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Abstract

:

The lymphatic system plays a crucial role in immunity and lymph nodes (LNs) undergo drastic remodeling during inflammation. Here, we used single-cell RNA sequencing to investigate transcriptional changes in lymphatic endothelial cells (LECs) in LNs draining naïve and inflamed skin. We found that subsets of LECs lining the different LN sinuses responded individually to skin inflammation, suggesting that they exert distinct functions under pathological conditions. Among the genes dysregulated during inflammation, we confirmed an up-regulation of CD200 in the LECs lining the subcapsular sinus floor with a possible function in immune regulation. Furthermore, by in silico analysis, we predicted numerous possible interactions of LECs with diverse immune cells in the LNs and found similarities in the transcriptional changes of LN LECs in different skin inflammation settings. In summary, we provide an in-depth analysis of the transcriptional landscape of LN LECs in the naïve state and in skin inflammation.
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1. Introduction


The lymphatic system transports fluid, proteins, and cells from peripheral tissues back to the blood circulation. In doing so, it also transports both antigens and tissue-derived antigen-presenting cells to the regional draining lymph nodes (LNs), where they interact with lymphocytes. In addition, lymphatic endothelial cells (LECs) in LNs have been shown to express self-antigens to present them to T lymphocytes directly and to regulate their functions via the expression of immune-regulatory molecules such as PD-L1 [1,2]. Consequently, the lymphatic system is essential for maintaining peripheral tolerance and the mounting of efficient immune responses [3].



Lymphatic sinuses in LNs are lined with highly specialized LECs, such as the cells lining the subcapsular sinus (SCS) as well as the medullary sinuses, which are essential for LN architecture and organization [4,5]. Although overlooked for a long time, LECs have diverse functions beyond their role as the structural cells of the lymphatic system. LECs have been found to facilitate immune cell migration into lymphatics and to draining LNs via the expression of chemokines and adhesion molecules. LECs in the LN form the barrier between the afferent lymph and the LN parenchyma, providing specific migration and transport routes into and out of the LN for diverse lymph-borne molecules and cells. LN LECs have also been reported to actively partake in antigen presentation by sequestering, storing, and releasing antigens originating from peripheral tissues [6,7], but their molecular and functional heterogeneity has been difficult to study for a long time, at least in part due to their low abundance. Recent advances in next-generation sequencing technologies, especially the development of single-cell sequencing platforms, provide a means to analyze such cell types with low abundance in tissues much more closely. This has led to the discovery of substantial heterogeneity within the LN LECs, both regarding gene expression and functions [8,9,10].



Inflammatory responses elicited in peripheral tissues are transmitted by and reflected in the lymphatic vasculature, locally and in draining LNs. For instance, inflammation leads to pronounced lymphangiogenesis in draining LNs mediated by vascular endothelial growth factor A (VEGFA) [11,12,13], whereas T cell-derived IFN-γ has been shown to decrease LN lymphangiogenesis, while triggering transcriptional responses, including up-regulation of CD41 [14,15]. Imiquimod is a small-molecule immune stimulator that directly activates Toll-like receptor 7 (TLR7) [16]. Topical application of imiquimod in mice results in skin inflammation that largely resembles psoriasis in humans, in terms of histological features as well as transcriptomic signatures [17,18]. Here, we used the imiquimod model to examine the transcriptional responses of LN LECs to skin inflammation by single-cell RNA sequencing (scRNA-seq). We identified dysregulated gene sets specific to individual LN LEC subpopulations at discrete anatomical locations, indicating their differential reactions to inflammation. Furthermore, we showed that CD200 was up-regulated in LN LECs lining the SCS floor at the protein level and predicted potential interactions between LECs and other cells in the LNs. Moreover, we found a substantial overlap in the LEC transcriptional responses to different types of inflammation, suggesting that the functions of LEC subsets in LNs may be conserved in various pathological conditions.




2. Materials and Methods


2.1. Animals


C57BL/6NRj mice were acquired from Janvier Labs and kept in an SOPF facility. All animal experiments were performed in agreement with national guidelines (Swiss Animal Experimentation Ordinance) and were approved by the veterinary authorities (Kantonales Veterinäramt Zürich, licenses 212/16 and 244/19).




2.2. Inflammation Mouse Model


Skin inflammation resembling psoriasis was induced in mouse ears by topical application of imiquimod-containing cream (Aldara, 5% imiquimod, MEDA GmbH, Wangen-Brüttisellen, Switzerland). The ears of 8-week-old female C57BL/6 mice were shaved, and Aldara cream was applied to both sides of the ears daily for 7 days under isoflurane anesthesia. On day 7, the mice were sacrificed and the auricular LNs were dissected for sequencing or embedding in OCT.




2.3. Isolation of LECs from Lymph Nodes


Auricular lymph nodes were dissected directly after sacrifice and digested, essentially as previously described [19]. Briefly, the capsule was disrupted by ripping it with a needle. The LNs were transferred to 1 mL digestion medium per 25 mg tissue, consisting of 0.8 mg/mL Dispase II (04942078001, Roche, Basel, Switzerland), 0.2 mg/mL Collagenase I (LS004197, Worthington, Lakewood, NJ, USA), and 0.1 mg/mL DNase I (10104159001, Roche) in DMEM (41965-039, Gibco, Thermo Fisher Scientific, Waltham, MA, USA). They were incubated at 37 °C for 20 min, with gentle agitation by inverting the tube every 5 min. Thereafter, the LNs were gently disrupted with a pipette, and after letting the tissue pieces settle to the bottom the supernatant was removed. The LNs were incubated at 37 °C again with fresh digestion medium for 10 min and then disrupted by pipetting for 30 s. The supernatant was removed and the remaining LN fragments incubated at 37 °C with fresh digestion medium. The fragments were mixed with a pipette every 5 min until all were digested. This last fraction of digested LN contains the highest frequency of LECs and was thus used for sorting. Cells were washed in FACS buffer (1% FBS and 2 mM EDTA) and stained with antibodies for CD45.2 FITC (553772, BD Biosciences, San Diego, CA, USA), CD31 APC (551262, BD Biosciences) and PDPN PE (12-5381-82, eBioscience, Thermo Fisher Scientific). ZombieNIR (423106, BioLegend, San Diego, CA, USA) was added to exclude dying cells. Single live LECs (CD45−CD31+PDPN+) were sorted directly into lysis buffer containing 0.1% Triton X-100, 2.5 mM dNTPs, 2.5 μM oligo-dT, 1 U/μL RNasin Plus RNase inhibitor (Promega, Madison, WI, USA) in 384-well plates with the BD FACS Aria II using FACS Diva 6.1.3. The plates were stored at −80 °C until further processing. Library preparation using a miniaturized version of the Smart-seq2 protocol and sequencing were done at the Functional Genomics Center Zürich (FGCZ) [9,20]. cDNA libraries were sequenced with Illumina HiSeq2500 using single-read 125-bp chemistry at a depth of 700,000 reads per cell on average.




2.4. Single-Cell RNA-Seq Data Processing


The Nextera adapter sequences and low-quality bases were removed using Trimmomatic v0.33 [21]. Trimmed reads were aligned to the Ensembl mm10 mouse reference genome (release 92) using STAR v2.4.2a [22]. Gene expression quantification was computed with the “featureCounts” function in the Rsubread package v1.26.1 [23]. Quality filtering was performed with the Scran package v1.4.5; cells with library size or feature size 3 median absolute deviations (MADs) away from the median or with mitochondrial contents 3 MADs above the median were dropped as outliers [24]. Genes expressed in at least 15% of the cells were grouped in accordance with their count–depth relationship using SCnorm v0.99.7, which applied a quantile regression within each group to estimate scaling factors and normalize for sequencing depth [25]. Cells with detected Cd45 expression were removed prior to downstream analyses.



Counts were processed with Seurat 3.1.5 [26,27]. Cells with <400,000 or >500,000 counts, as well as cells with >10% mitochondria or ribosomal reads, were excluded for quality control. Counts were log-normalized and the top 2000 variable features were identified with the “NormalizeData” and “FindVariableFeatures” functions. Datasets were integrated (1400 anchor features) with “FindIntegrationAnchors” and “IntegrateData” to correct for batch effects. The cell cycle phase (G1, S, G2/M) of each cell was defined by the “CellCycleScoring” function, based on the expression of a core set of cell cycle-related genes [28]. The cell cycle effects were regressed out using “ScaleData”. Principal component analysis (PCA) was performed with “RunPCA.” Cell clusters were identified with “FindClusters” (PCA dims = 20; resolution = 0.5) based on the shared nearest neighbor (SNN) graph constructed with “FindNeighbors” and their marker genes were determined with “FindConservedMarkers.” Uniform manifold approximation and projection (UMAP) from “RunUMAP” was used for data visualization.




