, physiological cell clearance influences the transcriptional profile of macrophages and seems to engage them in a virtuous cycle perpetuating their phagocytic capacity. 162 Experiments involving partners deficient in various phagocytosis-related genes further assured that the exact phagocytic molecules macrophages use to dispose of cellular debris differ between tissues. 161 It is plausible that the diverse nature of cells and consequently the cargo phagocytosed by splenic macrophages in their respective niches, impact their transcriptional programs and thus, contribute to their phenotypic and functional heterogeneity. One such cue that macrophages are abundantly exposed to in the spleen is heme, a metabolite of erythrocyte degradation. Indeed, heme was the first signal identified as a regulator of RPM differentiation. In conditions of intravascular hemolysis induced by phenylhydrazine, high levels of circulating heme induce SPI-C expression in splenic monocytes, which eventually become RPM. [START_REF] Haldar | Heme-Mediated SPI-C Induction Promotes Monocyte Differentiation into Iron-Recycling Macrophages[END_REF] This observation was further confirmed by Lu et al., who showed that in vivo administration of heme increases CD11b high F4/80 low SPI-C low pre-RPM, though not mature RPM. 164 Indeed, this study also demonstrated a key role for erythrocyte-derived IL-33 signalling in the terminal differentiation of RPM. Longitudinal studies performed in WT and IL-33 receptor (IL1RL1)-deficient mice revealed that RPM numbers increase with age, and that IL-33 signalling is essential for the specific maintenance of RPM in adult mice. Erythrocyte transfer into RPM-deficient Il33 or Il1rl1 KO mice partially restores the RPM population. 164 Transcriptomic comparison between splenic monocytes, pre-RPM, and RPM from WT and IL1RL1deficient mice identified the IL33-inducible transcription factor GATA2 as a master regulator of the pre-RPM to RPM transition. The extracellular matrix of the RP exposes laminin-α5, which facilitates trapping and hemolysis of senescent erythrocytes specifically expressing activated Lu/BCAM (Lutheran blood group and basal cell adhesion molecule). [START_REF] Klei T Robert Leon | Hemolysis in the spleen drives erythrocyte turnover[END_REF] It is therefore tempting to speculate that imprinting of RPM by senescent erythrocytes is both direct, via the intake of IL33 and heme, as well as indirect, through stable positioning of RPM and erythrocyte "ghosts" within the cord. Since all macrophages are professional phagocytes, such indirect imprinting through stable positioning and access to unique cellular material likely explains how distinct populations of macrophages coexist in nearby sub-tissular niches of the spleen.

Interestingly, other macrophages are known to perform erythrophagocytosis in vivo. [START_REF] Haldar | Heme-Mediated SPI-C Induction Promotes Monocyte Differentiation into Iron-Recycling Macrophages[END_REF]124,165 Yet, they are distinct from RPM. This implies that additional local factors control the specification of RPM. Studies in Vav1 cre Tgfbr2 fl/fl and LysM cre PPARγ fl/fl mice, in which the genes encod-ing Transforming Growth Factor Beta Receptor 2 or the transcription factor PPARγ are respectively depleted in hematopoietic cells or macrophages, have reported reduced RPM numbers. 166,167 TGFβ is a known inducer of the transcription factors IRF8 and PPARγ, both of which are active in RPM. 111,[167][168][169] As IRF8-deficient mice also display a paucity of RPM, 170 TGFβ might represent an additional major specifier of RPM identity. Interestingly, RP fibroblasts and RPM express Tgfb isoforms (Tgfb1 for RPM, Tgfb1/3 for RP Fibroblasts) which implies that paracrine and/or autocrine signalling could be involved, the latter mimicking mechanisms known to govern alveolar macrophage homeostasis. [START_REF] Bellomo | Reticular Fibroblasts Expressing the Transcription Factor WT1 Define a Stromal Niche that Maintains and Replenishes Splenic Red Pulp Macrophages[END_REF][START_REF] Kurotaki | CSF-1-Dependent Red Pulp Macrophages Regulate CD4 T Cell Responses[END_REF]166 Additional insights into the complexity of RPM's imprinting has been provided by the comparison of PPARγand SpiC-deficient mouse models. In their study, Okreglicka and colleagues have revised the pivotal roles played by both transcription factors in the seeding and homeostasis of RPM. 142 While PPARγ is required for the neonatal expansion of RPM, SPI-C appears essential to their presence in adult mice. 142 The early SpiC-independent development of RPM could be explained by the possible absence of senescent erythrocytes in newborn pups. 171 Hence, the survival of neonatal RPM would not rely on their ability to metabolize iron.

