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Fate mapping and scRNA sequencing reveal origin and diversity of lymph node stromal precursors

INTRODUCTION

Lymph node (LN) stromal cells are organizers of lymphoid compartments and regulators of adaptive immune responses [START_REF] Brown | Fibroblastic reticular cells enhance T cell metabolism and survival via epigenetic remodeling[END_REF][START_REF] Perez-Shibayama | Fibroblastic reticular cells at the nexus of innate and adaptive immune responses[END_REF][START_REF] Buckley | Stromal cells in chronic inflammation and tertiary lymphoid organ formation[END_REF]. In addition to secreting factors for lymphocyte recruitment and survival, stromal cells produce the extracellular matrix (ECM), a network of structural proteins important for lymphocyte locomotion and tissue remodeling. Stromal cells not only secrete factors for lymphocyte recruitment and survival but also produce the ECM, a network of structural proteins important for lymphocyte locomotion and tissue remodeling et al., 2019;[START_REF] Perez-Shibayama | Fibroblastic reticular cells at the nexus of innate and adaptive immune responses[END_REF][START_REF] Thierry | Remodeling of reactive lymph nodes: dynamics of stromal cells and underlying chemokine signaling[END_REF]. In addition to traditional stromal cells, endothelial cells are also emerging as critical organizers of the lymphoid microenvironment [START_REF] Bovay | Multiple roles of lymphatic vessels in peripheral lymph node development[END_REF][START_REF] Onder | Endothelial cell-specific lymphotoxin-beta receptor signaling is critical for lymph node and high endothelial venule formation[END_REF][START_REF] Onder | Lymphatic endothelial cells control initiation of lymph node organogenesis[END_REF].

Single-cell RNA sequencing (scRNA-seq) coupled with immunofluorescence has recently revealed the existence of additional stromal cell subsets in adult LN, classified based on gene expression profile and niche-specific distribution [START_REF] Rodda | Single-cell RNA sequencing of lymph node stromal cells reveals niche-associated heterogeneity[END_REF]. Further work provides evidence that the anatomical localization of adult LNs, together with the microenvironment, shapes the transcriptomic and functional profiles of stromal cells [START_REF] Cording | The intestinal micro-environment imprints stromal cells to promote efficient Treg induction in gut-draining lymph nodes[END_REF][START_REF] Pezoldt | Neonatally imprinted stromal cell subsets induce tolerogenic dendritic cells in mesenteric lymph nodes[END_REF]. Although there is increasing evidence of lymphoid stromal cell diversity, it is not known whether multiple stromal cell subsets are present in embryonic LN and whether their transcriptional differences are acquired during embryonic development or are due to postnatal LN-specific differentiation of stromal progenitors.

Fate-mapping analyses has shown that stromal cells in cervical LN originate neural crest cells [START_REF] Jarjour | Fate mapping reveals origin and dynamics of lymph node follicular dendritic cells[END_REF]. Moreover, embryonic Nestin + mesenchymal cells can generate the vast majority of mature stromal cells in different LNs [START_REF] Koning | Nestin-expressing precursors give rise to both endothelial as well as nonendothelial lymph node stromal cells[END_REF], whereas embryonic Fap + precursors contribute to different stromal cell subsets in mesenteric LN [START_REF] Denton | Embryonic FAP(+) lymphoid tissue organizer cells generate the reticular network of adult lymph nodes[END_REF]. Of note, Nestin + progenitor cells, unlike Fap + cells, give rise to blood and lymphatic endothelial cells (BECs and LECs) in the LN. Moreover, it has been shown that stromal cells in the LN of the inguinal region originate from preadipocytes of the fat pad [START_REF] Be ´ne ´zech | Lymphotoxin-beta receptor signaling through NF-kappaB2-RelB pathway reprograms adipocyte precursors as lymph node stromal cells[END_REF] and that white adipose tissue from inguinal and mesenteric regions originate from Hoxb6 + cells of the lateral plate mesoderm (LPM) at day 8.5 of gestation (Sebo et al., 2018). Nevertheless, whether LPM is the earliest embryonic source of LN stromal cells is still unknown. Endothelial cells in various organs have been reported to originate from both LPM and paraxial mesoderm (PXM) [START_REF] Prummel | The lateral plate mesoderm[END_REF][START_REF] Stone | Paraxial mesoderm is the major source of lymphatic endothelium[END_REF], although the origin of BECs and LEC in LNs remains unclear.

Here, we used lineage-tracing approaches in conjunction with single-cell transcriptome analyses to accurately determine the lineage contribution and the molecular profile of progenitor cells in different LNs along the body axis. Our results show that stromal and BECs arise from LPM Hoxb6 + progenitor cells. In contrast, we found that most lymphatic LECs originate from PXM progenitor cells and that LPM contributes to LECs only in mesenteric LNs. Of note, within the LPM, we identified Isl1 expressing cells as a lineage that gives rise to stromal and endothelial cells only in the mesenteric and popliteal LNs, indicating the presence of transcriptional differences in stromal progenitor cells of different LNs. scRNA-seq of stromal precursors from different embryonic LNs also revealed the presence of unique subsets of Cd34 + and Cxcl13 + cells, which likely represent the progenitors for more differentiated cells. Our work identifies the earliest embryonic source of LN stromal cells and endothelial cells and demonstrates that stromal diversity begins early during LN development.

RESULTS

The lateral plate mesoderm generates lymphoid tissue organizer cells LN stromal cells are thought to develop from mesenchymal progenitors [START_REF] Koning | Stromal cells and immune cells involved in formation of lymph nodes and their niches[END_REF]. However, the exact embryonic source of the stromal progenitor cells is still unclear.

To address this question, we performed lineage-tracing experiments by crossing Hoxb6-driven conditional CreERT mice with the R26tdTomato reporter line to achieve specific and temporally controlled recombination in LPM after tamoxifen administration [START_REF] Nguyen | Tamoxifen-dependent, inducible Hoxb6CreERT recombinase function in lateral plate and limb mesoderm, CNS isthmic organizer, posterior trunk neural crest, hindgut, and tailbud[END_REF][START_REF] Srinivas | Cre reporter strains produced by targeted insertion of EYFP and ECFP into the ROSA26 locus[END_REF]. Pregnant mice were injected with a single dose of tamoxifen at E8.5 to induce sustained expression of tdTomato, and the contribution of early LPM precursors to embryonic LN was assessed at gestation E14.5 and E17.5 by immunofluorescence and flow cytometry analyses (Figures 1A,1B,and S1A). The results showed that GP38 + tdTomato + cells were already present in the presumptive anlage of the mesenteric LN along with small clusters of CD4 + lymphoid tissue inducer (LTi) cells at both time points examined (Figures 1B and S1A).

We then performed flow cytometry analysis to quantify the contribution of LPM progenitor cells to the brachial, inguinal, and mesenteric E17.5 LN representative of three different anatomical locations along the body axis. Previous work has shown that expressions of ICAM-1 (I) and VCAM-1 (V) identify distinct subsets of lymphoid tissue organizers (LTo), including endothelial cells [START_REF] Be ´ne ´zech | Ontogeny of stromal organizer cells during lymph node development[END_REF]. Analysis of tdTomato + cells showed that almost all LPM progenitors contributed to the IV int and I hi V À and IV hi LTo cell populations expressing stromal (MAdCAM-1, GP38, and PDGFRa) and endothelial (CD31) markers in the inguinal and mesenteric LNs, although the contribution to the brachial LNs was about 30% (Figures 1B,1C, and S1B). Of note, LPM did not contribute to the IV À subset in any of the LN examined (Figure 1B). These results suggest that the E8.5 progenitors of the LPM differentiate to give rise to distinct subsets of stromal and endothelial progenitors of the developing LNs. Representative FACS analysis of tdTomato expression by ICAM-1/VCAM-1 embryonic LN cells IV À (green), I hi V À (gray), IV int (blue), IV hi (red) in brLN, mLN, and iLNs isolated from E17.5 Hoxb6CreER T ;R26-tdTomato embryos. (C) Representative FACS analysis of the percentages of IV À , I hi V À , IV int , and IV hi cells expressing GP38/PDPN, MAdCAM-1, PDGFRa, and CD31 in brLN, iLN, and mLN from E17.5 Hoxb6CreER T ;R26-tdTomato embryos. Results are representative of 6 independent experiments, each performed with 4-6 pooled embryos. brLN, brachial LN; iLN, inguinal LN; mLN, mesenteric LN. See also Figures S1 andS2.