2.5. Differential Gene Expression and Gene Ontology Analysis


Differential expression (DE) analysis comparing the imiquimod versus control samples was performed with “FindMarkers” (min.pct = 0.2, avg_logFC > 0.2, p_val_adj < 0.05) for all three clusters. Gene ontology analysis of biological processes enriched for DE genes was performed with a PANTHER overrepresentation test (GO Ontology database, doi:10.5281/zenodo.4495804, released 2021-02-01, GO biological process complete, Fisher’s exact test) [29,30,31]. Genes expressed in both naïve and inflamed data were used as background. Only GO terms with p value < 0.05 were used for further analysis.




2.6. RNA Velocity


The RNA velocity analysis of naïve and inflamed samples was performed as previously described [32]. In a first step, spliced and unspliced counts were calculated from sorted aligned bam files of the 559 single cells using the velocyto.py run-smartseq2 function with default settings. From here, we followed the velocyto.R manual (http://velocyto.org/, accessed on 30 April 2021) and used spliced (emat) and unspliced (nmat) to estimate the RNA velocity of naïve and inflamed data combined. We restricted our analysis to protein-coding genes to avoid nuclear or cytoplasmic RNA retention biases. Using the cell-type annotation defined in Section 2.5, we performed gene filtering using the min.max.cluster.average parameter set to 5 and 1 for emat and nmat, respectively. RNA velocity was then estimated with the function gene.relative.velocity.estimates with default parameters except for kCells = 5 and fit.quantile = 0.5. To select differentially “speeded” (DS) genes, we first calculated the RNA velocity values using the formula


   [    d S   d t    ]  = β ·  U g   (   t c   )  −  γ g  ·  S g   (   t c   )  ,  



(1)




where  β  is equal to 1,    γ g    is the estimated gamma coefficient ($gamma), and    S g   (   t c   )    and    U g   (   t c   )    are the normalized emat ($conv.emat.norm) and nmat ($conv.nmat.norm) values of a gene g in a cell    t c   , respectively. After plotting the mean RNA velocity per gene between naïve and inflamed conditions, we calculated the perpendicular distance between each point and the slope = 1. Finally, we selected DS genes having a slope distance higher than 0.1. Gene ontology for biological processes and pathway analyses of DS were performed as described above, using protein-coding genes expressed in both conditions as background.




2.7. Intercellular Interactions in Naïve Lymph Nodes


Whole LN scRNA-seq data were downloaded from GSE139658 (GSM4145642, GSM4145645 and GSM4145648), where the cell populations were isolated from inguinal LNs and depleted for CD3 and CD19 [33]. Datasets were integrated for unsupervised clustering analysis and cell types were assigned based on marker expression: B cells (Cd19+), CD8 T cells, macrophages (Csf1r+Cd68+), conventional dendritic cells cDC1 (Itgax+Xcr1+Clec9a+), CD69+ T cells (Cd69_T), migratory dendritic cells (Ccr7+MHCII+), NK cells (Ncr1+), CD4 T cells, endothelial cells (Cd31+), fibroblasts (Pdgfrb+Col1a1+) and neutrophils (Cd3−Cd19−Itgam+Cd33+). Mouse gene symbols were converted to human orthologs using the biomaRt package, and CellPhoneDB v2.0 (p value 0.05, threshold 0.1) was subsequently used to uncover potential ligand–receptor interactions between LN LECs and other LN cell types [34,35]. Significant interaction pairs were selected, from which ligand or receptor molecules on LN LECs were further intersected with our differentially expressed gene lists from the imiquimod dataset.




2.8. Comparison to Inflammatory Responses in LN LECs under Cutaneous Oxazolone Challenge


ScRNA-seq data were downloaded from GSE145121 and reanalyzed in Seurat. Cells with fewer than 100 genes detected and genes expressed in fewer than three cells were excluded as previously described [10]. The top 2000 variable features were identified; the control and oxazolone datasets were integrated using 1400 anchors. The effects of cell cycle, library size and feature number were regressed out. Unsupervised clustering was performed and different LN LEC subtypes were denoted by their respective markers (e.g., Ackr4, Lyve1, Madcam1, and Mrc1). Differentially expressed genes in the respective LN LEC subtype between the control and oxazolone datasets were defined (min.pct = 0.25, logfc.threshold = 0.25, and p_val_adj < 0.05).




2.9. Immunofluorescence Staining


Auricular LNs were embedded in OCT and frozen in liquid nitrogen. Then, 7-µm sections were cut with a cryostat and fixed with acetone and 80% methanol. PBS containing 0.2% BSA, 5% donkey serum, 0.3% Triton-X100, and 0.05% NaN3 was used for blocking for 1 h at room temperature. The sections were then stained with primary antibodies diluted in blocking solution at 4 °C overnight. The antibodies used were rabbit anti-mouse LYVE1 (11-034, AngioBio, San Diego, CA, USA, 1:600), goat anti-mouse LYVE1 (AF2125, R&D Systems, Minneapolis, MN, USA, 1:100), rat anti-mouse CD200 (BE0299, BioXCell, Lebanon, NH, USA, final concentration 3 µg/mL), and rabbit anti-mouse ANXA2 (ab178677, Abcam, Cambridge, UK, 1:400). After secondary staining with donkey anti-rat Alexa 488 (A-21208, Thermo Fisher Scientific), donkey anti-goat Alexa 594 (A-11058, Thermo Fisher Scientific), donkey anti-rabbit Alexa 594 (A-21207, Thermo Fisher Scientific), or donkey anti-rabbit Alexa 488 (A-21206, Thermo Fisher Scientific) and Hoechst 33342 (H3570, Thermo Fisher Scientific), slides were mounted with Mowiol. Images were taken with an Axioskop 2 Mot Plus equipped with AxioCam MRc (Carl Zeiss, Oberkochen, Germany) or an LSM 780 upright confocal microscope (Carl Zeiss). Quantification was performed with Fiji by outlining the area of interest, selecting the LYVE1+ area with “Analyze Particles,” and measuring intensity in the ANXA2 image with “Measure” [36].




2.10. FACS Analysis of Freshly Isolated LN LECs


Auricular LNs were dissected from mice with and without skin inflammation on day 6 and digested as previously described [15]. The capsule was disrupted with two 25G needles and the LNs incubated for 20 min at 37 °C in digestion medium consisting of DMEM with 2% FCS, 1.2 mM CaCl2, 40 µg/mL DNase I, and 1 mg/mL Collagenase IV (17104-019, Gibco). After incubation, the supernatant was removed and the LN fragments washed once with DMEM. The fragments containing the LN stromal cells were then incubated again at 37 °C for 15 min in 750 µL digestion medium containing 3.5 mg/mL Collagenase IV. The remaining fragments were then disrupted by pipetting up and down 2 × 100 times, with addition of 5 mM EDTA. The cell suspension was filtered through a 40 µm cell strainer, washed and treated with Fc-block (rat anti-mouse CD16/32, 101302, BioLegend) in FACS buffer (DPBS with 1% FBS, 2 mM EDTA and 0.02% NaN3) for 20 min. Cells were stained with rat anti-mouse CD45 APC-Cy7 (103116, BioLegend), rat anti-mouse CD31 APC (551262, BD Biosciences), hamster anti-mouse podoplanin PE (25-5381-82, eBioscience), rat anti-mouse CD200 PE-Dazzle594 (123820, BioLegend) and ZombieNIR diluted in PBS. The cells were then fixed with the Anti-Mouse/Rat Foxp3 PE staining set (72-5775-40, eBioscience) according to the kit’s instructions, and data were acquired on a BD LSRFortessa.




2.11. Statistical Analysis


Statistical analysis was performed with Prism 9.0.0 (GraphPad, San Diego, CA, USA). Unpaired two-tailed Student’s t-test was used for comparisons of two groups, p values ≤ 0.05 were considered significant (indicated in plots as p ≤ 0.05 *, p ≤ 0.01 **, p ≤ 0.001 ***).





3. Results


3.1. Characterization of LN LEC Subtypes by Single-Cell RNA Sequencing


LNs undergo drastic changes in the context of inflammation. To study in detail the changes LECs undergo during inflammation, we employed scRNA-seq technology (Figure 1A). First, we induced skin inflammation in mouse ears by topical application of imiquimod. After 7 days, when the ears became significantly swollen (Figure 1B), we harvested the auricular LNs that drain the affected area and digested them to generate a single-cell suspension. Then, we isolated single-LN LECs, defined as CD45−CD31+PDPN+ cells, by FACS and finally subjected them to scRNA-seq using the Smart-seq2 method (Figure 1A,B, Supplementary Materials Figure S1A).