Different molecules and particles are also probed or phagocytosed by macrophage subsets in distinct splenic compartments. Conditional deletion of LXRα in hematopoietic cells induces selective loss of MZM and MMM. 120 LXRα and LXRβ are key transcription factors transactivated by endogenous oxysterols and involved in the control of sterol homeostasis. 172 Mice deficient in both, LXRα and β suffer from an overload of neutral lipids in the spleen, suggesting that sterol metabolites accumulate in the absence of MZ macrophages. 173,120 It is therefore plausible that spleen-specific sterol metabolites activate LXRα/β during the development of MZ macrophages. Furthermore, pharmacological hyperactivation of LXRα alone does not induce MZ macrophage markers in other splenic subsets, suggesting that additional MZ specific cues are required for the development of MZ macrophages. 120 The identity and cellular sources of such cues remain to be identified.

Feedback mechanisms

The trophic functions of macrophages are most evident from the defects observed in mice devoid of macrophages, such as the Csf1and Csf1r-deficient models. [131][132][133] Their pleiotropic alterations suggest that macrophages are crucial for the proper development and function of many cellular microenvironments. Indeed, it is now well-established that these cells are involved in processes as diverse as surfactant degradation and lung alveolar homeostasis, 174,175 electrical conduction in the heart, 176 gastro-intestinal viability and motility, 177 and neuronal development, homeostasis and excitability. [178][179][180] Indeed, it has been proposed that macrophages engage in mutually beneficial interactions with their niches. 130,154 According to this concept, macrophages control homeostasis of their niche through feedback mechanisms, akin to those described for macrophages and fibroblasts by Medzhitov and colleagues. 154 They reported that co-cultured macrophages and fibroblasts locally and reciprocally exchange growth factors (CSF1 and platelet-derived growth factor (PDGF)) and engage in cellular contacts. 154 Similar macrophage-niche circuits might exist in several organs. Testicular Leydig cells and interstitial macrophages interactions are thought to control male fertility. [181][182][183] In the bone, osteoblasts and osteoclasts constantly interact to control bone homeostasis, [184][185][186][187][188][189] while in the mammary gland, mammary epithelial stem cells and mammary gland macrophages collaborate to regulate the morphogenesis and remodelling of the mammary gland. [190][191][192][193] We therefore consider it very likely that macrophages also contribute to the homeostatic and functions of their niches in the spleen (Figure 5).

Trophic functions

Tissue-resident macrophages are a recognized source of trophic factors for their neighbouring cells. For example, interstitial testicular macrophages stimulate steroidogenesis by Leydig cells via the production of 25-OH cholesterol, while osteoclasts regulate the activity and differentiation of osteoblasts through the production of semaphorin 4D and complement component 3a. [182][183][184][185] It is thus highly conceivable that RPM also regulate the activity of RP fibroblasts, their niche.

