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Background

The molecular mechanisms of acute otitis media (AOM) development, and the intercellular crosstalk within the multicellular ecosystem of AOM, are not clear.



Methods

We established a model of AOM in rats (with normal rats as controls) and undertook single-cell RNA sequencing (scRNA-seq) for the middle-ear mucosa (MEM). Cell clustering and trajectory analyses were undertaken using Seurat and Monocle 2 packages in R software. Pathway analyses were done by gene set enrichment analysis (GSEA). Cell–cell interactions were inferred by CellChat. Cell scores were calculated to identify cells with dual-feature.



Results

A total of 7023 cells from three samples of inflamed MEM and 5258 cells from three samples of healthy MEM underwent scRNA-seq, which identified 20 cell clusters belonging to eight major cell types. After exposure to lipopolysaccharide, the MEM underwent significant conversion of cell types characterized by rapid infiltration of macrophages and neutrophils. M2 macrophages seemed to play a key part in inflammatory intercellular crosstalk, which facilitated the maintenance and proliferation of macrophages, cell chemotaxis, and regulation of the proinflammatory activities of cytokines. Three rare cell clusters with phagocytosis-related dual-feature were also identified. They coexisted with professional phagocytes in the MEM, and displayed distinct immunoregulatory functions by maintaining a normal immune microenvironment or influencing inflammation progression.



Conclusions

Macrophages might be the “master” initiators and regulators of the inflammatory response of the MEM to external stimuli. And their functions are fulfilled by a specific polarization status (M2) and sophisticated intercellular crosstalk via certain signaling pathways. Besides, the coexistence of professional phagocytes and non-professional phagocytes as well as their interplay in the MEM provides new clues for deciphering the underlying pathogenic mechanisms of AOM.
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Introduction

Acute otitis media (AOM) is a common disease among children. It poses a heavy health burden on clinical practice worldwide, especially in developing countries (1).

In healthy individuals, the middle ear (ME) cavity is lined with a modified respiratory epithelium with ciliated and secretory cells, along with underlying loose connective tissue and vasculature (2). Various cell types of the middle-ear mucosa (MEM), such as immune cells, stroma cells, vascular cells, and even melanocytes, have been identified through flow cytometry, histology, and electron microscopy (3–8). Recently, Ryan et al. reported previously underestimated cell diversity in the MEM of normal rats via single-cell RNA sequencing (scRNA-seq), which provided a new perspective for further understanding of the microenvironment of the normal MEM (9). However, the response of the MEM to acute inflammation at single-cell resolution has not been illustrated. This knowledge gap prevents further understanding of maintenance of homeostasis of the MEM microenvironment and related disease-specific pathophysiologic mechanisms.

Studies have shown (mainly through flow cytometry) that the number and types of inflammatory cells in the MEM of rats change significantly after exposure to proinflammatory stimuli (10–12). Besides, bulk RNA-seq of MEM tissue and ME effusion have revealed that those shifts in cell composition are accompanied by extensive modifications of gene expression and their related signaling pathways, and involve certain pathophysiologic processes (9, 13–16). However, the molecular features and alterations of certain cell clusters have yet to be investigated further using scRNA-seq.

It has been reported that macrophages are scarce in the healthy MEM but increase in number rapidly in ME effusions after acute bacterial infection, and play an important part in AOM pathogenesis (17). Regulated by the surrounding micro-environment, macrophages can acquire heterogenous characteristics comprising mainly proinflammatory classically activated macrophages (“M1” macrophages) and anti-inflammatory alternatively activated macrophages (“M2” macrophages) (18, 19) The dynamic balance between M1/M2 subpopulations shapes the fate of inflammation in various inflammatory diseases (18, 20). Thus, scRNA-seq is needed to further demonstrate the interplay between macrophages and other cell types in the inflamed MEM at single-cell resolution.

We undertook scRNA-seq to explore systematically the landscapes of MEM cells in healthy rats and rats suffering from AOM. In this way, we aimed to: (i) further clarify alterations in the MEM after exposure to proinflammatory stimuli and the intercellular “crosstalk” within a multicellular ecosystem; (ii) identify novel cell types with unique molecular features and functions.



Materials and Methods


Ethical Approval of the Study Protocol

All study procedures conformed to guidelines set by the US National Institutes of Health (Bethesda, MD, USA). The study protocol was approved (2019271A) by the Animal Ethics Committee of West China Hospital within Sichuan University (Chengdu, China).



Regents and Antibodies

Details of all regents and antibodies utilized in this study are listed in Table S1.



Animals

Sprague–Dawley rats were housed in a room at constant temperature (25°C) and relative humidity (55%) and exposed to a 12-h light–dark cycle in a specific pathogen-free facility at the Laboratory Animal Center in Chengdu Dashuo Biotechnology (Chengdu, China). All rats had free access to water and chow.



Generation and Evaluation of the AOM Model

Ten (i.e., 20 ME bullae) male rats (Rattus norvegicus; 8–10 weeks) were divided randomly into the AOM group and control (untreated) group. Otoscopic examinations were undertaken before treatment for all rats to ensure that tympanic membranes were normal and ME effusion was absent. Subsequently, rats in the AOM group were anesthetized with 2% pentobarbital sodium (0.2 mL/100 g, i.p.). Then, lipopolysaccharide (LPS; Sigma–Aldrich, Saint Louis, MO, USA) was injected into the bilateral ME cavity through the tympanic membrane. About 72 h after LPS injection in the AOM group, three rats from each group were sacrificed. In order to reach the requirement of cell number constructing scRNA-seq libraries, the corresponding six ME bullae in each group were isolated carefully and mixed for preparation of single-cell suspensions, respectively. The remaining rats in each group were sacrificed and their ME bullae isolated for hematoxylin and eosin (H&E) staining and immunofluorescence staining.