A total of 229 naïve and 330 inflamed cells remained after quality control (see the Materials and Methods section) and were used for downstream analyses. Unsupervised clustering with Seurat identified three subsets of LN LECs, which were equally represented in naïve and inflamed LECs (Figure 1C,D) [26,27]. All three clusters showed robust expression of the pan-endothelial marker Cd31 (also known as platelet and endothelial cell adhesion molecule, Pecam1), as well as the lymphatic markers Pdpn (podoplanin), Prox1 (prospero homeobox protein 1) and Vegfr3 (vascular endothelial growth factor receptor 3, also called fms-related tyrosine kinase 4, Flt4), confirming the LEC identity of the profiled cells (Supplementary Materials Figure S1B). The marker genes Ackr4 (atypical chemokine receptor 4), Lyve1 (lymphatic vessel endothelial hyaluronan receptor 1), Madcam1 (mucosal vascular addressin cell adhesion molecule 1), and Mrc1 (mannose receptor C-type), which have been known to be expressed in specific LN LEC subtypes residing in defined anatomical locations [9,10,37], allowed us to assign these clusters to LECs lining the SCS floor (floor LECs), the SCS ceiling (ceiling LECs) and the medullary sinuses (medullary LECs) (Figure 1D,E). The abundance of the three LEC subsets remained fairly comparable in the naïve state and under inflammation (38.9% resp. 43.0% floor, 34.5% resp. 30% ceiling and 26.6% resp. 27% medullary LECs) (Supplementary Materials Figure S1C). Furthermore, we found a very similar distribution to the cell cycle phases in naïve and inflamed conditions (Supplementary Materials Figure S1D).



Among the top 10 markers of the floor LEC cluster, some have previously been reported as SCS floor LEC-specific genes, such as Glycam1 (glycosylation-dependent cell adhesion molecule 1), Madcam1, and Ccl20 [8,9,19,38] (Figure 1F). Also, the floor LECs further expressed Itga2b (integrin alpha 2b), Cd44, Coch (cochlin) and Lyve1 [9,39]. By contrast, SCS ceiling LECs expressed Ackr4, yet lacked Lyve1 (Figure 1E,F) [37]. While medullary LECs also expressed Lyve1, they lacked the expression of most of the above-mentioned floor markers, but instead expressed Mrc1, Marco (macrophage receptor with collagenous structure) and Reln (Reelin) [9,10]. In conclusion, the subpopulations of LN LECs we identified here have shown the expected marker gene expression that corresponds well with previous reports.




3.2. LN LEC Subtypes Display Distinct Gene Expression in Inflammation


To investigate the transcriptional responses of the LEC subsets lining the skin-draining LNs to skin inflammation, we performed differential gene expression (DE) analysis comparing the healthy and inflamed conditions. We identified DE genes (log2FC > 0.2 and adjusted p < 0.05) in all three subsets of LECs separately (Supplementary Materials Figure S2A and Table S1). Interestingly, the LEC subset with the highest number of up- and down-regulated genes was the floor (161 genes), while more modest alterations were found in the SCS ceiling (90 genes) and medulla (52 genes) (Figure 2A). Among the top DE genes in each subpopulation, we found several genes that have previously been associated with inflammation, such as the chemokine Ccl20, the adhesion molecule Glycam1 and the extracellular matrix component Fn1 (fibronectin 1) [40,41,42,43] (Supplementary Materials Figure S2A), suggesting that LECs contribute to or regulate inflammatory processes in the draining LNs.



Remarkably, a comparison of the DE gene sets from the three LN LEC subsets showed only a minor overlap, indicating that LN LECs react to inflammatory stimuli disparately depending on their localizations and functions (Supplementary Materials Figure S2B). Using gene ontology (GO) analysis, we aimed to gain insights into what biological processes might be underlying the observed gene expression patterns. DE genes of both the SCS floor and ceiling LECs were enriched in GO terms related to immune response, defense response, response to other organisms and response to cytokines (Figure 2B, Supplementary Materials Figure S2C and Table S2). On the other hand, genes differentially expressed in medullary LECs were mainly associated with response to stimulus and metabolic processes (Supplementary Materials Figure S2C and Table S2). In summary, these data highlight the distinct territorial and functional responses of LN LECs to inflammation in upstream tissues.




3.3. Specific Up-Regulation of Cd200 and Anxa2 in Floor LECs during Inflammation


To confirm our sequencing results at the protein level, we selected two genes, Cd200 and Anxa2, which were both induced in floor LECs. CD200 (also called OX2) is a membrane glycoprotein which binds to the receptor CD200R and has been suggested to act as an immunosuppressor [44,45,46,47]. While Cd200 was sporadically expressed in the SCS ceiling and floor LECs in the naïve setting, it was up-regulated in the floor during inflammation (Figure 2C). Thus, we next sought to validate the expression and regulation of Cd200 during inflammation at the protein level. Immunofluorescence staining of murine auricular LNs confirmed CD200 expression in LECs of the SCS ceiling and floor (Figure 2D). Furthermore, FACS analysis of freshly isolated auricular LN LECs confirmed that the expression of CD200 was increased upon imiquimod-induced inflammation in a subset of the cells (Figure 2E,F).



ANXA2 (annexin A2) is a protein involved in diverse cellular processes, such as endocytosis, signal transduction and transcription [48]. While Anxa2 expression was predominantly found in the ceiling LECs in the steady state as shown before [9], its mRNA level was significantly up-regulated in the floor LECs in inflammatory conditions (Figure 2C). ANXA2 protein expression in LN LECs of the SCS ceiling and floor was also confirmed by immunohistochemistry (Figure 2G). Furthermore, image-based quantification showed a trend towards higher expression in inflamed floor LECs (Figure 2H).




3.4. Floor LECs Display a Distinct RNA “Velocity” Pattern in Inflammation


To better understand the dynamics of the transcriptional changes observed in LN LECs, we used an algorithm to estimate RNA “velocity” at the single-cell level based on the balance between spliced and unspliced transcripts, allowing the prediction of future cellular states [32]. Using this approach, we found that the floor LECs, in particular, displayed distinctive dynamics under inflammation versus the naïve state, whereas the trajectories of medullary and ceiling LECs remained largely unchanged (Figure 3A). In line with the DE analysis, these data further indicate that floor LECs reacted most rapidly and vigorously towards inflammation. Next, we selected distinct gene sets for each LN LEC subpopulation displaying a higher RNA “velocity” in the inflamed condition through correlation analysis of RNA velocity in naïve and inflamed samples. This led to the identification of 177, 218, and 265 differentially “speeded” (DS) genes (perpendicular distance > 0.1 from slope = 1) in floor, ceiling, and medullary LECs, respectively, which may therefore increase in expression in the future (Figure 3B, Supplementary Materials Figure S3A and Table S3). In addition, GO analysis of these DS genes indicated an enrichment in pathways related to signaling responses and transcriptional regulation of the floor and ceiling LECs, biological processes related to cell adhesion, motility, and migration for all three LN LEC subtypes, as well as cell surface receptor signaling for floor and ceiling LECs (Figure 3C and Supplementary Materials Figure S3B). There was a very modest overlap between the sets of DE and DS genes for all LN LEC subpopulations: nine genes in floor LECs, eight genes in ceiling LECs, and none in medulla LECs. Interestingly though, among these we again found Cd200 that we had validated at the protein level. In fact, the abundance of unspliced Cd200 indicates a further increase in gene expression in inflamed floor LECs in the future (Figure 3D,E).




3.5. LN LECs Potentially Interact with Distinct Immune Cell Types


In addition to interrogating the present and future transcriptional alterations in LN LECs upon inflammation, we also explored the putative crosstalk between LECs and other cell populations residing in naïve LNs by prediction of cell–cell interactions. To this end, we integrated our LN LEC data derived from control mice with publicly available datasets that profiled various LN stromal and immune cell types (Supplementary Materials Figure S4A) [33]. Our interaction analysis identified a multitude of potential ligand–receptor pairs that could mediate their crosstalk (Figure 4A). Notably, certain ligand or receptor molecules were also found to be up- or down-regulated in the floor LECs during imiquimod-mediated inflammation, including extracellular matrix constituents Fn1 and Col4a1 (Collagen Type IV Alpha 1 Chain), chemokines Ccl20 and Cxcl16, Bst2 (bone marrow stromal cell antigen 2) and Jam3 (junctional adhesion molecule 3) (Figure 4B,C). Changes in the levels of such molecules in floor LECs may indicate changes in the interactions with other LN cells during inflammation. In addition, a moderate level of Cd200r1 was observed in macrophages (Supplementary Materials Figure S4B). Though originally categorized as the macrophage (MΦ) cluster, it came to our notice that this small subpopulation of Cd200r1-expressing cells was enriched for plasmacytoid DC markers (Siglech and Bst2/Cd317) (Supplementary Materials Figure S4C). Hence, our data suggest that elevated expression of Cd200 in floor LECs may allow interactions with, and perhaps inhibition of, plasmacytoid DCs in inflammation.