Transcriptomic analysis revealed that RPM express transcripts for TGFβ, while RP fibroblasts express TGFβRIII (also called βglycan), a co-receptor for active TGFβ. [START_REF] Bellomo | Reticular Fibroblasts Expressing the Transcription Factor WT1 Define a Stromal Niche that Maintains and Replenishes Splenic Red Pulp Macrophages[END_REF][START_REF] Kurotaki | CSF-1-Dependent Red Pulp Macrophages Regulate CD4 T Cell Responses[END_REF]194 TGFβ signalling facilitates the activation and production of extracellular matrix components by fibroblasts, in particular through epigenetic regulation. [195][196][197][198][199] In a swine model of ureteral injury, TGFβ1-producing macrophages located at the injury site enhance collagen secretion and activation of fibroblasts. 198 In cardiac fibroblasts, inducible deletion of canonical TGFβ signalling (Smad2, Smad 3, Tgfbr1, Tgfbr2) results in reduced expression of genes involved in fibrosis, adhesion, and extracellular matrix production in response to pressure overload stimulation. 199 RPM-derived TGFβ potentially affects the behaviour of RP fibroblasts in a similar manner. RPM and RP fibroblasts could also communicate through progranulin and its receptors TNFRSF1A/B, which are respectively expressed by RPM and RP fibroblasts. [START_REF] Bellomo | Reticular Fibroblasts Expressing the Transcription Factor WT1 Define a Stromal Niche that Maintains and Replenishes Splenic Red Pulp Macrophages[END_REF] The growth factor progranulin binds to TNFR and acts as a competitor for TNFα, hence inhibiting TNFα-induced apoptotic and inflammatory pathways. 185,186 Progranulin also acts as a growth factor for fibroblasts, both un-der homeostatic conditions and during wound repair. In vivo, progranulin promotes proliferation of isolated rat dermal fibroblasts. 200 Similarly, progranulin locally increases the numbers of fibroblasts when applied to transcutaneous puncture wounds. 200 In analogy with the mechanisms described by Medzhitov in the two-cell circuit model, 154 RPM could also regulate the homeostasis of PDGFRα/β + RP fibroblasts via the production of PDGFβ , a growth factor essential for survival and proliferation of fibroblasts that is expressed by several tissue-resident macrophages, including RPM. 111,154 As the identity of the cellular niches of other splenic macrophages is still unknown, it is currently difficult to envision the exact nature of the macrophage-niche circuits in the MZ and WP.

Maintenance of the splenic architecture

Macrophages contribute to extracellular matrix remodelling through production of proteases, modulation of fibroblastic activity 201 and in some instances, even direct collagen deposition. 202 Interestingly, the subcutaneous connective tissue of Csf1 op/op mice displays increased interstitial extracellular matrix with altered composition. 203 Tissue-resident macrophages have also been implicated in the regulation of extracellular matrix homeostasis in the nulliparous mammary gland and arterial wall. Using transcriptomic profiling and CSFR1 inhibitor-mediated depletion approaches (pexidartinib), Wang et al., demonstrated that LYVE-1 + (hyaluronan receptor) F4/80 + CD206 + macrophages associated with hyaluronan-enriched stroma are key modulators of extracellular matrix turnover in the mammary gland. 204 Similarly, LYVE-1 + aortic-resident macrophages contribute to arterial homeostasis by secreting MMP-9 that locally degrades collagen. Deletion of these macrophages in Lyve1 cre Csf1r fl/fl mice and the associated loss of their collagenolytic effect induces arterial stiffness and dysfunction. 205 As discussed, RPM are in direct contact with RP fibroblasts and are thus ideally positioned to regulate their homeostasis. Expression of collagen (Col14a) and matrix remodelling genes such as Mmp13, Adam23, Ctsd by RPM supports the idea that these cells could be involved in the remodelling of the RP extracellular matrix. 110,206,207 Thus, in addition to performing erythrophagocytosis, RPM would also indirectly be involved in controlling the quality of blood filtration in the RP via maintaining its reticular structure. A striking feature of LXR-deficient mice is the drastic alteration of the MZ microenvironment concomitant to the selective lack of MMM and MZM. Chimeric mice reconstituted with LXR-deficient BM show a major disruption of the MZ 3 months after transplantation, while LXR-deficient mice reconstituted with WT BM recover both, MZ macrophages and MZ space. 120 These observations suggest that MZ macrophages not only help positioning MZ B cells, but also support maintenance of the MZ architecture.