Progenitors of the lateral plate mesoderm generate all mature lymph node stromal cells

To determine the relationship between tdTomato + LTo cells and mature stromal cell subsets, we analyzed adult cervical, brachial, axillary, inguinal, mesenteric, and popliteal LN from Hoxb6 CreERT ;R26tdTomato compound mice injected with a single dose of tamoxifen at E8.5 to mark LPM. Since it is known that Hoxb6 + LPM progenitor cells also give rise to the hematopoietic compartment, mice were lethally irradiated 2 months after tamoxifen injection and reconstituted with wild-type bone marrow cells to remove tdTomato-labeled hematopoietic cells that could confound the analysis. Our results showed that in all LNs, except cervical LNs, tdTomato-derived cells contributed to the three major stromal cell subsets, namely: GP38 + FRCs, CD35 + FDCs, and MAdCAM-1 + MRCs (Figures 2A andS1C). Flow cytometry analysis of cells isolated from single adult LNs confirmed that >85% of axillary, inguinal, mesenteric, and popliteal and 25% of brachial GP38 + FRCs, CD35 + FDCs, MAdCAM-1 + MRCs, and DN cells were LPM derived, whereas no contribution was observed in cervical LNs reportedly derived from neural crest cells (Figures 2A,S1C,and S1D).

The PXM is known to give rise to cells in various organs such as bone, dermis, skeletal muscle, and endothelium during embryonic development [START_REF] Buckingham | Gene regulatory networks and transcriptional mechanisms that control myogenesis[END_REF][START_REF] Stone | Paraxial mesoderm is the major source of lymphatic endothelium[END_REF][START_REF] Tani | Understanding paraxial mesoderm development and sclerotome specification for skeletal repair[END_REF]. To assess the potential contribution of this mesodermal layer to adult stromal cells, we crossed constitutive Pax3 Cre/+ mice, in which Cre expression is driven by the PXM transcription factor Pax3, with the R26dTomato reporter [START_REF] Madisen | A robust and high-throughput Cre reporting and characterization system for the whole mouse brain[END_REF].

Immunofluorescence analyses in conjunction with flow cytometry performed on adult Pax3 Cre/+ ;R26dTomato compound mice revealed that with the exception of cervical LNs, where Pax3 is known to be expressed in neural crest cells [START_REF] Betancur | Assembling neural crest regulatory circuits into a gene regulatory network[END_REF], the PXM did not contribute to the stromal cells of all other LNs analyzed (Figures 2B andS1D). Overall, these results clearly show that the LPM is the only mesodermal layer that gives rise to LN stromal cells.

Lymph node-specific lineages contribute to the stromal cell pool

We have previously shown that a subset of LPM progenitors expressing Hoxb6 and Nkx2.5 can generate spleen but not LN stroma [START_REF] Castagnaro | Nkx2-5(+) islet1(+) mesenchymal precursors generate distinct spleen stromal cell subsets and participate in restoring stromal network integrity[END_REF][START_REF] Lenti | Transcription factor TLX1 controls retinoic acid signaling to ensure spleen development[END_REF]. These results suggest that LPM contains distinct lineages that express unique transcription factors and can generate phenotypically and functionally similar mature stromal cells (e.g., FDCs) in different LNs. To test this hypothesis, we performed lineage tracing by crossing R26tdTomato reporter mice with a knockin allele that constitutively expresses Cre recombinase under the control of Isl1, a gene encoding a transcription factor expressed in LPM progenitors that contributes to splenic stromal progenitors [START_REF] Castagnaro | Nkx2-5(+) islet1(+) mesenchymal precursors generate distinct spleen stromal cell subsets and participate in restoring stromal network integrity[END_REF][START_REF] Yang | Isl1Cre reveals a common Bmp pathway in heart and limb development[END_REF]. We analyzed the contribution of Isl1 progeny to the developing mesenteric LN and found tdTomato + cells in the developing mesenteric LN at E14.5 and E17.5 along with CD4 + LTi cells (Figure 3A). Notably, although Isl1 mRNA was detected at E17.5 and postnatal day 2 (P2) only in mesenteric LNs, ISL1 protein was present at E17.5 only in a few cells near the developing LN anlage and was absent postnatally (Figures S2A andS2B). These results indicate that Isl1 expression occurs earlier in development, and this notion is supported by previous findings showing expression of Isl1 at E8.5 in the LPM, splanchnic mesoderm of the gut, and in the developing limb buds, all derivatives of the LPM [START_REF] Zhuang | Expression of Isl1 during mouse development[END_REF].

Flow cytometry analysis at E17.5 also revealed a unique pattern of Isl1 contribution to various lymphoid LTo cell subsets, accounting for nearly 80%-100% of IV int and I hi V À and IV hi LTo cells of the mesenteric LN, whereas the contribution to the inguinal and brachial LN was 20% and absent, respectively, for these populations (Figures 3A and S2C). Of note, the contribution to the IV À subgroup was negligible in all LNs analyzed. These and previous results support the idea that at E8.5 of embryonic development, different transcription factors mark LPM precursors that differentiate into stromal and endothelial precursors of the developing LNs.

We then examined the contribution of this lineage to adult stromal cells by analyzing adult compound mice that were lethally irradiated and reconstituted with wild-type bone marrow to exclude recombination in the hematopoietic lineage. 2 months after hematopoietic reconstitution, immunofluorescence analysis combined with flow cytometry on cells isolated from mesenteric and popliteal LN showed that >85% of GP38 + FRCs, CD35 + FDCs, MAdCAM-1 + MRCs, and DN cells were tdTomato + and thus derived from Isl1 + progeny (Figure 3B). In contrast, the stromal cells of the cervical, axillary, brachial, and inguinal LN were not tdTomato + (Figure 3B), supporting the hypothesis that although the stromal cells of LN are derived from progenitor cells of LPM, the stroma of each LN is derived from different subsets of the LPM lineages, as characterized by the expression of different transcription factors. Finally, we investigated whether the Isl1 + lineage plays a functional role in LN organogenesis by knocking down LTbR signaling. We generated Ltbr flox/flox ;Isl1-Cre/+ and control mice and analyzed the gross morphology of various adult LNs and spleen after 6 weeks. Interestingly, loss of LTbR signaling in the Isl1 + lineage prevented the development of the popliteal LN and caused severe hypoplasia of the mesenteric LN, whereas the inguinal LNs were not affected (Figure S3A).

Immunofluorescence analysis of the mesenteric and inguinal LNs revealed normal organization of B220 + and CD3 + cell clusters and the presence of intact CD35 + FDC networks. Consistent with the contribution of Isl1 to splenic stromal cells and the requirement of LTbR signaling for splenic organization, the formation of T and B cell clusters and FDC networks in the spleen was severely impaired in Ltbr flox/flox ;Isl1 Cre/+ compared with controls (Figure S3B). Taken together, these results demonstrate the importance of the Isl1 lineage specifically in supporting organogenesis of the popliteal and mesenteric LNs and suggest that the organization of T and B cell clusters in the mesenteric LNs is not dependent on LTbR signaling from Isl1-derived stromal cells.

Distinct mesodermal origin of lymph node blood and lymphatic endothelial cells

It is well known that the mesoderm gives rise to BECs and LECs of the developing embryo [START_REF] Prummel | The lateral plate mesoderm[END_REF], and recent evidence has shown that the LECs outside the LN originate from the Pax3 + PXM [START_REF] Stone | Paraxial mesoderm is the major source of lymphatic endothelium[END_REF]. However, the exact mesodermal lineages that generate BECs and LECs in LNs are currently unknown. To address this question, we performed lineage-tracing experiments using Hoxb6CreER T , Pax3 Cre/+ , and Isl1 Cre/+ mice crossed with the reporter line R26dTomato to trace the progeny of the LPM and PXM, respectively [START_REF] Engleka | Insertion of Cre into the Pax3 locus creates a new allele of Splotch and identifies unexpected Pax3 derivatives[END_REF].

Immunofluorescence in conjunction with flow cytometric analysis showed that the Hoxb6 + LPM generates various CD31 + Lyve1 À (>85%) BECs, including CD31 + PNAd + cells of the high endothelial venules (HEVs) of the mesenteric and popliteal LNs, whereas the contribution to the endothelium of the brachial, axillary, and inguinal LNs ranged between 40% and 50%, and no contribution to the cervical LN vasculature was observed (Figures 4A and4B). Notably, the Isl1 lineage contributed to 50%-60% of BECs and HEVs, whereas the contribution to these cells in the brachial, axillary, and inguinal LNs was negligible. Conversely, analysis of the Pax3 + lineage revealed no contribution of PXM to BECs (Figures 4A and4B). Instead, PXM contributed to >90% of subcapsular and medullary LYVE-1 + CD31 + LECs in the inguinal, axillary, brachial, and popliteal LNs, whereas LECs in the mesenteric LNs were derived from the Hoxb6 + LPM (Figures 4A and4B). Of note, the PNAD + HEVs in the brachial and inguinal LNs contained some cells derived from the Pax3 + lineage (Figure 4B), although such a contribution was not observed for all other LN analyzed. Overall, these results show that in the LN, LPM progenitor cells contribute to both BECs and mesenteric LECs, whereas the PXM but not the LPM generated LECs in all superficial LNs analyzed (Figure 4C).