3.6. Imiquimod-Induced Inflammation Elicits Many Transcriptional Changes also Observed after Cutaneous Oxazolone Challenge


Repeated imiquimod treatment leads to a psoriasis-like skin inflammation, and the experiments presented here were performed at a time when inflammation had been well established (7 days). A recent scRNA-seq study, which exploited a more acute (48 h) inflammation model using topical oxazolone, illustrated rapid transcriptomic remodeling of LN LECs [10]. Oxazolone as a hapten leads to contact hypersensitivity, eliciting an adaptive immune response with generation of specific T cells [49]. To define the similarities as well as differences in the LN LEC transcriptomes under these conditions, we compared the responses of the three major LN LEC subsets upon imiquimod or oxazolone challenge by re-analyzing and comparing the DE genes identified in that study with ours. LEC subtypes lining the LN sinuses, namely the floor, ceiling and medullary LECs, were defined in accordance with their marker expression in the oxazolone dataset (Supplementary Materials Figure S4D). Intriguingly, around 50% of the dysregulated genes identified in the imiquimod-driven inflammation model were congruently found in the oxazolone dataset (Figure 5A, Supplementary Materials Table S4). Interestingly, we found a prominent elevation in the expression of Cd200 and Ccl20, as well as a further up-regulation of Glycam1 and downregulation of Jam3 expression, specifically in the floor LECs upon acute inflammation induced by oxazolone (Figure 5B). In contrast, there was no elevated expression of Anxa2 in oxazolone-inflamed floor LECs. This indicates that there are considerable similarities in the responses of LN LECs to different types of skin inflammation.



In summary, our results uncover alterations of individual LN LEC subtypes during imiquimod-induced inflammation, pinpointing SCS floor LECs that represent the major site of cell entry into the LN parenchyma from the afferent lymph as the most dynamically responding cells [4,36,50,51].





4. Discussion


The structural and anatomical organization of LNs enables efficient antigen delivery and lymphocyte activation in specific areas to optimally trigger adaptive immune responses. In line with the overall spatial organization and cellular specialization in LNs, LECs lining the lymphatic sinuses are heterogenous and fulfill distinct functions. The discovery of specific differences between SCS ceiling (LYVE1−, ACKR4+) and floor (LYVE1+, ACKR4−) LECs has fostered great interest in the delineation of LN LEC subtypes and their responses under pathological conditions [37]. Thanks to significant advances in single-cell profiling technologies, there is nowadays a much more comprehensive overview of cellular heterogeneity in LNs, including diverse immune cell populations as well as stromal cells [10,33,52,53,54,55]. Considering the functional disparities among subpopulations of LN LECs, molecular characterization of their heterogeneity allowed us to dissect individually dynamic changes during inflammatory responses and to provide a comprehensive dataset of gene expression in LN LECs in naïve condition versus psoriasis-like skin inflammation. These data clearly show that three major subsets of LN LECs, located at the SCS ceiling, floor and the medullary sinuses, react to inflammation in specific ways.



The imiquimod-driven inflammation model we employed mimics many features of psoriasis at the histological and transcriptional levels [17,18]. Many studies, based on both mouse models and psoriasis patient samples, have illustrated alterations in whole skin, keratinocytes, resident lymphoid cells, macrophages, and other cell types, while changes in the LECs lining the draining LNs have not been studied before [56,57,58]. It is worth noting that many LN LEC-subtype markers remained differentially expressed in their respective locations upon inflammation, indicating that the general distinction between LEC subsets is maintained. Furthermore, there was little overlap in the transcriptional responses of different LN LEC subsets to imiquimod-induced inflammation. Both of these findings further corroborate the fact that subpopulations of LN LECs are endowed with specific biological functions [4]. While most T cells enter the LN parenchyma via high endothelial venules, a subset of T cells and other immune cells such as antigen-presenting dendritic cells are transported to the LN via the afferent lymph. These cells first reach the SCS and subsequently traverse the SCS floor into the cortex and inner medulla [50]. LECs lining the SCS floor, therefore, form the first LN interface, engaging with a host of leukocytes in the afferent lymph. Intriguingly, in comparison with the SCS ceiling and medulla, the most dramatic transcriptional changes were observed in the floor LECs in the imiquimod inflammation model. Furthermore, gene ontology analysis of up-regulated genes in the floor LECs highlighted biological pathways related to type I interferon activity, which is a hallmark of imiquimod-induced psoriasis-like skin inflammation [17,59]. None of the LN LECs in our dataset expressed Tlr7. Thus, the observed transcriptional changes were likely not induced by a direct effect of imiquimod on the LN LECs, but rather by cytokines released by, e.g., macrophages and dendritic cells that express TLR7 [16,60].



Among the dysregulated genes in inflamed floor LECs, Cd200 represents a highly interesting candidate with regard to lymphatic function. CD200 has been shown to be widely expressed in a variety of cell types, including lymphoid cells, macrophages, dendritic cells, neurons, and the blood vascular endothelium. CD200 exerts its immunosuppressive function via the interaction with its cognate receptor CD200R to modulate inflammatory responses [45]. Up-regulation of CD200 in blood vascular endothelial cells has previously been reported in inflammation and cancer studies, which is crucial to the suppression of CD200R-expressing myeloid cells [61,62]. Here, we found for the first time that CD200 is also induced in SCS floor LECs in response to imiquimod-induced inflammation, implicating a potential role in interactions with myeloid cells, including antigen-presenting cells, and potentially in resolving inflammation. On the other hand, while expression of the membrane protein ANXA2 in the LNs has previously been found to be confined to the SCS ceiling under naïve conditions [9], we found that the transcriptional level of Anxa2 in the floor LECs could be induced under imiquimod-driven inflammation. Recent studies have reported that ANXA2 is a modulator of endothelial junctional proteins and that it functions to maintain vascular integrity [63,64]. Along the same line, the tight junction molecule JAM3 (also known as JAM-C) is another important modulator of inflammatory leukocyte recruitment and transmigration. Following our previous findings of the reduced expression of JAM3 in tumor-draining LN LECs, we have herein observed a similar reduction in Jam3 expression in the floor LECs in the inflammation model, which is in agreement with previous studies suggesting that lower levels of JAM3 are associated with decreased vascular permeability [15,65,66].



A recent study surveying inflammatory response heterogeneity in mouse cutaneous immune cells upon oxazolone or imiquimod treatment has shed light on the divergent alterations of leukocyte transcriptomes and different molecular signatures underlying the two inflammation models [67]. Likewise, our comparison with a previous scRNA-seq study of LN LECs under a more acute oxazolone inflammation protocol [10] has shown not only similarities but also differences between these two types of skin inflammation. Of note, similar to the imiquimod inflammation model, drastic changes in the floor LECs were also evident upon cutaneous oxazolone challenge. Overall, a stronger reaction of LN LECs was observed in the oxazolone dataset, likely due to the fact that the oxazolone model is more acute and is driven by a T cell-mediated immune response, whereas imiquimod-induced inflammation develops more gradually and is initiated by an innate immune response. Furthermore, despite the discrepancies in the oxazolone and imiquimod scRNA-seq experiments (e.g., type of inflammation, duration, isolation protocols, single-cell platforms, etc.) [68], we found a noticeable overlap between the DE genes in both studies. These genes, including Glycam1 that was up-regulated in floor LECs and might be involved in leukocyte adhesion [69], thus represent common mediators of LN LEC responses to psoriasiform skin inflammation and contact hypersensitivity.



As many of the dysregulated genes have been associated with immune cell interactions, we searched for putative crosstalk between LECs and various types of LN cell populations and identified potential ligand–receptor pairs mediating such crosstalk in the naïve condition. Potential intercellular interactions were predicted based on the ligand–receptor pairs embodied and curated in the CellPhoneDB repository [35]. While CXCL9, CXCL10 and CXCL11 are commonly known as the cognate chemokines for the receptor CXCR3, the predicted CXCR3–CCL20 pairing (involving the floor LECs in our study) was first reported by Weng et al. in vitro and annotated by IUPHAR/BPS [70]. Though alterations in the level of ligand or receptor molecules in LN LECs may be indicative of an enhanced or suppressed interaction in inflammation, functional experiments or better characterization of the LN immune cell populations in the imiquimod-driven inflammation setting is required to validate these findings.