Compromised splenic macrophage populations lead to stromal cell damage

By scavenging the hemoglobin content from senescent erythrocytes, RPM are crucial for protection from the cytotoxic effect of iron. Indeed, iron overload develops in the RP of SpiC KO and Wt1 ΔCsf1 mice, which profoundly lack RPM. [START_REF] Bellomo | Reticular Fibroblasts Expressing the Transcription Factor WT1 Define a Stromal Niche that Maintains and Replenishes Splenic Red Pulp Macrophages[END_REF][START_REF] Kohyama | Role for Spi-C in the development of red pulp macrophages and splenic iron homeostasis[END_REF] Iron deposition in the RP exposes stromal cells to oxidative toxicity. With time, this appears to alter splenic morphology and function.

Indeed, histologic examination of Hmox1 KO spleens revealed chronic collagen deposition in the RP, which is gradually replaced by fibrotic tissue. This severely impacts the blood filtering capacity of the spleen. Ultimately, aging Hmox1 KO mice display functional hyposplenism, a condition characterized by the presence of numerous abnormal erythrocytes and increased platelets in peripheral blood. [START_REF] Kovtunovych | Dysfunction of the heme recycling system in heme oxygenase 1-deficient mice: effects on macrophage viability and tissue iron distribution[END_REF] Splenic macrophages also constitute an immune barrier that shields splenic fibroblasts from the deleterious consequences of intracellular infections. MCMV productively infects ER-TR7 + reticular fibroblasts in the MZ and RP, causing degeneration of these cells and subsequent destruction of these zones. [START_REF] Hsu | Murine cytomegalovirus displays selective infection of cells within hours after systemic administration[END_REF] During acute MCMV infection, depletion of splenic macrophages with clodronate liposomes significantly increases viral replication in the spleen. 208,209 In vitro, co-culture of MCMV-infected c-3T3 fibroblasts with isolated splenic macrophages reduces viral lysis of infected cells, thus suggesting that splenic macrophages protect virus-permissive fibroblasts from MCMV replication. 208 Interestingly, in the lymph node, depletion of SSM with liposomal clodronate or diphtheria toxin (in the Cd169 DTR model) facilitates infection and lysis of ER-TR7 + fibroblasts by MCMV. These data demonstrate that SSM have the potential to prevent the deadly infection of fibroblasts by MCMV. 210 By analogy, splenic macrophages such as MMM, the counterparts of lymph node SSM, might protect MCMV-permissive splenic fibroblasts from MCMV infection and subsequent lytic cell death.

FRC and MZ fibroblastic cells are also targets of infection by the lymphocytic choriomeningitis virus CL-13 and hemorrhagic fever viruses like Ebola, Marburg and Lassa. Such infections lead to the disruption of the lymphoid structural integrity, altered conduit function, and sustained splenic atrophy, collectively causing immune dysregulation and compromised immunity. 211- 213 Infection with Leishmania donovani and Plasmodium yoelli parasites was shown to respectively kill TRC and FDC and cause concomitant loss of germinal centers as well as marked changes in metabolic activity and morphology of RP fibroblasts. [214][215][216][217] Given the crucial role played by macrophages in the uptake and scavenging of diverse virus and parasites, [START_REF] Den Haan | Innate Immune Functions of Macrophage Subpopulations in the Spleen[END_REF][START_REF] Borges Da Silva | Splenic Macrophage Subsets and Their Function during Blood-Borne Infections[END_REF]125 it is more than likely that by virtue of these immune functions, macrophages shield splenic fibroblasts from infection. Macrophages thereby partake in maintaining local immunity in the spleen. 218 However, splenic stromal cells are central to the generation of systemic adaptive immune responses, as they feed and guide immune cells within the WP. [218][219][220] These responses are severely hampered by pathogens targeting the splenic stroma. Through protecting splenic fibroblasts, their macrophage partners are important players in facilitating immunity on the organismic level.