Single-cell transcriptomic analysis of stromal progenitors reveals differences in gene expression across LNs

The differential contribution of Isl1 lineage to stromal and endothelial cells of the brachial, inguinal, and mesenteric LN suggests the existence of distinct embryonic lineages within the LPM that contribute to adult stromal and endothelial cells. Such lineage diversity implies the presence of LN-specific transcription factors as the result of differential positional identity of LNs along the body axis. To address this question, we performed scRNA-seq on cells isolated from the LN of embryonic and neonatal wild-type mice. This strategy was preferred because our lineage-specific reporters showed differential contribution to stromal and endothelial cells, which may have resulted in a mixed population of cells, some expressing tdTomato and others not. We isolated embryonic (E17.5) IV hi LTo cells because they are considered precursors to adult stromal cells, which we found to arise from the Hoxb6 + LPM, as well as cells from postnatal day 2 LNs (Figure S1B). These time points were chosen because the cells are still largely undifferentiated and unaffected by external stimuli, such as mature lymphocytes and the microbiota.

Initially, data were pooled without an integrative alignment procedure to exclude possible batch effects. Samples showed an overlap of common clusters, and we focused our analysis on those expressing known nonhematopoietic and nonendothelial cell markers (Figure S4A).

We then analyzed at low resolution embryonic and neonatal datasets separately after integrating the three LN districts together. We identified three groups of cells, namely Cd34 + SC, Cxcl13 + SC, and Acta2 + mural cells (MuCs), a perivascular group of cells that includes pericytes and smooth muscle cells (Figures 5A and5B). The Cd34 + SC cluster was predominant at E17.5, whereas the Cxcl13 + SC and MuC clusters were more represented at P2 (Figure 5C).

Top 25 differentially expressed genes (DEGs) at embryonic and neonatal stages showed expression of common markers such as Col3a1, Ly6a/Sca-1, Cdknc, and Mfap5 for Cd34 + SC; Ccl19, Madcam-1, and Tnfsf11 for Cxcl13 + SC; and Acta2, Myl9, and Crip1 for MuC (Figures 5D and5E; Tables S1 andS2). Representative FACS analysis of tdTomato expression by ICAM-1/VCAM-1 embryonic LN cells IV À (green), I hi V À (gray), IV int (blue), and IV hi (red) in brLN, mLN, and iLNs isolated from E17.5 Isl1 Cre/+ ;R26-tdTomato embryos. Results are representative of 6 independent experiments, each performed with 4-6 pooled embryonic LNs. (B) Representative confocal images of Isl1 Cre/+ ;R26-tdTomato adult LN sections stained for RFP (red), as marker of Isl1 lineage-traced cell, CD35, MAdCAM-1 and GP38/PDPN (green) as markers for FDCs, MRCs, and FRCs, respectively. Scale bars represent 50 mm. Data are representative of 12 mice analyzed. On the right, representative histograms of tdTomato mean fluorescent intensity and percentage of tdTomato + cells in LN stromal cells isolated from Isl1 Cre/+ ;R26-tdTomato mice. Data are representative of 4 independent experiments, each performed with pooled LNs from 2 mice. cLN, cervical LN; axLN, axillary LN; brLN, brachial LN; iLN, inguinal LN; mLN, mesenteric LN; popLN, popliteal LN. See also Figures S1 andS2. S3 andS4). Indeed, the Cd34 + SC cluster showed a higher number of genes differentially expressed (| log2 fold change| > 1) between superficial (inguinal and brachial) versus mesenteric LNs at the embryonic, compared with postnatal stage (Figure S4C; Table S5). Instead, the Cxcl13 + SC cluster showed minor differences in embryonic LNs compared with postnatal LNs (Figure S4C; Table S5). Notably, differences in gene expression in the MuC cluster between superficial and mesenteric LNs were more pronounced postnatally compared with embryonic stage, possibly reflecting a higher number of differentiating cells at this developmental time point (Figure S4C; Table S5). These findings indicate that variations in gene expression among stromal cells are mostly found between superficial versus mesenteric LNs.

Embryonic LNs contain multiple subsets of Cd34 + and Cxcl13 + cells Previous work has identified distinct SC clusters in adult LN [START_REF] Rodda | Single-cell RNA sequencing of lymph node stromal cells reveals niche-associated heterogeneity[END_REF][START_REF] Pezoldt | Neonatally imprinted stromal cell subsets induce tolerogenic dendritic cells in mesenteric lymph nodes[END_REF], although it is not known whether these arise from pre-existing distinct embryonic clusters or result from postnatal diversification of a homogeneous cellular population. As our results indicated the existence of three major subsets of cells (Cd34 + , Cxcl13 + , and MuC), we decided to further investigate their heterogeneity by reanalyzing embryonic and postnatal nonhematopoietic and nonendothelial stromal cells at higher resolution (Figure 6).

Based on differential gene expression, we identified ten embryonic and eleven postnatal clusters distributed on the uniform manifold approximation and projection (UMAP) plot (Figures 6A-6D). At embryonic stages, we identified three clusters of Cxcl13 + cells, six Cd34 + populations, and one cluster of MuC, whereas at neonatal stages, we found four clusters of Cxcl13 + cells, four Cd34 + populations, and three clusters of MuC (Figures 6A-6D; Tables S6 andS7). Of note, UMAP visually revealed a redistribution of Cxcl13 + and Cd34 + clusters during the transition from embryonic to postnatal stages, highlighting the underlying differentiation process and transcriptional changes of the different clusters (Figures 6A and6B). Analysis of the most differentially expressed markers showed that the gene expression profile of each cluster varied depending on the position of the LN (Figures 6E and6F), further confirming that the location of the LN along the body axis influences the transcriptomic profile of stromal cell clusters.

At embryonic stages, we found three Cd34 + clusters (0, 1, and 2) showing higher expression of proliferating markers of G 2 M phase (e.g., Top2a, Cenpf, and Hmgb2), S phase (e.g., Ccne2, Pclaf and Pcna), and G1/G 2 M (e.g., Ccnb2, Cenpa, and Hmgb1). In addition, cluster 3 expressed markers such as Lpl, Aspn, and Gsn associated with TGFb regulation of ECM; cluster 4 expressed markers of mesothelial origin such as Krt19, Msln, Upk3b, and Lgals7; and cluster 5 expressed markers associated with more mature cells including Igfbp6, Ly6a, and Pi16 (Figures 6A,6E, and S5A; Table S6). Notably, cluster 4 was found only in mesenteric LNs. Moreover, the analysis revealed Cxcl13 + cluster 1, showing markers of cellular proliferation such as Top2a, Prc1, and two additional Cxcl13 + clusters (8 and 9) expressing markers associated with FRCs including Ccl19, Ccl21, Bst2, Tnfsf11, and Desmin (Figures 6A, 6C, and6E).

Similarly, at neonatal stages, we identified four Cd34 + clusters (0, 1, 2, and 3) expressing markers associated with TGFb regulation of ECM receptor interactions such as Col1a1, Col4a1, Lpl, Mgp, and S100a6 (Figures 6B, 6D, 6F, and S5B). Analysis further revealed three clusters (4, 5, and 6), reflecting subsets of MuC expressing Rgs5, Kcnj8, and Col4a1 pericyte markers (cluster 4); Acta2, Myl11, and Mef2c (cluster 5); and Actg2, Cnn1, and Myl9 (cluster 6) smooth muscle cell markers [START_REF] Muhl | Single-cell analysis uncovers fibroblast heterogeneity and criteria for fibroblast and mural cell identification and discrimination[END_REF][START_REF] Vanlandewijck | A molecular atlas of cell types and zonation in the brain vasculature[END_REF]. In addition, we identified two proliferating Cxcl13 + clusters expressing markers associated with DNA replication such as Top2a, Tclaf, and Birc5 (cluster 7) and mitotic G2/M phase such as Cenpa, Cenpf, and Cdc20 (cluster 8), possibly reflecting a homogeneous cluster at different stages of the cell cycle. The analysis also revealed two more differentiated clusters (9 and 10) expressing markers of FRCs such as Ccl19, Clu, Mfge8, Cxcl12, and Desmin (Figures 6B, 6D, 6F, and S5B). Together, these findings demonstrated that embryonic LNs already contain multiple clusters of Cd34 + , Cxcl13 + , and MuC cells and indicated that stromal diversity is acquired very early during LN development.

We then assessed the spatial localization of the different subpopulations by performing immunofluorescence analysis using antibodies to cluster-specific markers on embryonic and neonatal LNs. We identified the LN primordium by staining hematopoietic cells and the developing ECM with CD45 and collagen 4a1 antibodies, respectively (Figure S5C). Next, we analyzed the distribution of the putative clusters and found the presence of CD34 + nonendothelial cells distributed in the capsule, surrounding vessels, and within the developing LNs (Figure S5C). We also detected LY6A + and aSMA + cells corresponding to distinct Cd34 + subclusters (Figures 6 andS5C). Furthermore, we also detected MAdCAM-1, CXCL13, DESMIN, and CCL21, indicative of FRC clusters belonging to the Cxcl13 + clusters (Figure S5C). These results revealed the distribution of distinct nonendothelial cell populations in embryonic and neonatal LNs and reinforced the idea that acquisition of stromal diversity in the CD34 + and Cxcl13 + populations occurs early during LN development.