As compared to previous scRNA-seq studies where additional LN LEC subtypes had been identified (e.g., Marco+ medullary LECs and Ptx3+ cortical LECs) [9,10], we likely analyzed too few LN LECs in the present study to identify these minor subsets. Nonetheless, our data largely captured all the subpopulations of LN LECs as previously described, in terms of the marker genes indicating their spatial organization within murine LNs. Notably, we examined auricular LNs in our sequencing study, as opposed to inguinal, axillary and brachial LNs profiled in other studies, thus providing further evidence that these markers denoting individual LEC subset are consistent between LNs from different anatomical locations. Furthermore, analogous clusters have also been described in an scRNA-seq study of LECs constituting human head, neck, and axillary LNs, indicating that these findings from mouse studies may also be translatable to humans [8].



Taken together, our study provides insights into the specific changes that individual subtypes of murine LN LECs undergo during inflammation at a single-cell resolution and highlights the most drastic transcriptional changes of the SCS floor relative to the ceiling and the medullary sinus LECs. It will be of great interest to investigate in future studies the similarities and differences in the responses of LN LECs to skin inflammation and other pathological conditions, such as cancer or neuroinflammation, and to functionally analyze commonly or distinctively regulated genes.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/cells10061371/s1: Figure S1: Sorting of LN LECs, confirmation of LEC identity and cluster abundance; Figure S2: Differential gene expression in LN LECs in inflammatory conditions; Figure S3: RNA velocity and differentially “speeded” (DS) genes in ceiling and medullary LECs; Figure S4: Expression of Cd200r1 in the naïve LN and LN LEC marker expressions in the oxazolone dataset; Table S1: Genes differentially expressed between naïve and inflamed conditions in all LEC subsets; Table S2: Gene ontology biological process terms enriched for DE genes between naïve and inflamed conditions; Table S3: Genes differentially “speeded” between naïve and inflamed conditions in all LEC subsets; Table S4: Overlap of differentially expressed genes in the imiquimod and oxazolone studies.





Author Contributions


Conceptualization, E.S., Y.H. and M.D.; methodology, N.F.; validation, E.S. and N.K.; formal analysis, E.S., Y.H. and L.D.; investigation, E.S., Y.H., N.K. and L.C.D.; resources, M.D.; data curation, Y.H.; writing—original draft preparation, E.S. and Y.H.; writing—review and editing, M.D., L.C.D. and L.D.; visualization, E.S., Y.H. and L.D.; supervision, M.D.; funding acquisition, M.D. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Swiss National Science Foundation grants 310030_166490 and 310030B_185392 and European Research Council grant LYVICAM.




Institutional Review Board Statement


All animal experiments were performed in agreement with national guidelines (Swiss Animal Experimentation Ordinance) and were approved by the veterinary authorities (Kantonales Veterinäramt Zürich, licenses 212/16 and 244/19).




Informed Consent Statement


Not applicable.




Data Availability Statement


Single-cell raw data are available at ArrayExpress under accession number E-MTAB-10435.




Acknowledgments


We thank Jeannette Scholl (ETH Zürich), the ETH Scientific Center for Optical and Electron Microscopy (ScopeM) and the Functional Genomics Center Zürich (FGCZ Zürich), especially Emilio Yángüez, for technical and experimental support.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Tewalt, E.F.; Cohen, J.N.; Rouhani, S.J.; Guidi, C.J.; Qiao, H.; Fahl, S.; Conaway, M.R.; Bender, T.P.; Tung, K.S.; Vella, A.T.; et al. Lymphatic endothelial cells induce tolerance via PD-L1 and lack of costimulation leading to high-level PD-1 expression on CD8 T cells. Blood 2012, 120, 4772–4782. [Google Scholar] [CrossRef] [PubMed]

	



Cap, S.; Dihr, M.; Cousin, N.; Tacconi, C.; Detmar, M.; Dieterich, L.C. Lymphatic PD-L1 expression restricts tumor-specific CD8+T cell responses. bioRxiv 2020. [Google Scholar] [CrossRef]

	



Schwager, S.; Detmar, M. Inflammation and Lymphatic Function. Front. Immunol. 2019, 10, 308. [Google Scholar] [CrossRef]

	



Jalkanen, S.; Salmi, M. Lymphatic endothelial cells of the lymph node. Nat. Rev. Immunol. 2020, 20, 566–578. [Google Scholar] [CrossRef]

	



Chang, J.E.; Turley, S.J. Stromal infrastructure of the lymph node and coordination of immunity. Trends Immunol. 2015, 36, 30–39. [Google Scholar] [CrossRef] [PubMed]

	



Tewalt, E.F.; Cohen, J.N.; Rouhani, S.J.; Engelhard, V.H. Lymphatic endothelial cells—Key players in regulation of tolerance and immunity. Front. Immunol. 2012, 3, 305. [Google Scholar] [CrossRef]

	



Tamburini, B.A.; Burchill, M.A.; Kedl, R.M. Antigen capture and archiving by lymphatic endothelial cells following vaccination or viral infection. Nat. Commun. 2014, 5, 1–13. [Google Scholar] [CrossRef] [PubMed]

	



Takeda, A.; Hollmén, M.; Dermadi, D.; Pan, J.; Brulois, K.F.; Kaukonen, R.; Lönnberg, T.; Boström, P.; Koskivuo, I.; Irjala, H.; et al. Single-Cell Survey of Human Lymphatics Unveils Marked Endothelial Cell Heterogeneity and Mechanisms of Homing for Neutrophils. Immunity 2019, 51, 561–572.e5. [Google Scholar] [CrossRef]

	



Fujimoto, N.; He, Y.; D’Addio, M.; Tacconi, C.; Detmar, M.; Dieterich, L.C. Single-cell mapping reveals new markers and functions of lymphatic endothelial cells in lymph nodes. PLoS Biol. 2020, 18, e3000704. [Google Scholar] [CrossRef]

	



Xiang, M.; Grosso, R.; Takeda, A.; Pan, J.; Bekkhus, T.; Brulois, K.; Dermadi, D.; Nordling, S.; Vanlandewijck, M.; Jalkanen, S.; et al. A Single-Cell Transcriptional Roadmap of the Mouse and Human Lymph Node Lymphatic Vasculature. Front. Cardiovasc. Med. 2020, 7, 52. [Google Scholar] [CrossRef]

	



Halin, C.; Tobler, N.E.; Vigl, B.; Brown, L.F.; Detmar, M. VEGF-A produced by chronically inflamed tissue induces lymphangiogenesis in draining lymph nodes. Blood 2007, 110, 3158–3167. [Google Scholar] [CrossRef]

	



Dubey, L.K.; Karempudi, P.; Luther, S.A.; Ludewig, B.; Harris, N.L. Interactions between fibroblastic reticular cells and B cells promote mesenteric lymph node lymphangiogenesis. Nat. Commun. 2017, 8, 367. [Google Scholar] [CrossRef]

	



Angeli, V.; Ginhoux, F.; Llodrà, J.; Quemeneur, L.; Frenette, P.S.; Skobe, M.; Jessberger, R.; Merad, M.; Randolph, G.J. B Cell-Driven Lymphangiogenesis in Inflamed Lymph Nodes Enhances Dendritic Cell Mobilization. Immunity 2006, 24, 203–215. [Google Scholar] [CrossRef]

	



Kataru, R.P.; Kim, H.; Jang, C.; Choi, D.K.; Koh, B.I.; Kim, M.; Gollamudi, S.; Kim, Y.-K.; Lee, S.-H.; Koh, G.Y. T Lymphocytes Negatively Regulate Lymph Node Lymphatic Vessel Formation. Immunity 2011, 34, 96–107. [Google Scholar] [CrossRef]

	



Commerford, C.D.; Dieterich, L.C.; He, Y.; Hell, T.; Montoya-Zegarra, J.A.; Noerrelykke, S.F.; Russo, E.; Röcken, M.; Detmar, M. Mechanisms of Tumor-Induced Lymphovascular Niche Formation in Draining Lymph Nodes. Cell Rep. 2018, 25, 3554–3563.e4. [Google Scholar] [CrossRef] [PubMed]

	



Hemmi, H.; Kaisho, T.; Takeuchi, O.; Sato, S.; Sanjo, H.; Hoshino, K.; Horiuchi, T.; Tomizawa, H.; Takeda, K.; Akira, S. Small anti-viral compounds activate immune cells via the TLR7 MyD88–dependent signaling pathway. Nat. Immunol. 2002, 3, 196–200. [Google Scholar] [CrossRef]

	