Extramedullary hematopoiesis: stress erythropoiesis

Stress erythropoiesis is a specific type of extramedullary haematopoiesis intended to rapidly produce mature erythrocytes in instances when medullary production is insufficient to correct anaemia. In mice, stress erythropoiesis frequently takes place in the splenic RP. During this process, the RP expands to accommodate emerging erythropoietic niches. 221 The creation of these niches involves the initial recruitment of short-term reconstituting HSC and monocytes, and the subsequent proliferation of RP fibroblasts and vascular endothelial cells. [START_REF] Inra | A perisinusoidal niche for extramedullary haematopoiesis in the spleen[END_REF][START_REF] Oda | Niche-induced extramedullary hematopoiesis in the spleen is regulated by the transcription factor Tlx1[END_REF][START_REF] Liao | Monocyte-derived macrophages expand the murine stress erythropoietic niche during the recovery from anemia[END_REF] As previously mentioned, RPM are essential in supporting extramedullary haematopoiesis, as their absence impairs the recovery of normal red blood cell counts. [START_REF] Chow | CD169+ macrophages provide a niche promoting erythropoiesis under homeostasis and stress[END_REF][START_REF] Ramos | Macrophages support pathological erythropoiesis in polycythemia vera and β-thalassemia[END_REF][START_REF] Jacobsen | Mobilization with granulocyte colony-stimulating factor blocks medullar erythropoiesis by depleting F4/80+VCAM1+CD169+ER-HR3+Ly6G+ erythroid island macrophages in the mouse[END_REF][START_REF] Bennett | Inflammation induces stress erythropoiesis through heme-dependent activation of SPI-C[END_REF] RPM were identified as a source of GDF15, a critical regulator of the expansion of stress erythropoietic niches. In conditions of sterile inflammation, phenylhydrazine-induced anemia and bone marrow transplantation, GDF15 signalling maintains expression of BMP4 in the splenic erythroid niche, a critical step that conditions the expansion of stress erythroid progenitors. [START_REF] Bennett | Inflammation induces stress erythropoiesis through heme-dependent activation of SPI-C[END_REF]222 Adult stress erythropoiesis and fetal erythropoiesis share similar responsiveness to BMP4 signalling, which is evident in the murine flexed-tail model that carries a mutated Smad5 gene, a transcription factor downstream of the BMP4 receptor. Due to insufficient BMP4 signalling, these mice exhibit fetal neonatal anemia and delayed recovery from acute anemia when challenged with phenylhydrazine. [START_REF] Bennett | Inflammation induces stress erythropoiesis through heme-dependent activation of SPI-C[END_REF]221,223,224 Interestingly, stromal cells in the fetal liver express BMP4 during embryogenesis, 223 and RP fibroblasts appear to be a source of BMP4 during stress erythropoiesis. Earlier observations in the MSS31 splenic stromal cell line reported that under hypoxic conditions, these cells express Bmp4. 224 Confocal imaging further suggested that RP stromal cells produce BMP4 during phenylhydrazine-induced anaemia. 225 It is thus possible that through GDF15, RPM induce BMP4 secretion by RP fibroblasts and thereby control the maintenance of a microenvironment suited for stress erythropoiesis.

7-Emerging questions: macrophage-fibroblast circuits in the aged spleen Like all long-lived cells of the body, macrophages and fibroblastic cells are subject to agerelated changes. [226][227][228] discussed in this review, splenic macrophages and stromal cells engage in molecular dialogues that reciprocally assure maintenance of both cellular populations through positive feedback mechanisms, creating virtuous cell circuits. This therefore poses important questions: Could the circuits established between splenic macrophages and their niches be impaired during aging, and could this contribute to the progressive loss of healthy physiology?