Stromal cell clusters across developmental stages maintain transcriptional similarities

The presence of different stromal cell subsets at early stages of organogenesis raised the question of whether embryonic, neonatal, and adult stromal cells share transcriptional similarities.

To address this, we sorted CD45 À GP38 + LN cells from brachial, inguinal, and mesenteric LN of adult mice and performed scRNA-seq to identify mature stromal cell subsets (Figure S6; Table S8). This analysis revealed a distribution of 12 clusters in the UMAP that were equally represented in all LN districts. These clusters were characterized by the expression of unique markers and corresponded to cell populations previously described [START_REF] Rodda | Single-cell RNA sequencing of lymph node stromal cells reveals niche-associated heterogeneity[END_REF][START_REF] Pezoldt | Neonatally imprinted stromal cell subsets induce tolerogenic dendritic cells in mesenteric lymph nodes[END_REF] (Figures S6B-S6D; Table S8).

We then searched for the presence of adult stromal cell states in embryonic and neonatal LNs using the label transfer procedure in the ''Seurat3'' package [START_REF] Stuart | Comprehensive integration of single-cell data[END_REF]. This strategy allowed us to identify common transcriptional states in different datasets. Transcriptional profiles of clusters from adult LNs were used as reference, and clusters from E17.5 and P2 datasets were putatively assigned to the adult cell state (Figure 7A). Of note, at the embryonic stage, we found that Cd34 + Ly6a + Igfbp6 + cluster 3 transcriptionally corresponded to adult Cd34 + Cd248 + and Cd34 + Krt19 + Msln + clusters (Figures 7A andS6A). We also found that the Acta2 + Myl9 + MuC cluster 5 corresponded to the perivascular cell (PvC) Mgp + cluster identified in the adult dataset, rather than the Acta2 + and Rgs5 + MuC subpopulations. Intriguingly, the adult PvC Mgp + cluster also labeled Cd34 + proliferating precursors at E17.5, suggesting that the adult PvC Mgp + cluster may contain Cd34 + progenitors (Figures 7B andS6B).

At the neonatal stage, we identified three clusters (4, 5, and 6) of MuC that appeared to correspond to the respective adult PvC Acta2 + and Rgs5 + PvC subpopulations, whereas the adult PvC Mgp + cluster transcriptionally resembled the neonatal MuC Actg2 + and the Cd34 + clusters 0, 1, 2, and 3, likely representing the neonatal stage of embryonic progenitors (Figures 7A andS6B).

Embryonic Cxcl13 + Isg15 + Bst2 + cluster 9 was transcriptionally equivalent to the mature TRC Ccl19 high cluster, whereas Cxcl13 + top2a + cluster 7 and Cxcl13 + Ccl19 + cluster 8 were more similar to the adult Nr4a1 population (Figures 7A andS7A). At the neonatal stage, Cxcl13 + Cxcl12 + Agtr2 + cluster 10 resembled the adult Nr4a1 population, whereas Cxcl13 + Ccl19 + Clu + was more consistent with all mature TRC clusters (Figures 7A andS7).

To better highlight the dynamic changes in stromal cell distribution across developmental stages, we constructed alluvial plots that clearly show that the Cd34 + cell pool decreases sharply from E17.5 to adult LNs. The latter still contains a small population of Cd34 + cells that may represent a reservoir of progenitor cells, as described previously [START_REF] Sitnik | Context-dependent development of lymphoid stroma from adult CD34(+) adventitial progenitors[END_REF]. In contrast, the pool of Cxcl13 + stromal cells increases and forms more mature subsets (Figure 7B). In conclusion, our findings revealed the existence of Cd34 + and Cxcl13 + proliferating progenitors from which more mature Cd34 + , PvC, and Cxcl13 cells originate.

DISCUSSION

Lymphoid stromal cells are crucial organizers of lymphoid compartments and regulators of immune responses. Nevertheless, the embryonic origin, lineage diversity, and transcriptional identity of stromal progenitor cells are largely unknown. We investigated these questions using lineage-tracing approaches in conjunction with scRNA-seq analyses of different LNs along the body axis and at different developmental stages. We used an inducible Hoxb6CreER T allele to spatially and temporally label and trace the fate of E8.5 descendants from LPM precursors throughout LN development. Our results showed that LPM descendants contribute to the embryonic and adult stromal cells of all superficial and mesenteric LNs examined, with the exception of cells in cervical LNs, which are known to originate from neural crest cells [START_REF] Foster | Contribution of neural crest-derived cells in the embryonic and adult thymus[END_REF]. Remarkably, the LPM is the only embryonic mesodermal source of LN stromal cells, as we observed no contribution of the PXM to the stromal cell pool of the superficial and mesenteric LNs. Another exception was the cervical LNs, which arise from neural crest cells that also express Pax3 [START_REF] Betancur | Assembling neural crest regulatory circuits into a gene regulatory network[END_REF].

The finding that Isl1 + progenitors give rise to all major stromal cell subsets in the mesenteric and popliteal LNs, but not in other LNs, and the notion that Isl1 is expressed in a subset of the LPM suggests the existence of other LN-specific lineages within the LPM that contribute to the stromal cell pool. This is supported by a previous observation showing that Fap + progenitor cells specifically generate FRCs in mesenteric LN [START_REF] Denton | Embryonic FAP(+) lymphoid tissue organizer cells generate the reticular network of adult lymph nodes[END_REF]. Of note, knockout of LTbR signaling in the Isl1 + lineage halts popliteal LN development and causes severe hypoplasia of the mesenteric LN, a phenotype previously observed in LTbR knockout mice (F€ utterer et al., 1998). However, T and B cell organization was relatively normal in mutant mice, suggesting that LTbR signaling in Isl1-derived stromal cells is dispensable for lymphocyte organization in the mesenteric LN. Consistent with Isl1 lineages selectively contributing to mesenteric and popliteal LNs, brachial and inguinal LNs were not affected by loss of LTbR signaling through Isl1Cre. In line with previous findings showing the contribution of the Isl1 lineage to splenic stromal cells, loss of LTbR signaling severely affected splenic T and B cell organizations and splenic FDC networks. This confirms the functional role of Isl1 lineage and LTbR signaling in the development of secondary lymphoid organs. The presence of unique LN-specific lineages for stromal cells is also consistent with previous findings showing that Nkx2.5 + progenitors of LPM contribute to the spleen but not to LN stromal cells [START_REF] Castagnaro | Nkx2-5(+) islet1(+) mesenchymal precursors generate distinct spleen stromal cell subsets and participate in restoring stromal network integrity[END_REF]. Interestingly, previous work has also shown that stromal cells in the inguinal LNs derive, at least in part, from adipocyte progenitors (Be ´ne ´zech et al., 2012), a cell S1 andS2.

type recently shown to arise from E8.5 Hoxb6 + progeny of LPM (Sebo et al., 2018). Thus, LPM is the earliest embryonic source of stromal progenitor cells and contains distinct lineages, such as Nestin + , Fap + , and Isl1 + cell populations, with unique LN contributions. Isl1 is expressed at E8.5 in the LPM-derived cells [START_REF] Yang | Isl1Cre reveals a common Bmp pathway in heart and limb development[END_REF] and later in the splanchnic mesoderm, a derivative of LPM, from which the mesenteric stromal progenitors likely originate [START_REF] Han | Single cell transcriptomics identifies a signaling network coordinating endoderm and mesoderm diversification during foregut organogenesis[END_REF]. Consistent with the fate-mapping results, our data also showed that Isl1 mRNA is expressed in the embryonic mesenteric LN, although we did not detect ISL1 protein at early stages of LN development.

Our results also shed light on the embryonic origin of LECs and BECs, which was not addressed in previous fate-mapping analyses. Although the Pax3Cre allele used to mark PXM in our studies is not an inducible model, the data obtained clearly show that embryonic precursors of PXM generate LECs. The only exception we found was LECs in mesenteric LNs derived from the LPM, as shown by the Hoxb6 + and Isl1 + progeny contributing to LECs in this region. Although the vast majority of BECs were not marked by PXM, we noted that rare PNAD + HEVs derived from Pax3-descendants only brachial and inguinal LNs, and although this contribution was modest, it may reflect the venous origin of LECs (Gutierrez-Miranda and Yaniv, 2020).

The LPM also appears to generate a large proportion of BECs in most LNs, with the PXM making only a modest contribution to axillary (10%) and brachial (20%) BECs. This result is consistent with previous data showing that vascular endothelial cells can arise from both LPM and PXM [START_REF] Hutcheson | Embryonic and fetal limb myogenic cells are derived from developmentally distinct progenitors and have different requirements for beta-catenin[END_REF][START_REF] Mayeuf-Louchart | Notch regulation of myogenic versus endothelial fates of cells that migrate from the somite to the limb[END_REF][START_REF] Stone | Paraxial mesoderm is the major source of lymphatic endothelium[END_REF][START_REF] Wasteson | Developmental origin of smooth muscle cells in the descending aorta in mice[END_REF]. However, since not all BECs have been labeled by LPM (Hoxb6 + and Isl1 + lineages), it is possible that other lineages contribute to the formation of this cell type. This possibility is supported by recent evidence that BECs can also arise from yolk sac cells that were not labeled with our Cre lines [START_REF] Plein | Erythromyeloid progenitors contribute endothelial cells to blood vessels[END_REF]. Also, the notion that the liver endoderm can also give rise to vascular endothelial cells suggests that there are multiple lineages that give rise BECs [START_REF] Goldman | Endoderm generates endothelial cells during liver development[END_REF].