Van Der Fits, L.; Mourits, S.; Voerman, J.S.A.; Kant, M.; Boon, L.; Laman, J.D.; Cornelissen, F.; Mus, A.-M.; Florencia, E.; Prens, E.P.; et al. Imiquimod-Induced Psoriasis-Like Skin Inflammation in Mice Is Mediated via the IL-23/IL-17 Axis. J. Immunol. 2009, 182, 5836–5845. [Google Scholar] [CrossRef]

	



Swindell, W.R.; Michaels, K.A.; Sutter, A.J.; Diaconu, D.; Fritz, Y.; Xing, X.; Sarkar, M.K.; Liang, Y.; Tsoi, A.; Gudjonsson, J.E.; et al. Imiquimod has strain-dependent effects in mice and does not uniquely model human psoriasis. Genome Med. 2017, 9, 1–21. [Google Scholar] [CrossRef] [PubMed]

	



Fletcher, A.L.; Malhotra, D.; Acton, S.E.; Lukacs-Kornek, V.; Bellemare-Pelletier, A.; Curry, M.; Armant, M.; Turley, S.J. Reproducible Isolation of Lymph Node Stromal Cells Reveals Site-Dependent Differences in Fibroblastic Reticular Cells. Front. Immunol. 2011, 2, 35. [Google Scholar] [CrossRef] [PubMed]

	



Picelli, S.; Faridani, O.R.; Bjorklund, A.K.; Winberg, G.; Sagasser, S.; Sandberg, R. Full-length RNA-seq from single cells using Smart-seq2. Nat. Protoc. 2014, 9, 171–181. [Google Scholar] [CrossRef] [PubMed]

	



Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics 2014, 30, 2114–2120. [Google Scholar] [CrossRef]

	



Dobin, A.; Davis, C.A.; Schlesinger, F.; Drenkow, J.; Zaleski, C.; Jha, S.; Batut, P.; Chaisson, M.; Gingeras, T.R. STAR: Ultrafast universal RNA-seq aligner. Bioinformatics 2013, 29, 15–21. [Google Scholar] [CrossRef] [PubMed]

	



Liao, Y.; Smyth, G.K.; Shi, W. The R package Rsubread is easier, faster, cheaper and better for alignment and quantification of RNA sequencing reads. Nucleic Acids Res. 2019, 47, e47. [Google Scholar] [CrossRef] [PubMed]

	



Lun, A.T.; McCarthy, D.J.; Marioni, J.C. A step-by-step workflow for low-level analysis of single-cell RNA-seq data with Bioconductor. F1000Research 2016, 5, 2122. [Google Scholar] [CrossRef]

	



Bacher, R.; Chu, L.-F.; Leng, N.; Gasch, A.P.; Thomson, J.A.; Stewart, R.M.; Newton, M.; Kendziorski, C. SCnorm: Robust normalization of single-cell RNA-seq data. Nat. Methods 2017, 14, 584–586. [Google Scholar] [CrossRef] [PubMed]

	



Satija, R.; Farrell, J.A.; Gennert, D.; Schier, A.F.; Regev, A. Spatial reconstruction of single-cell gene expression data. Nat. Biotechnol. 2015, 33, 495–502. [Google Scholar] [CrossRef] [PubMed]

	



Stuart, T.; Butler, A.; Hoffman, P.; Hafemeister, C.; Papalexi, E.; Mauck, W.M.; Hao, Y.; Stoeckius, M.; Smibert, P.; Satija, R. Comprehensive Integration of Single-Cell Data. Cell 2019, 177, 1888–1902.e21. [Google Scholar] [CrossRef]

	



Tirosh, I.; Izar, B.; Prakadan, S.M.; Wadsworth, M.H., II; Treacy, D.; Trombetta, J.J.; Rotem, A.; Rodman, C.; Lian, C.; Murphy, G.; et al. Dissecting the multicellular ecosystem of metastatic melanoma by single-cell RNA-seq. Science 2016, 352, 189–196. [Google Scholar] [CrossRef]

	



Ashburner, M.; Ball, C.A.; Blake, J.A.; Botstein, D.; Butler, H.; Cherry, J.M.; Davis, A.P.; Dolinski, K.; Dwight, S.S.; Eppig, J.T.; et al. Gene Ontology: Tool for the unification of biology. Nat. Genet. 2000, 25, 25–29. [Google Scholar] [CrossRef]

	



The Gene Ontology Consortium; Carbon, S.; Douglass, E.; Good, B.M.; Unni, D.R.; Harris, N.L.; Mungall, C.J.; Basu, S.; Chisholm, R.L.; Dodson, R.J.; et al. The Gene Ontology resource: Enriching a GOld mine. Nucleic Acids Res. 2021, 49, D325–D334. [Google Scholar] [CrossRef]

	



Mi, H.; Muruganujan, A.; Ebert, D.; Huang, X.; Thomas, P.D. PANTHER version 14: More genomes, a new PANTHER GO-slim and improvements in enrichment analysis tools. Nucleic Acids Res. 2019, 47, D419–D426. [Google Scholar] [CrossRef]

	



La Manno, G.; Soldatov, R.; Zeisel, A.; Braun, E.; Hochgerner, H.; Petukhov, V.; Lidschreiber, K.; Kastriti, M.E.; Lönnerberg, P.; Furlan, A.; et al. RNA velocity of single cells. Nat. Cell Biol. 2018, 560, 494–498. [Google Scholar] [CrossRef]

	



Huang, S.; Ziegler, C.G.; Austin, J.; Mannoun, N.; Vukovic, M.; Ordovas-Montanes, J.; Shalek, A.K.; Von Andrian, U.H. Lymph nodes are innervated by a unique population of sensory neurons with immunomodulatory potential. Cell 2021, 184, 441–459.e25. [Google Scholar] [CrossRef]

	



Durinck, S.; Spellman, P.T.; Birney, E.; Huber, W. Mapping identifiers for the integration of genomic datasets with the R/Bioconductor package biomaRt. Nat. Protoc. 2009, 4, 1184–1191. [Google Scholar] [CrossRef] [PubMed]

	



Efremova, M.; Vento-Tormo, M.; Teichmann, S.A.; Vento-Tormo, R. CellPhoneDB: Inferring cell–cell communication from combined expression of multi-subunit ligand–receptor complexes. Nat. Protoc. 2020, 15, 1484–1506. [Google Scholar] [CrossRef] [PubMed]

	



Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid, B.; et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 2012, 9, 676–682. [Google Scholar] [CrossRef] [PubMed]

	



Ulvmar, M.H.; Werth, K.; Braun, A.; Kelay, P.; Hub, E.; Eller, K.; Chan, L.; Lucas, B.; Novitzky-Basso, I.; Nakamura, K.; et al. The atypical chemokine receptor CCRL1 shapes functional CCL21 gradients in lymph nodes. Nat. Immunol. 2014, 15, 623–630. [Google Scholar] [CrossRef] [PubMed]

	



Cohen, J.N.; Tewalt, E.F.; Rouhani, S.J.; Buonomo, E.L.; Bruce, A.N.; Xu, X.; Bekiranov, S.; Fu, Y.-X.; Engelhard, V.H. Tolerogenic Properties of Lymphatic Endothelial Cells Are Controlled by the Lymph Node Microenvironment. PLoS ONE 2014, 9, e87740. [Google Scholar] [CrossRef] [PubMed]

	



Cordeiro, O.G.; Chypre, M.; Brouard, N.; Rauber, S.; Alloush, F.; Romera-Hernandez, M.; Bénézech, C.; Li, Z.; Eckly, A.; Coles, M.C.; et al. Integrin-Alpha IIb Identifies Murine Lymph Node Lymphatic Endothelial Cells Responsive to RANKL. PLoS ONE 2016, 11, e0151848. [Google Scholar] [CrossRef]

	



Homey, B.; Dieu-Nosjean, M.-C.; Wiesenborn, A.; Massacrier, C.; Pin, J.-J.; Oldham, E.R.; Catron, D.; Buchanan, M.E.; Müller, A.; Malefyt, R.D.; et al. Up-Regulation of Macrophage Inflammatory Protein-3α/CCL20 and CC Chemokine Receptor 6 in Psoriasis. J. Immunol. 2000, 164, 6621–6632. [Google Scholar] [CrossRef] [PubMed]

	



Schutyser, E.; Struyf, S.; Van Damme, J. The CC chemokine CCL20 and its receptor CCR6. Cytokine Growth Factor Rev. 2003, 14, 409–426. [Google Scholar] [CrossRef]

	



Imai, Y.; Singer, M.S.; Fennie, C.; Lasky, L.A.; Rosen, S.D. Identification of a carbohydrate-based endothelial ligand for a lymphocyte homing receptor. J. Cell Biol. 1991, 113, 1213–1221. [Google Scholar] [CrossRef]