Ageing of the mouse spleen

It is widely acknowledged that the decline of cellular functions with time has a complex and systemic impact that disrupts physiological integrity and increases susceptibility to infections, cancers and autoimmunity in aged subjects. The spleen displays age-associated changes in its structural organisation and immune function, which might explain vulnerability of older patients to infectious diseases like streptococcal pneumonia. [229][230][231] In aging mice, the MZ undergoes several structural changes, ultimately leading to a distorted anatomy. 229,232 As the density of MZ macrophages (both, MMM and MZM) decreases, their distribution is more scattered, whilst the MRC lining becomes discontinuous and thicker. 229,232,233 Aged MZ macrophages have a reduced ability to uptake dextran particles injected intravenously, 232 and splenic macrophages isolated from irradiation-induced senescent mice display a decrease in phagocytic activity in vitro. 234 These observations suggest that the scavenging efficiency is diminished in aged splenic macrophages. Furthermore, aging increases the production of cell debris, while their disposal by macrophages through phagocytosis and autophagy becomes less efficient. 226,235,236 Imbalance causes cellular debris to accumulate, a process called "garbaging", which is believed to promote inflammatory responses in tissue macrophages. 236 In addition, aged macrophages might also be metabolically distinct, producing increased levels of pro-inflammatory cytokines, which eventually would contribute to chronic low-grade inflammation ("inflammaging"). 226 With splenic macrophages being highly involved in the clearance of systemic apoptotic cells, it is tempting to speculate that they are exposed to such alterations.

Similarly, aged splenic fibroblasts display morphological and secretory changes, and these could be amplified by local inflammation driven by aging splenic macrophages. 233,[237][238][239] Shuttling of B cells between the MZ and B cell follicles is significantly impaired in aged mice, as assessed by in vivo antibody pulse-labelling with anti-complement receptor 2 (CD21).

Strikingly, this effect on shuttling is not rescued by reconstitution of aged recipients with young donor BM, implicating the aged splenic stroma, rather than radio-sensitive immune cells, as the main drivers behind the decrease in MZ B cell migration. 229,233 The production of key cytokines (CCL19/21, CXCL13) is dysregulated in aged splenic TRC and FDC, causing lymphoid compartments to merge. [237][238][239] Moreover, splenic stromal cells from aged mice respond to an in vivo LPS challenge with enhanced production of inflammatory cytokines such as IL-1β, IL-6 and IL-17, suggesting that they develop a senescence-associated secretory phenotype that could further contribute to inflammaging. 240 

Ageing of the human spleen

Human and rodent spleens share many features, but there are also several distinctive anatomical characteristics specific to humans (for review, [START_REF] Steiniger | Human spleen microanatomy: why mice do not suffice[END_REF]229,242 ). The RP predominates in humans and the WP is mainly occupied by B cell follicles. [START_REF] Steiniger | Human spleen microanatomy: why mice do not suffice[END_REF] The human MZ is split into an inner and an outer layer that are not observed in the mouse. 243 The human spleen further contains a unique structure called perifollicular zone that encloses the WP and the MZ. As in rodents, the human WP is structured by FRC and FDC, while a peculiar type of MRC-like cells covers the surface of B cell follicles, the T cell zone and the perifollicular zone. 244 Interestingly, the human RP contains fibroblasts and macrophages that closely resemble those described in mice. [START_REF] Steiniger | Human spleen microanatomy: why mice do not suffice[END_REF][START_REF] Klei T Robert Leon | Hemolysis in the spleen drives erythrocyte turnover[END_REF][245][246][247] Notably, human RP fibroblasts express WT1 and CSF1, which strongly suggests that they might also nurture RPM like in the mouse. [START_REF] Bellomo | Reticular Fibroblasts Expressing the Transcription Factor WT1 Define a Stromal Niche that Maintains and Replenishes Splenic Red Pulp Macrophages[END_REF] Alterations in the microarchitecture of the aging human spleen have been reported, yet a comprehensive study of the changes occurring in its anatomy over time is still lacking. With age, the human splenic capsule becomes thinner, the volume of the RP increases and the B cell follicles gradually atrophy. 241,248 Elderly and individuals with splenic dysfunctions or splenectomy are highly susceptible to infection with Streptococcus pneumoniae, Haemophilus influenzae, Neisseria meningitidis or other encapsulated bacteria, and this susceptibility correlates with a deficit in circulating MZ B-cells. 231,[249][250][251] In line with this, the human spleen harbours less precursors of MZ B cells with time, as a comparison between children and adults showed. 252 Overall, these results are very similar to the ones observed in the aging mouse, suggesting that MZ remodeling in the elderly might be responsible for the defective immune protection mediated by MZ B cells. 229,233 The efficacy of vaccination is compromised with age. 253 Meta-analysis of influenza vaccination trials revealed that vaccine effectiveness is greatly reduced in adults aged 65 years or older. 254 Immunization of old mice with a polyvalent vaccine containing a mixture of pneumococcal capsular polysaccharides suggested that deficiencies in splenic DC and macrophages might explain the poor antibody response induced by the vaccine, a defect believed to contribute to unresponsiveness of older patients to vaccination. 255,256 Interestingly, studies comparing human peripheral blood mononuclear cells from young and old adults showed that monocytes of older individuals display decreased levels of TLR, TLR-induced expression of cytokines and costimulatory markers. 257,258 As with time, human splenic macrophages might be replaced by monocytes, it is tempting to speculate that the immune and scavenging functions of these macrophages are impeded in aging humans. Aged splenic macrophages would thereby fail to protect against circulating pathogens and support vaccination-induced prophylaxis in the elderly.