To elucidate the cellular and molecular compositions of mesodermal progenitors in different LNs, we performed scRNA-seq analyses, focusing on nonendothelial cells. At lower resolution, we identified three major populations of stromal cells expressing Cd34, Cxcl13, and Acta2 present at embryonic and neonatal stages. Remarkably, the Cd34 + population was more prominent at embryonic stages, whereas the Cxcl13 + population was more prevalent in postnatal stages and beyond. However, this difference may also be due to possible differences based on the cells used for the analysis (embryonic IV hi LTo versus postnatal CD45 À ). Analysis of gene expression of individual populations in different LNs and developmental stages revealed that there are transcriptomic differences between mesenteric and superficial (inguinal and brachial) LNs, whereas no significant differences were observed between brachial and inguinal LNs. These differences were highlighted by the contribution of Isl1 expressing lineages to mesenteric but not to superficial LNs and likely reflect the transcriptional identity of each LN along the body axis. Differential expression of Hox transcription factors has also been shown to reflect positional identity of cells during skeletal development [START_REF] Zakany | The role of Hox genes during vertebrate limb development[END_REF]. In addition, it is also possible that LN-specific signals activate unique transcriptional networks that lead to lineage heterogeneity.

We addressed the question of whether stromal diversity is due to diversification of a homogeneous population or whether there are multiple subsets of stromal cells in embryonic LNs. Interestingly, at higher resolution and after the identification of stromal cell populations across developmental stages, our results showed that LNs at E17.5 comprise multiple clusters of Cd34 + and Cxcl13 + cells. The presence of multiple clusters suggests that the acquisition of stromal diversity begins during embryonic LN development. Although it was not possible to precisely localize each individual cluster, we validated several cluster-specific markers showing their distribution in the embryonic and neonatal LNs. Our scRNA-seq analysis revealed that proliferating clusters are predominantly present in embryonic and postnatal stages in Cd34 + and Cxcl13 + cells, respectively. We hypothesize that these cells may represent the amplifying populations for more differentiated cells in the postnatal LNs. Of note, the observed differences in the proportion of proliferating clusters in the different LNs may be due to differences in tissue growth between mesenteric and superficial LNs, as previously reported [START_REF] Mebius | Organogenesis of lymphoid tissues[END_REF]. Notably, our analysis cannot completely rule out the possibility that one of the two populations represents the origin of all stromal cells, as isolation of stromal precursors upstream of E17.5 is required to unambiguously resolve this issue.

We also inferred developmental trajectories between stromal cell clusters using the label transfer approach, a computational method that allows cell state classifications to be transferred across embryonic, neonatal, and adult datasets. Interestingly, this approach revealed the presence of transcriptional similarities between adult Cd34 + and Cxcl13 + clusters and their embryonic and neonatal counterparts, indicating a relationship between embryonic Cd34 + proliferating clusters and adult Cd34 + and MuC populations. Our label transfer analysis also revealed the presence of transcriptional similarities between TRC and Nr4a1 subclusters and their embryonic and neonatal Cxcl13 + counterparts. Of note, Cxcl13 + proliferating cells were present in embryonic and neonatal stages but were not found in adult LNs. Nevertheless, our results clearly show that the size of the Cd34 + population decreases, whereas the size of Cxcl13 + cells increases during LN development, and we speculate that proliferating Cxcl13 + cells in embryonic and neonatal LNs may serve as precursors for more differentiated cells.

In conclusion, our work identifies the earliest embryonic source of LN stromal and endothelial cells and indicates that stromal diversity arises during embryonic LN development. S6 andS7.

As it is currently possible to generate LPM and PXM precursors from induced pluripotent stem (iPS) cells [START_REF] Matsuda | Recapitulating the human segmentation clock with pluripotent stem cells[END_REF][START_REF] Nazareth | High-throughput fingerprinting of human pluripotent stem cell fate responses and lineage bias[END_REF][START_REF] Tani | The progress of stem cell technology for skeletal regeneration[END_REF], we envisage the possibility of using iPS cells as a source of stromal progenitors to further investigate the molecular factors involved in stromal cell fate decision and, more generally, in lymphoid stromagenesis. Given the critical role of stromal and endothelial progenitor cells in the organization of the lymphoid compartment, we hypothesize that iPS-derived stromal progenitor cells could be used in the context of immune engineering for the development of functional artificial lympho-organoids to replace LN and restore lymphoid and immunological functions in various diseases in which LN has been resected or dysfunctional, such as cancer, infections, and lymphedema [START_REF] Dijkstra | Generation of tumor-reactive T cells by co-culture of peripheral blood lymphocytes and tumor organoids[END_REF][START_REF] Kim | Multiscale engineering of immune cells and lymphoid organs[END_REF][START_REF] Kobayashi | Gel-trapped Lymphorganogenic chemokines trigger artificial tertiary lymphoid organs and mount adaptive immune responses in vivo[END_REF][START_REF] Lenti | Therapeutic regeneration of lymphatic and immune cell functions upon Lympho-organoid transplantation[END_REF].

Limitations of the study

Our fate-mapping studies revealed that most stromal cells and BECs originate from the embryonic 8.5 mesoderm. However, since a fraction of cells were not labeled by our strategy, it remains to be determined whether recombination at earlier stages is require to label all cells or whether additional mesodermal lineages not expressing Hoxb6 contribute to generate these cells. Although we showed that embryonic LNs contain multiple clusters of Cd34 + and Cxcl13 + cells transcriptionally related to the adult stromal cell subsets, we were unable to determine precise developmental trajectories as this would require to perform scRNA sequencing of numerous embryonic and postnatal time points.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following: 8-12 weeks-old female mice were used in the experiments. Animals were bred and maintained in a specific pathogen-free animal facility with a 12-hour light/12-hour dark cycle, at 18-23 C with 40-60% humidity under barrier conditions. All animal care were in compliance with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health, as well as institutional guidelines at the University of California, San Diego and Silberman Institute of Life Sciences, Jerusalem; and in accordance with European Union and San Raffaele Scientific Institute Institutional Animal Care and Use Committee (IACUC) guidelines.

METHOD DETAILS Mice irradiation and reconstitution

For the induction of the CreER T recombinase, pregnant mice at embryonic stage E8.5 received via oral gavage a single dose of Tamoxifen and Progesterone (200 ml/mouse of 10mg/ml tamoxifen with 5mg/ml progesterone in corn oil) (#T5648 and #P0130, Sigma-Aldrich). For embryonic staging, detection of vaginal plug was designated as E0.5. For the generation of chimeras, eightweeks old Hoxb6CreER T ;R26tdTomato and Islet1 Cre/+ ;R26tdTomato mice were lethally irradiated by exposure to two cycles of 5,4Gy (3-hour interval) from a cesium radiation source, and the day after mice were reconstituted with 1x10 7 C57BL/6N total bone marrow cells by intravenous injection into the tail vein.