	



Trachsel, E.; Kaspar, M.; Bootz, F.; Detmar, M.; Neri, D. A Human mAb Specific to Oncofetal Fibronectin Selectively Targets Chronic Skin Inflammation In Vivo. J. Investig. Dermatol. 2007, 127, 881–886. [Google Scholar] [CrossRef]

	



Wright, G.J.; Cherwinski, H.; Foster-Cuevas, M.; Brooke, G.; Puklavec, M.J.; Bigler, M.; Song, Y.; Jenmalm, M.; Gorman, D.; McClanahan, T.; et al. Characterization of the CD200 Receptor Family in Mice and Humans and Their Interactions with CD200. J. Immunol. 2003, 171, 3034–3046. [Google Scholar] [CrossRef] [PubMed]

	



Ko, Y.-C.; Chien, H.-F.; Jiang-Shieh, Y.; Chang, C.-Y.; Pai, M.-H.; Huang, J.-P.; Chen, H.-M.; Wu, C.-H. Endothelial CD200 is heterogeneously distributed, regulated and involved in immune cell-endothelium interactions. J. Anat. 2009, 214, 183–195. [Google Scholar] [CrossRef] [PubMed]

	



Hoek, R.M.; Ruuls, S.R.; Murphy, C.A.; Wright, G.J.; Goddard, R.; Zurawski, S.M.; Blom, B.; Homola, M.E.; Streit, W.J.; Brown, M.H.; et al. Down-Regulation of the Macrophage Lineage Through Interaction with OX2 (CD200). Science 2000, 290, 1768–1771. [Google Scholar] [CrossRef] [PubMed]

	



Rygiel, T.P.; Karnam, G.; Goverse, G.; Van Der Marel, A.P.J.; Greuter, M.J.; Van Schaarenburg, R.A.; Visser, W.F.; Brenkman, A.B.; Molenaar, R.; Hoek, R.M.; et al. CD200-CD200R signaling suppresses anti-tumor responses independently of CD200 expression on the tumor. Oncogene 2011, 31, 2979–2988. [Google Scholar] [CrossRef] [PubMed]

	



Grindheim, A.K.; Saraste, J.; Vedeler, A. Protein phosphorylation and its role in the regulation of Annexin A2 function. Biochim. Biophys. Acta Gen. Subj. 2017, 1861, 2515–2529. [Google Scholar] [CrossRef] [PubMed]

	



Honda, T.; Egawa, G.; Grabbe, S.; Kabashima, K. Update of Immune Events in the Murine Contact Hypersensitivity Model: Toward the Understanding of Allergic Contact Dermatitis. J. Investig. Dermatol. 2013, 133, 303–315. [Google Scholar] [CrossRef] [PubMed]

	



Braun, A.; Worbs, T.; Moschovakis, G.L.; Halle, S.; Hoffmann, K.; Bölter, J.; Münk, A.; Förster, R. Afferent lymph–derived T cells and DCs use different chemokine receptor CCR7–dependent routes for entry into the lymph node and intranodal migration. Nat. Immunol. 2011, 12, 879–887. [Google Scholar] [CrossRef]

	



Rantakari, P.; Auvinen, K.; Jäppinen, N.; Kapraali, M.; Valtonen, J.; Karikoski, M.; Gerke, H.; Iftakhar-E.-Khuda, I.; Keuschnigg, J.; Umemoto, E.; et al. The endothelial protein PLVAP in lymphatics controls the entry of lymphocytes and antigens into lymph nodes. Nat. Immunol. 2015, 16, 386–396. [Google Scholar] [CrossRef]

	



Rodda, L.B.; Lu, E.; Bennett, M.L.; Sokol, C.L.; Wang, X.; Luther, S.A.; Barres, B.A.; Luster, A.D.; Ye, C.J.; Cyster, J.G. Single-Cell RNA Sequencing of Lymph Node Stromal Cells Reveals Niche-Associated Heterogeneity. Immunity 2018, 48, 1014–1028.e6. [Google Scholar] [CrossRef]

	



Pezoldt, J.; Pasztoi, M.; Zou, M.; Wiechers, C.; Beckstette, M.; Thierry, G.R.; Vafadarnejad, E.; Floess, S.; Arampatzi, P.; Buettner, M.; et al. Neonatally imprinted stromal cell subsets induce tolerogenic dendritic cells in mesenteric lymph nodes. Nat. Commun. 2018, 9, 3903. [Google Scholar] [CrossRef]

	



Veerman, K.; Tardiveau, C.; Martins, F.; Coudert, J.; Girard, J.-P. Single-Cell Analysis Reveals Heterogeneity of High Endothelial Venules and Different Regulation of Genes Controlling Lymphocyte Entry to Lymph Nodes. Cell Rep. 2019, 26, 3116–3131.e5. [Google Scholar] [CrossRef]

	



Brulois, K.; Rajaraman, A.; Szade, A.; Nordling, S.; Bogoslowski, A.; Dermadi, D.; Rahman, M.; Kiefel, H.; O’Hara, E.; Koning, J.J.; et al. A molecular map of murine lymph node blood vascular endothelium at single cell resolution. Nat. Commun. 2020, 11, 1–15. [Google Scholar] [CrossRef]

	



Swindell, W.R.; Sarkar, M.; Liang, Y.; Xing, X.; Baliwag, J.; Elder, J.T.; Johnston, A.; Ward, N.L.; Gudjonsson, J.E. RNA-seq identifies a diminished differentiation gene signature in primary monolayer keratinocytes grown from lesional and uninvolved psoriatic skin. Sci. Rep. 2017, 7, 1–13. [Google Scholar] [CrossRef]

	



Bielecki, P.; Riesenfeld, S.J.; Hütter, J.-C.; Triglia, E.T.; Kowalczyk, M.S.; Ricardo-Gonzalez, R.R.; Lian, M.; Vesely, M.C.A.; Kroehling, L.; Xu, H.; et al. Skin-resident innate lymphoid cells converge on a pathogenic effector state. Nat. Cell Biol. 2021, 592, 1–5. [Google Scholar] [CrossRef]

	



Liu, J.; Chang, H.-W.; Huang, Z.-M.; Nakamura, M.; Sekhon, S.; Ahn, R.; Munoz-Sandoval, P.; Bhattarai, S.; Beck, K.M.; Sanchez, I.M.; et al. Single-cell RNA sequencing of psoriatic skin identifies pathogenic Tc17 cell subsets and reveals distinctions between CD8+ T cells in autoimmunity and cancer. J. Allergy Clin. Immunol. 2020. [Google Scholar] [CrossRef] [PubMed]

	



Martens, R.; Permanyer, M.; Werth, K.; Yu, K.; Braun, A.; Halle, O.; Halle, S.; Patzer, G.E.; Bošnjak, B.; Kiefer, F.; et al. Efficient homing of T cells via afferent lymphatics requires mechanical arrest and integrin-supported chemokine guidance. Nat. Commun. 2020, 11, 1–16. [Google Scholar] [CrossRef]

	



Reiter, M.J.; Man, T.L.T.; Miller, R.L.; Weeks, C.E.; Tomai, M.A. Cytokine induction in mice by the immunomodulator imiquimod. J. Leukoc. Biol. 1994, 55, 234–240. [Google Scholar] [CrossRef]

	



Cohen, M.; Ben-Yehuda, H.; Porat, Z.; Raposo, C.; Gordon, S.; Schwartz, M. Newly Formed Endothelial Cells Regulate Myeloid Cell Activity Following Spinal Cord Injury via Expression of CD200 Ligand. J. Neurosci. 2016, 37, 972–985. [Google Scholar] [CrossRef]

	



Belkin, D.A.; Mitsui, H.; Wang, C.Q.F.; Gonzalez, J.; Zhang, S.; Shah, K.R.; Coats, I.; Suàrez-Fariñas, M.; Krueger, J.G.; Felsen, D.; et al. CD200 Upregulation in Vascular Endothelium Surrounding Cutaneous Squamous Cell Carcinoma. JAMA Dermatol. 2013, 149, 178–186. [Google Scholar] [CrossRef]

	



Li, W.; Chen, Z.; Yuan, J.; Yu, Z.; Cheng, C.; Zhao, Q.; Huang, L.; Hajjar, K.A.; Chen, Z.; Lo, E.H.; et al. Annexin A2 is a Robo4 ligand that modulates ARF6 activation-associated cerebral trans-endothelial permeability. Br. J. Pharmacol. 2019, 39, 2048–2060. [Google Scholar] [CrossRef]

	