In addition to immune system alterations, heightened baseline inflammation, a phenomenon known as inflammaging, exacerbates multi-system functional decline and serious pathophysiologic processes in elderly (for review, 259,260 ). This chronic systemic inflammation is most notably driven by elevated pro-inflammatory cytokines in the circulation. IL-6, for example, is normally low or non-detectable in healthy young adults, but dramatically increased in the blood of individuals over 70 years. 261 Interestingly, splenic stroma obtained from aged mice produces more IL-6 in vitro compared to stroma from younger mice, as stated in the previous section. 240 Although these results need to be confirmed in human, it is conceivable that also in humans, splenic fibroblasts might contribute to inflammaging through the secretion of inflammatory cytokines.

Finally, the increased susceptibility to infections observed in aged patients could be further exacerbated by a combination of age-driven changes affecting splenic T cell homeostasis. A single-cell transcriptomic atlas across the lifespan of mice reported that the proportion of splenic T cells decreases with age, and this might also occur in humans. 230 This reduction in splenic T cells can at least in part be attributed to the decline of naive T cell output from thymus, which is undergoing age-related atrophy. 262,263 However, age-related disturbance of the splenic microenvironment could be involved as well.

Intriguingly, whilst the proliferation and survival of naive T cells is compromised in the spleens of aged mice, these defects are not due to a decrease in splenic IL-7, a key signal regulating the survival of naive T cell. 264 Similarly, the concentration of circulating IL-7 is maintained in elderly humans. 264 This suggests that rather than production of IL-7, its accessibility becomes a limiting factor for lymphocytes upon aging. In line with this, in vivo administration of exogenous IL-7 fails to restore homeostatic proliferation of transferred naive T cells in irradiated, aged donor mice. This is in contrast to administration of IL-7 bound to a neutralizing antibody (M25), a complex that presumably promotes IL-7 presentation and persistence in the lymphoid microenvironment. 264 Hence, the dramatic loss of T cell homeostasis in aged individuals might stem from the inability of stromal cells to bind and present key survival factors to T cells.

In closing, the convergence of aging-related changes in the splenic microarchitecture, loss of functionality in senescent splenic lymphocytes, macrophages and fibroblasts paired with chronic low-grade inflammation collectively hamper the ability of elderly to efficiently respond to circulating pathogens and limit the efficacy of commonly used vaccination strategies, leaving aged individuals highly susceptible to infectious diseases. In the light of the intricate control of splenic functions by resident macrophages, and their intimate, reciprocal interactions with the splenic stroma, delineating if and by which mechanisms their crosstalk is dysregulated over the course of life may unravel therapeutic strategies that hold the premise of restoring full functionality in the aged spleen. 
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