Immunofluorescence staining and confocal analysis Embryonic, neonatal and adult tissues were harvested and fixed for 5 minutes in AntigenFix (# P0014, Diapath), then washed in PBS 1X and dehydrated overnight in 30% sucrose (Sigma-Aldrich) at 4 C. Samples were embedded in Killik O.C.T. (#05-9801, Bio-optica) and frozen in ethanol dry-ice bath (using Dehyol 95 (#05-9801, Bio-optica). 6-8 mm thick sections were prepared using a cryostat and placed onto glass slides (SuperFrostÒ Plus, Thermo Fisher Scientific), fixed in cold acetone for 5 minutes, dried, and kept at -80 C until used. Slides were hydrated and blocked for 30 min with blocking buffer (PBS1X, 0.5% FBS, 0.05% Tween20) at room temperature (RT) followed by 1 hour incubation at RT with the following primary antibodies: anti-a-SMA (#A5228,Sigma-Aldrich,1:100), anti-CD3PE Miltenyi Biotec,1:200), anti-CD45R/B220 Alexa Fluor 647 (#RM2621, Thermo Fisher Scientific, 1:100), anti-CD4 (#14-0041-86, eBioscience, 1:50), anti-CD31 APC (#102510, Biolegend, 1:200), anti-CD35 (#553816, BD Biosciences, 1:100), anti-CD45 e-Fluor 450 (#48-0451-82, eBioscience, 1:50), anti-CD45.2 (#109802, Biolegend, 1:200), anti-Collagen IV (#NB120-6586, Novus Biologicals, 1:500), anti-ER-TR7 (#BM4018, Acris, 1:500), anti-Lyve-1 (#NB600-1008, Novus Biologicals, 1:500), anti-mCherry (#NBP2-25158, Novus Biologicals, 1:2000), anti-PNAd (#553863, BD Biosciences, 1:500). Slides were washed and incubated 30 min at RT with the following secondary reagents: Alexa Fluor 546-conjugated anti-chicken, Alexa Fluor 568-conjugated anti-mouse, Alexa Fluor 546-and Alexa Fluor 647-conjugated anti-rabbit, Streptavidin-Alexa Fluor 546-conjugated, Alexa Fluor 546-and Alexa Fluor 647-conjugated anti-rat (all from Thermo Fisher Scientific, 1:500). Slides were washed and stained with DAPI (#32670, Sigma-Aldrich, 1:500) for 5 min, washed again and mounted with MOWIOL (#475904-M, Merck). For staining with anti-a-SMA antibody an additional 20 min incubation at RT with M.O.M. (#MKB-2213-1, Vector Laboratories) before blocking buffer was performed; instead for staining with anti-CD35 antibody an additional incubation at RT with Avidin/Biotin Blocking Kit (#SP-2001, Vector Laboratories) before blocking buffer was done. Immunofluorescence staining with amplification of signal using TSA Plus fluorescein kit (#NE-L701A001KT, AKOYA Biosciences) was used for the following antibodies: anti-CCL21 (#AF457, R&D systems, 1:200), anti-CD34 (#Ab81289, Abcam, 1:2000), anti-CXCL13 (#AF470, R&D Systems, 1:100), anti-Ly6A (#Ab51317, Abcam, 1:5000), anti-MAdCAM-1 (#120706, Biolegend, 1:10.000), anti-GP38 (#14-5381-82, eBioscience, 1:500). Slides were hydrated and incubated at RT with Avidin/Biotin Blocking Kit. Then slides were blocked with AKOYA blocking buffer for 30 min and incubated with primary antibodies for 1 hour at RT. Slides were then washed and incubated 30 min at RT with the appropriate biotinylated secondary antibody (anti-goat IgG, anti-rat IgG, goat anti-rabbit IgG all from Vector Laboratories, 1:500) followed by another 30 min incubation at RT with Streptavidin-horseradish peroxidase conjugate (SA-HRP conjugated, 1:100, from the kit). After washing, to amplify the signal, incubation for 7min with TSA fluorescein was done. Confocal images were acquired using a 40x oil-immersion objective using SP5 or SP8 confocal microscope (Leica Microsystem). Digital images were recorded in separately scanned channels with no overlap in detection of emissions from the respective fluorochromes. Final image processing was performed with ImageJ and Adobe Illustrator.

Gross morphology

Cervical, axillary, brachial, inguinal, mesenteric, popliteal lymph nodes (LNs) and spleens were collected from Ltbr fl/fl ,Ltbr fl/+; Islet1 Cre/+ and Ltbr fl/fl ;Islet1 Cre/+ female mice at two-months of age. Organs were weighted using an analytical balance (Mettler Toledo) and pictures were acquired using a stereo microscope (Stemi508, Zeiss) equipped with a camera (Axiocam ERc 5s, Zeiss). Inguinal, mesenteric LNs and spleens were then processed for immunofluorescence staining as described above (see Immunofluorescence staining and confocal analysis section).

Sample preparation and flow cytometry

For flow cytometry analysis of stromal populations in adult LNs: cervical, axillary, brachial, inguinal, mesenteric and popliteal LNs were collected from Islet1 Cre/+ ; R26-tdTomato, Hoxb6CreER T ;R26-tdTomato and Pax3 Cre/+ ;R26-tdTomato mice at 2-3 months of age. LNs were enzymatically digested as previously described [START_REF] Fletcher | Lymph node stroma broaden the peripheral tolerance paradigm[END_REF]. In brief, tissues were placed in DMEM containing 2% FBS (Lonza) and 20mM Hepes (Sigma-Aldrich), 0.2 mg/ml Collagenase P (#11213857001, Roche), 100 mg/ml DNase I (#11284932001, Roche), and 0.8 U/ml Collagenase/Dispase (#10269638001, Roche) and reduced in small pieces using forceps. Tissues were incubated for 30 min at 37 C at 900rpm, using a thermomixer, to facilitate the release of stromal cells. Digested material was collected every 10 min and kept at 4 C in PBS 1X with 1% FBS and 10mM EDTA. Larger fragments were pipetted with fresh digestion mix and replaced into the thermomixer for the remaining time. Hematopoietic cells were depleted by incubating the cell suspension with anti-CD45 APC (#109814, Biolegend) and subsequently with anti-APC microbeads and passing it through MACS LS/MS columns . Unbound single-cell suspension, containing stromal and endothelial cells, was blocked for 15 min at RT and after incubated for 10 min at 4 C with the following antibody: anti-CD31 PerCP/Cyanine5.5 (#102522, Biolegend, 1:100), anti-CD35 BV510 (#740132, Biolegend, 1:100), anti-CD140a PE/ Cyanine7 (#135911, Biolegend, 1:100), anti-MAdCAM-1 APC (#120711, Biolegend, 1:100), anti-GP38 APC/Cyanine7 (#127418, Biolegend, 1:200).

For flow cytometry analysis of stromal populations in embryonic LNs: inguinal, mesenteric and brachial LNs at embryonic day 17.5 (E17.5) were collected from Islet1 Cre/+ ; R26-tdTomato and Hoxb6CreER T ;R26-tdTomato mice. Embryonic LNs were digested in RPMI containing 2% FBS and 20mM Hepes, 0.8 U/ml Collagenase/Dispase and 100 mg/ml DNAse I with the same steps described above for adult LNs. Single cells suspension was blocked for 15 min at RT and after incubated 10 min at 4 C with the following antibody: anti-CD31 APC (#102510, Biolegend, 1:200), anti-CD45.2 APC/Cyanine7 (#109824, Biolegend, 1:200), anti-CD45.2 PE/Cyanine7 (#109829, Biolegend, 1:200), anti-CD140a PE/Cyanine7 (#135911, Biolegend, 1:100), anti-ICAM-1 PerCP/Cyanine5.5 (#116124, Biolegend, 1:100), anti-MAdCAM-1 APC (#120711, Biolegend, 1:100), anti-GP38 APC/Cyanine7 (#127418, Biolegend, 1:200), anti-VCAM-1 Alexa Fluor 488 (#105710, Biolegend, 1:100). Dead cells were excluded using DAPI (#32670, Sigma-Aldrich, 1:500).

Data were acquired using FACSCanto II (BD Bioscience) and analysed using FlowJo v10.6.2 (TreeStar, Ashland, OR, USA).

Droplet-based single-cell RNA-seq analysis Droplets-based scRNA-seq was performed on wild-type C57BL6/N LNs stromal cells isolated from brachial (br), inguinal (i) and mesenteric (m) LNs at three different time points: embryonic day 17.5 (E17.5), postnatal day 2 (P2) and at 8-weeks of age (P60). LNs were harvested in RPMI (Fisher Scientific) supplemented with 2% FBS (EuroClone), 20mM HEPES (Fisher Scientific) and kept on ice. Next, tissues were processed following different protocols depending on the developmental stage. At E17.5, LN were digested using 0.8 U/ml Collagenase/Dispase (Roche) and 100 mg/ml DNAse I (Roche) in RPMI with 2% FBS and 20mM Hepes. Tissues were incubated at 37 C for 30 minutes at 900rpm in the thermomixer. Every 10 minutes, supernatants were transferred into a new tube with MACS buffer and larger fragments were pipetted with fresh digestion mix and replaced into the thermomixer for the remaining time. Pooled digested cell suspensions were centrifuged, cells counted and stained with anti-CD45 (Biolegend), anti-VCAM-1 Alexa Fluor 488 and anti-ICAM-1 PerCP/Cyanine5.5 antibodies for cells sorting using FACSaria III SORP (BD Bioscience) with a 100-micron nozzle and 20 psi. Fifteen thousand of CD45 -/I hi /V hi LTo sorted cells from each sample were spun down and immediately run on the 10X Chromium analyzer (10X Genomics).

For P2 LNs, tissues were enzymatically digested with 0.45mg/ml Liberase TM (#05401119001, Roche) in RPMI with 2% FBS and 20mM Hepes for 20 min at 37 C in thermomixer at 900rpm. To enrich stromal cells, hematopoietic cells were depleted by incubating the cell suspension with MACS anti-CD45 microbeads , following the manufacturer's protocol, and passing them through MACS MS columns. Ten thousand of enriched CD45 negative stromal cells from each sample were run on the 10X Chromium analyzer (10x Genomics).