Luo, M.; Flood, E.C.; Almeida, D.; Yan, L.; Berlin, D.A.; Heerdt, P.M.; Hajjar, K.A. Annexin A2 supports pulmonary microvascular integrity by linking vascular endothelial cadherin and protein tyrosine phosphatases. J. Exp. Med. 2017, 214, 2535–2545. [Google Scholar] [CrossRef]

	



Fuse, C.; Ishida, Y.; Hikita, T.; Asai, T.; Oku, N. Junctional Adhesion Molecule-C Promotes Metastatic Potential of HT1080 Human Fibrosarcoma. J. Biol. Chem. 2007, 282, 8276–8283. [Google Scholar] [CrossRef]

	



Santoso, S.; Orlova, V.V.; Song, K.; Sachs, U.J.; Andrei-Selmer, C.L.; Chavakis, T. The Homophilic Binding of Junctional Adhesion Molecule-C Mediates Tumor Cell-Endothelial Cell Interactions. J. Biol. Chem. 2005, 280, 36326–36333. [Google Scholar] [CrossRef]

	



Liu, Y.; Cook, C.; Sedgewick, A.J.; Zhang, S.; Fassett, M.S.; Ricardo-Gonzalez, R.R.; Harirchian, P.; Kashem, S.W.; Hanakawa, S.; Leistico, J.R.; et al. Single-Cell Profiling Reveals Divergent, Globally Patterned Immune Responses in Murine Skin Inflammation. iScience 2020, 23, 101582. [Google Scholar] [CrossRef]

	



Donglang, G.; Tongtong, L.; Dan, C.; Chan, Z.; Changming, W.; Guang, Y.; Yan, Y.; Zongxiang, T. Comparative Study on Different Skin Pruritus Mouse Models. Front. Med. 2021, 8, 630237. [Google Scholar] [CrossRef]

	



Mebius, R.E.; Dowbenko, D.; Williams, A.; Fennie, C.; Lasky, L.A.; Watson, S.R. Expression of GlyCAM-1, an endothelial ligand for L-selectin, is affected by afferent lymphatic flow. J. Immunol. 1993, 151, 6769–6776. [Google Scholar]

	



Weng, Y.; Siciliano, S.J.; Waldburger, K.E.; Sirotina-Meisher, A.; Staruch, M.J.; Daugherty, B.L.; Gould, S.L.; Springer, M.S.; DeMartino, J.A. Binding and Functional Properties of Recombinant and Endogenous CXCR3 Chemokine Receptors. J. Biol. Chem. 1998, 273, 18288–18291. [Google Scholar] [CrossRef]








[image: Cells 10 01371 g001 550] 





Figure 1. Single-cell RNA sequencing of LECs from LN draining healthy and imiquimod-inflamed skin and clustering into three subpopulations. (A) Schematic representation of the experimental workflow. (B) Representative H&E staining of sections from naïve and inflamed ears. Scale bar 100 µm. (C) UMAP with all 229 naïve and 330 inflamed LN LECs colored according to condition. (D) UMAP with all cells colored by LN LEC subsets as found through unsupervised clustering. (E) Expression of known marker genes for different LN LEC subsets. Ackr4 marks the SCS ceiling, Lyve1 both the SCS floor and the medullary sinus, Madcam1 the SCS floor, and Mrc1 the medullary sinus. (F) Dot plot of the top 10 (ranked by p values) conserved markers for each of the three clusters, indicating their expression in naïve and inflamed conditions. 






Figure 1. Single-cell RNA sequencing of LECs from LN draining healthy and imiquimod-inflamed skin and clustering into three subpopulations. (A) Schematic representation of the experimental workflow. (B) Representative H&E staining of sections from naïve and inflamed ears. Scale bar 100 µm. (C) UMAP with all 229 naïve and 330 inflamed LN LECs colored according to condition. (D) UMAP with all cells colored by LN LEC subsets as found through unsupervised clustering. (E) Expression of known marker genes for different LN LEC subsets. Ackr4 marks the SCS ceiling, Lyve1 both the SCS floor and the medullary sinus, Madcam1 the SCS floor, and Mrc1 the medullary sinus. (F) Dot plot of the top 10 (ranked by p values) conserved markers for each of the three clusters, indicating their expression in naïve and inflamed conditions.



[image: Cells 10 01371 g001]







[image: Cells 10 01371 g002 550] 





Figure 2. Differential gene expression between LN LECs from naïve and inflamed conditions. (A) The number of genes up- and down-regulated in inflammation versus naïve conditions in each LEC subset (log2FC > 0.2 and adjusted p < 0.05). (B) Top 10 GO terms of biological processes enriched for genes differentially expressed in inflammation in floor LECs (p < 0.05, ranked by p values). (C) Violin plots showing up-regulation of Cd200 and Anxa2 in the floor LECs during inflammation. (D) Representative immunofluorescence images of CD200 in LNs from naïve and inflamed conditions. Arrowheads: SCS floor, scale bar 50 µm. (E) FACS plot showing a representative histogram of CD200 expression on LECs, from naïve and inflamed LNs. (F) Expression of CD200 by LN LECs under naïve and inflamed conditions measured by FACS (n = 4). Mean + SD, p ≤ 0.01 **. (G) Representative immunofluorescence images of ANXA2 in LNs from naïve and inflamed conditions. Arrowhead: SCS floor, scale bar 50 µm. (H) Quantification of ANXA2 expression in floor LECs in LN sections, mean intensity of ANXA2 staining in LYVE1+ area averaged over 2–5 images per replicate (n = 6 naïve resp. 7 inflamed). Mean + SD. 
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Figure 3. Prediction of future cell states by RNA velocity. (A) RNA trajectory of each cell in naïve and inflamed conditions as estimated by Velocyto. (B) Correlation of the mean RNA velocity per gene in the floor in inflamed vs. naïve condition. Linear regression is shown in red and the dashed line indicates slope = 1. Selected differentially “speeded” (DS) genes (perpendicular distance to slope = 1 > 0.1) are marked in red. (C) Top 10 GO terms of biological processes enriched for DS genes in floor LECs (p < 0.5, ranked by p values). (D) Correlation of spliced (S) and unspliced (U) Cd200 per cell. Linear regressions for naïve and inflamed conditions are shown in blue and red, respectively. The dashed line indicates slope = 1. (E) Deviation of the observed abundance of unspliced Cd200 from the expected value (residual) in naïve and inflamed conditions, with positive values indicating an expected up-regulation. The dashed lines show the mean per condition. 






Figure 3. Prediction of future cell states by RNA velocity. (A) RNA trajectory of each cell in naïve and inflamed conditions as estimated by Velocyto. (B) Correlation of the mean RNA velocity per gene in the floor in inflamed vs. naïve condition. Linear regression is shown in red and the dashed line indicates slope = 1. Selected differentially “speeded” (DS) genes (perpendicular distance to slope = 1 > 0.1) are marked in red. (C) Top 10 GO terms of biological processes enriched for DS genes in floor LECs (p < 0.5, ranked by p values). (D) Correlation of spliced (S) and unspliced (U) Cd200 per cell. Linear regressions for naïve and inflamed conditions are shown in blue and red, respectively. The dashed line indicates slope = 1. (E) Deviation of the observed abundance of unspliced Cd200 from the expected value (residual) in naïve and inflamed conditions, with positive values indicating an expected up-regulation. The dashed lines show the mean per condition.



[image: Cells 10 01371 g003]







[image: Cells 10 01371 g004 550] 





Figure 4. Identification of potential intercellular interactions between LN LECs and other LN cells. (A) Heatmap depicting the predicted interactions among different cell populations in naïve LN. The color scale indicates log2 (number of interactions). (B) Dot plot of selected interaction pairs involving ligand or receptor molecules that are differentially regulated in floor LECs under inflammation condition over the control. Color gradient is defined by the log2-transformed average expression of ligand and receptor molecules in the interacting cell types, including B cells (B), CD8 T cells, macrophages (MΦ), conventional dendritic cells (cDC1), CD69+ T cells (CD69_T), migratory dendritic cells (migDC), NK cells, CD4 T cells, endothelial cells (EC), fibroblasts (FB), and neutrophils (Neu). The circle size denotes −log10 (p value). (C) Example genes that are up- or down- regulated in floor LECs upon imiquimod inflammation. 
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Figure 5. Comparison of dysregulated genes in LN LECs induced by cutaneous oxazolone challenge. (A) Overlap of up- or down-regulated genes in different LN LEC subtypes upon inflammation induced by oxazolone or imiquimod. (B) Examples of congruently up- (Cd200, Ccl20, Fn1, Glycam1) or down-regulated (Jam3) genes in floor LECs in the oxazolone dataset. 
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