Adult (P60) LNs were digested using 0.2mg/ml Collagenase (Roche), 0.45mg/ml Liberase (Roche) and 100mg/ml DNAseI (Roche) in RPMI with 2% FBS and 20mM Hepes. Samples were incubated for 30 minutes at 37 C in the thermomixer at 900rpm, and every 10 minutes, samples were processed as described before. To enrich stromal cells, the hematopoietic fraction was depleted by incubating the cell suspension with anti-CD45 APC antibody and next with MACS anti-APC microbeads (Miltenyi Biotec). Finally, unbound single cell suspension was stained for CD45, CD31 and GP38. Fifteen thousand sorted stromal (CD45 -CD31 -GP38 + ) and endothelial (CD45 -CD31 + GP38 -and CD45CD31 + GP38 + , BEC and LEC respectively) cells from each sample were spun down and immediately run on the 10X Chromium analyzer (10X Genomics).

After the run on the 10X Chromium, all samples were processed for the library preparation, following the manufacture's protocol of the Chromium Single Cell 3' Reagent Kit (v2 Chemistry, 10X Genomics). Libraries were run on the NextSeq 500 or NovaSeq 600 sequencer (Illumina) for sequencing in paired-end mode (2 3 150 cycles). FASTQ files were demultiplexed from raw base call (BCL) files using 10x Genomics 'cellranger demux' (CellRanger v 2.1.1). The P2 samples dataset was processed as follows. The whitelist of cell barcodes was identified with 'umi_tools whitelist -set-cell-number 5000 -bc-pattern=CCCCCCCCCCCCCCCC NNNNNNNNNN' (umi_tools v0.5.4) [START_REF] Smith | UMI-tools: modeling sequencing errors in unique molecular identifiers to improve quantification accuracy[END_REF]. Reads of the whitelisted cells were extracted with 'umi_tools extract -bc-pat-tern=CCCCCCCCCCCCCCCCNNNNNNNNNN -filter-cell-barcode -whitelist=whitelist.txt' (umi_tools v0.5.4). Extracted reads were aligned with STAR aligner (v2.5.3a) [START_REF] Dobin | STAR: ultrafast universal RNA-seq aligner[END_REF] to the primary reference assembly of the mouse genome (mm10/GRCm38) with parameter '-outFilterMultimapNmax 1' (to exclude multi-mapping reads). Mapped reads were assigned to gene_name attributes from GENCODE basic annotation for GRCm38 (version M16) using Subread featureCounts (v1.6.2) [START_REF] Liao | featureCounts: an efficient general purpose program for assigning sequence reads to genomic features[END_REF]. Results were saved in BAM files with option 'featureCounts -R BAM' and successively sorted and indexed with samtools (v1.4) (Li et al., 2009). Per gene counts were summarized for each cell using 'umi_tools count -per-gene -gene-tag=XT -assigned-status-tag=XS -per-cell -wide-format-cell-counts' (umi_tools v0.5.5). The E17.5 and adult samples datasets were processed using CellRanger (v4.0.0) ''cellranger count'' with the same annotation from GENCODE.

Unsupervised clustering of scRNA-seq data Raw counts data were further analysed with the Seurat R package (version 2.3.4 for the initial sample merge analysis; version 3.1.1 for the analysis on integrated stromal subsets) [START_REF] Butler | Integrating single-cell transcriptomic data across different conditions, technologies, and species[END_REF] all functions mentioned are from this package, unless otherwise noted and were used with the default parameters unless otherwise noted. For each sample, we retained only cells (unique barcodes) that expressed at least 200 genes and only genes that were expressed in at least 5 cells. We also excluded cells with more than 10% of reads mapping to mitochondrial genes and cells with more than 7000 genes (upon inspection of their scatter plots in each sample with GenePlot function). For E17.5 dataset, this left us with a total of 18,882 genes across 15,451 cells (2,217 median genes in 5,214 cells in brachial LN, 2,211 median genes in 4915 cells in inguinal LN, 2064 median genes in 5,322 cells in mesenteric LN). For P2 dataset, this left us with a total of 23,766 genes across 11,397 cells (2,033 median genes in 3,489 cells in brachial LN, 2,232 median genes in 4,574 cells in inguinal LN, 2,252 median genes in 3,334 cells in mesenteric LN). For adult dataset, this left us with a total of 18,218 genes across 24,752 cells (977 median genes in 9,583 cells in brachial LN, 1,000 median genes in 10,063 cells from inguinal LN, 635 median genes in 5,106 cells in mesenteric LN). We next applied library-size normalization to each cell with NormalizeData. To reduce the influence of variability in the number of UMIs and mitochondrial gene expression between cells on the clustering, we used the ScaleData function to linearly regress out these sources of variation and to scale and centre the data for dimensionality reduction. For the three datasets, principal component analysis was run using RunPCA on the variable genes calculated with FindVariableGenes (top 2000). The number of principal components to use was decided based on the ElbowPlot (nPCs = 20-30). We ran FindClusters to apply shared nearest neighbour (SNN) graph-based clustering (resolutions were adjusted by visually inspecting UMAP plots). We identified markers for the found clusters with FindAllMarkers (bimodal test(P2) and Wilcoxon.test (E17.5 and adult), min.pct = 0.25, only.pos = TRUE, thresh.use = 0.25). These included known endothelial (Flt1, Sox17 for BEC; Lyve1, Prox1 for LEC) and non-endothelial (Cxcl13, Ccl19, Cd34) stromal marker genes. For all datasets, we excluded from further analyses clusters expressing non-stromal markers (e.g. myelin genes, CD45 expressing cells), endothelial cells (BEC and LEC clusters), clusters with a median number of expressed genes per cell lower than 500) and cells with more than 50 counts of haemoglobin genes (Hbb-bs, Hba-a1, Hba-a2) as red blood cells (Figure S4A; Table S2). For E17.5, the final stromal cell subset comprised 15,168 cells (5,134 from brLN, 4858 from iLN and 5,176 from mLN). For P2, the final subset comprised 7,468 cells (1859 from brLN, 3552 from iLN and 2057 from mLN). For the adult, the final subset comprised 9,235 cells (3,590 from brLN, 3,830 from iLN and 1,815 from mLN). Uniform Manifold Approximation and Projection (UMAP) was obtained with RunUMAP and plotted with DimPlot.

Integration analysis of stromal subsets

To make sure we were studying the three LN stromal subsets within the same framework, we used Seurat's (v3.1.1) integration approach to harmonize them [START_REF] Stuart | Comprehensive integration of single-cell data[END_REF]. Initially the three LN districts were integrated in E17.5, P2 and adult datasets separately. Raw counts subsetted from each sample were normalized with NormalizeData and FindVariableFeatures was used to define 2,000 variable genes in each. Reference 'anchors' across these datasets were obtained with FindIntegrationAnchors (with dims=1:50) and used to integrate the samples with IntegrateData. The ScaleData function was applied to scale and centre the integrated dataset, and to regress out as sources of variation the mitochondrial gene expression and the number of UMIs. Principal component analysis was run (with RunPCA) and the number of PCs was selected after inspection with ElbowPlot (nPCs = 20-40 depending on the dataset integrated). The clustering of cells was performed with FindNeighbors and FindClusters and the resolution was chosen after visually inspecting the resulting UMAP plot. Clusters were characterized with their common markers across LN stromal cells, defined using FindConservedMarkers (min.pct=0.25,only.pos=TRUE). Genes differentially expressed between sample pairs were tested, cluster by cluster, with FindMarkers (default Wilcoxon Rank Sum test, logfc.threshol-d=-Inf). A heatmap with levels of expression of all DEGs (lfc > 1, fdr < 0.05) in all comparisons across LN districts for Cd34+ SC, Cxcl13+ SC and MuC E17.5 cells was made using pheatmap R package. Single gene expression UMAP plots were obtained with the FeaturePlot function. Heatmap plots of top marker genes and Dot-plots were obtained with DoHeatmap and DotPlot, respectively.

Label transfer procedure Seurat3 supports the projection of reference data onto a query object. We have used this procedure, called 'label transfer' to infer the transcriptomic equivalence of E17.5 and P2 cell populations using the P60 adult dataset as a reference. The P60 reference anchors were used by the function TransferData to classify the query cells (E17.5 or P2) based on the reference data and returned a matrix with the predicted IDs and scores [START_REF] Stuart | Comprehensive integration of single-cell data[END_REF]. The evaluation of embryonic and neonatal cell populations assigned to the P60 adult clusters was presented as a heatmap of frequencies (in percentage) using the pheatmap function from the pheatmap R package while the Sankey rapresentations in Figure S8 were made using the getSankey function from the scmap R/Bioconductor package [START_REF] Kiselev | scmap: projection of single-cell RNA-seq data across data sets[END_REF]. The Sankey representation of the evolution of stromal cell populations of E17.5, P2 and P60 datasets in Figure 7 was made using the function geom_alluvium from the R package ggalluival.

Statistical analysis

Statistical analysis using a 2-tailed paired Student's t test was performed with GraphPad Prism 7.0 and values were expressed as mean ± SD. Differences were considered statistically significant at P less than 0.05 and details are provided in the figure legends.
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 1 Figure 1. Lateral plate mesoderm-derived Hoxb6 progenitors contribute to embryonic LTo (A) Schematic representation of the lineage-tracing strategy in Hoxb6CreER T ;R26-tdTomato mice. (B) Representative confocal images of Hoxb6CreER T ;R26-tdTomato embryonic E17.5 mLN sections stained for RFP, as marker of Hoxb6 lineage-traced cells (red), CD4 (green), and GP38/PDPN (gray), as markers for LTi and LTo cells, respectively. Scale bars represent 50 mm. Data are representative of 4-5 embryos analyzed.Representative FACS analysis of tdTomato expression by ICAM-1/VCAM-1 embryonic LN cells IV À (green), I hi V À (gray), IV int (blue), IV hi (red) in brLN, mLN, and iLNs isolated from E17.5 Hoxb6CreER T ;R26-tdTomato embryos. (C) Representative FACS analysis of the percentages of IV À , I hi V À , IV int , and IV hi cells expressing GP38/PDPN, MAdCAM-1, PDGFRa, and CD31 in brLN, iLN, and mLN from E17.5 Hoxb6CreER T ;R26-tdTomato embryos. Results are representative of 6 independent experiments, each performed with 4-6 pooled embryos. brLN, brachial LN; iLN, inguinal LN; mLN, mesenteric LN. See also FiguresS1 and S2.

Figure 2 .

 2 Figure 2. Lymph node stromal cell subsets originate from the lateral plate mesoderm (A) Representative confocal images of Hoxb6CreER T ;R26-tdTomato adult LN sections stained for RFP (red), as marker of Hoxb6 lineage-traced cells, CD35, MAdCAM-1 and GP38/PDPN (green) as markers for FDCs, MRCs, and FRCs, respectively. Scale bars represent 50 mm. Data are representative of 10 mice analyzed for each panel. On the right, representative histograms of tdTomato mean fluorescent intensity and percentage of tdTomato + cells in LN stromal cells isolated from Hoxb6CreER T ; R26-tdTomato adult mice. Data are representative of 5 independent experiments, each performed with pooled LNs from 2 mice. (B) Representative confocal images of Pax3 Cre/+ ;R26-tdTomato adult LN sections stained for tdTomato (red), as marker of Pax3 lineage-traced cells, and GP38 (green), as markers for FRC. Scale bars represent 50 mm. Data are representative of 5 mice analyzed for each panel. Representative histograms of tdTomato mean fluorescent intensity and percentage of tdTomato + cells in LN stromal cells isolated from Pax3 Cre/+ ;R26-tdTomato mice. Data are representative of 3 independent experiments, each performed with pooled LNs from 2 mice. cLN, cervical LN; axLN, axillary LN; brLN, brachial LN; iLN, inguinal LN; mLN, mesenteric LN; popLN, popliteal LN. See also Figure S1.

Figure 3 .

 3 Figure 3. Mesodermal progenitors of the Isl1 lineage contribute to embryonic LTo (A) Representative confocal images of Isl1 Cre/+ ;R26-tdTomato embryonic E17.5 mLN sections stained for RFP (red), as marker of Islet1 lineage-traced cells, CD4 (green) and GP38/PDPN (gray), as markers for LTi and LTo cells, respectively. Scale bars represent 50 mm. Data are representative of 4-5 embryos analyzed for each panel.Representative FACS analysis of tdTomato expression by ICAM-1/VCAM-1 embryonic LN cells IV À (green), I hi V À (gray), IV int (blue), and IV hi (red) in brLN, mLN, and iLNs isolated from E17.5 Isl1 Cre/+ ;R26-tdTomato embryos. Results are representative of 6 independent experiments, each performed with 4-6 pooled embryonic LNs. (B) Representative confocal images of Isl1 Cre/+ ;R26-tdTomato adult LN sections stained for RFP (red), as marker of Isl1 lineage-traced cell, CD35, MAdCAM-1 and GP38/PDPN (green) as markers for FDCs, MRCs, and FRCs, respectively. Scale bars represent 50 mm. Data are representative of 12 mice analyzed. On the right, representative histograms of tdTomato mean fluorescent intensity and percentage of tdTomato + cells in LN stromal cells isolated from Isl1 Cre/+ ;R26-tdTomato mice. Data are representative of 4 independent experiments, each performed with pooled LNs from 2 mice. cLN, cervical LN; axLN, axillary LN; brLN, brachial LN; iLN, inguinal LN; mLN, mesenteric LN; popLN, popliteal LN. See also FiguresS1 and S2.

Figure 4 .

 4 Figure 4. The paraxial mesoderm is the source of lymphatic endothelial cells in LNs (A ) Representative confocal images of Hoxb6CreER T ;R26tdTomato, Pax3 Cre/+ ;R26-tdTomato and Isl1 Cre/+ ;R26-tdTomatoadult LN sections stained for tdTomato (red), as marker of lineage-traced cells, and CD31, PNAD, or LYVE-1 (green) as markers for BEC, HEV, and LEC, respectively. Scale bars represent 50 mm. Data are representative of 6-10 mice analyzed for each genotype. (B) Representative histograms of tdTomato mean fluorescent intensity and percentage of tdTomato + cells in LN blood (BEC) and lymphatic (LEC) endothelial cells isolated from Hoxb6CreER T ;R26-tdTomato, Pax3 Cre/+ ;R26-tdTomato and Isl1 Cre/+ ;R26-tdTomato mice. Data are representative of 3-5 experiments, each performed with pooled LNs from 2 mice.

Figure 5 .

 5 Figure 5. Transcriptional differences across LN and developmental stages (A) UMAP plot of merged brLN, iLN, and mLN cells in E17.5 and P2 datasets showing stromal (CD34 + SC, Cxcl13 + SC) and mural (MuC) clusters segregation. Each point is a single cell colored by sample of origin (left) or cell type (right). (B) Violin plots of CD34, CXCL13, and Acta2 gene expression in cell clusters. (C) Bar graph shows cumulative fractions of cell type clusters in brLN, iLN, and mLNs. (D and E) Heat map of expression of the top 25 marker genes for individual clusters across LN districts from E17.5 (D) and P2 (E) datasets. Log-normalized expression scaled for each gene. Top 25 marker genes are labeled on the left, and cluster name and district are displayed. brLN, brachial LN; iLN, inguinal LN; mLN, mesenteric LN. See also Figure S4 and TablesS1 and S2.

Figure 6 .

 6 Figure 6. Embryonic LNs contain multiple clusters of Cd34 + and Cxcl13 + stromal cells (A and B) UMAP plots of merged brLN, iLN, and mLN cells at E17.5 (A) and P2 (B) after applying unbiased clustering at higher resolution. (C and D) Violin Plots of Cd34, Cxcl13, and Acta2 gene expression in the E17.5 (C) and in the P2 (D) unbiased cell clusters. (E and F) DotPlot of 10 DEGs per cluster in stromal cells at E17.5 (E) and P2 (F) LNs. Averaged log-normalized expression of the top 10 gene markers for the 10 stromal cell types conserved across LN samples. See also Figure S5 and TablesS6 and S7.

Figure 7 .

 7 Figure 7. Transcriptional similarities of stromal cell clusters across developmental stages (A) UMAP plots of LN stromal cells populations from adult (P60) and label transferred to E17.5 and to P2. Heat map representing the percentage of cells labeled as P60 (adult) cell populations for each cell clusters at E17.5 (upper) and P2 (lower). (B) Sankey diagram showing the evolving differentiation process of each subtype during developmental stages from E17.5 to P2 and then to P60. See also Figures S6 and S7.

(C) Proposed model for the origin of stromal and endothelial progenitors. During embryonic development, the Hoxb6 + LPM generates all major stromal cell subsets. The LPM contains different lineages of mesoderm progenitors contributing to specific LNs. The LPM also generates a large proportion of BECs in most LNs, with the PXM making only a modest contribution to brachial BECs. On the contrary, the Pax3 + PXM generates LECs in most LN analysed. cLN, cervical LN; axLN, axillary LN; brLN, brachial LN; iLN, inguinal LN; mLN, mesenteric LN; popLN, popliteal LN.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

Hoxb6CreER T , Isl1 Cre/+ , Pax3 Cre/+ and Ltbr fl/fl mice have been previously described [START_REF] Nguyen | Tamoxifen-dependent, inducible Hoxb6CreERT recombinase function in lateral plate and limb mesoderm, CNS isthmic organizer, posterior trunk neural crest, hindgut, and tailbud[END_REF][START_REF] Sun | Islet 1 is expressed in distinct cardiovascular lineages, including pacemaker and coronary vascular cells[END_REF][START_REF] Yang | Isl1Cre reveals a common Bmp pathway in heart and limb development[END_REF][START_REF] Wimmer | Lymphotoxin beta receptor activation on macrophages induces cross-tolerance to TLR4 and TLR9 ligands[END_REF]. Rosa26-tdTomato mice were used as a reporter strain to evaluate Cre activity [START_REF] Madisen | A robust and high-throughput Cre reporting and characterization system for the whole mouse brain[END_REF].