Preparation of Single-Cell Suspensions

The MEM was harvested, as described previously (9). The harvested MEM was dissociated with collagenase type I (1 mg/mL; catalog number, SCR103; Sigma–Aldrich) and Dispase® II (2 mg/mL; neutral protease, grade II; 4942078001; Sigma–Aldrich) in Dulbecco’s phosphate-buffered saline containing Ca2+ and Mg2+ for 25 min in a 37°C shaking incubator at 100 rpm. The MEM was dissociated further in 1.5 mL of Accumax™ Cell Dissociation Solution (AM105; Innovative Cell Technologies, San Diego, CA, USA) for 8 min in a 37°C shaking incubator at 100 rpm to aid isolation of single cells. Dissociated cells were filtered with 70-μm cell strainers (BD Biosciences, Franklin Lakes, NJ, USA) to eliminate clumps, and incubated in 1 mL of Red Blood Cell Lysing Solution (BD Biosciences) to remove red blood cells. Finally, we utilized 35-μm cell strainers (BD Biosciences) to filter cells and collected them according to manufacturer recommendations. Cell viability >80% was required for subsequent construction of libraries.



Library Preparation and Sequencing

Based on the HiSeq X™ platform (Illumina, San Diego, CA, USA), cells were labeled with sample tags from the Human Single-Cell Multiplexing Kit from BD Biosciences. Then, they were counted, multiplexed, and prepared for subsequent single-cell capture. The latter and complementary-DNA synthesis were undertaken by the Rhapsody Single-Cell Analysis System according to manufacturer (BD Biosciences) recommendations. Libraries were sequenced on multiple runs of NextSeq™ (Illumina).



Quality Control and Preprocessing of Sequencing Data

Raw scRNA-seq data were processed according to a bioinformatics pipeline (BD Rhapsody™ WTA 1.9.1; https://bitbucket.org/CRSwDev/cwl/src/master/). This process included demultiplexing FASTQ reads, mapping to the rat genome (Rnor_6.0, STAR v2.5.2b), and generating gene/barcode matrices.



Unsupervised Clustering of Cells and t-Distributed Stochastic Neighbor Embedding (tSNE) Visualization

R package Seurat v4.0 was used for downstream data analyses (21). Following a standard workflow, we filtered cells that had a unique feature count >4000 or <200 and cells with a mitochondrial count >20% in the inflamed-MEM group. We also filtered cells that had a unique feature counts >3000 or <200 and cells with a mitochondrial count >40% in the normal-MEM group. Then, the default parameters of the “NormalizeData” function of Seurat were used to normalize the feature-expression measurements for each cell by the total expression. Finally, 7024 cells of the case group and 5258 cells of the control group were introduced into a combined Seurat object via “FindIntegrationAnchors” and “IntegrateData” functions. Then, variable genes were carried forward into scaling and principal component (PC) analysis. Significant PCs (top 30) were used for t-SNE analysis and clustering through “RunTSNE” and “FindClusters” functions (resolution = 0.6). To identify cell types, we checked whether the well-studied marker genes were the top differentially expressed genes (DEGs), and annotated the most likely identity for each cell cluster. The remaining cell types were identified by manual retrieval from a database.



Differential Expression and Analysis of Signaling Pathways

Differentially expressed genes (DEGs) among clusters were detected by the Seurat function “FindAllMarkers”. Selected functional DEGs of each cluster were visualized via stacked violin plots. Volcano plots were applied to show the genes with upregulated or downregulated expression. Heatmaps showing the expression distribution of marker genes of cell clusters were created by pheatmap 1.0.12 (R package). Genes with Benjamini–Hochberg-adjusted P < 0.05 and absolute log2fold change between two groups >2 were used for analysis of fuctional enrichment using the Gene Ontology (GO) database (clusterProfiler 3.16.1). In addition, ranked gene set enrichment analysis (GSEA) was undertaken: genes were ranked based on their phenotypes, and the GSEA algorithm proposed by Subramanian and coworkers (Subramanian et al., 2005) was used to calculate the enrichment score of each gene.



Trajectory Analyses

We used Monocle 2 v2.5.4 (R package) (22) to order single cells in “pseudotime”, and placed them along an inferred trajectory. After passing quality control, genes were placed into the Reversed Graph Embedding algorithm of Monocle to shape the trajectory. Then, Monocle applied a dimensionality reduction to the data and ordered the cells in pseudotime.



Ligand–Receptor Expression and Cell Interactions

Cell-to-cell communication (CellChat 0.0.2; R package) was ascertained by evaluating expression of pairs of ligands and receptors within cell populations (23, 24). We examined the interaction between different cell types, and gene expression of 0.2 was set as the valid cutoff point.



Cell Score (CS) Calculation

The CS denotes the mean expression of specific gene functions (e.g., scores for the cell cycle, M1 macrophages, M2 macrophages, epithelia) in single cells. The CS was calculated, as described previously (25, 26). Briefly, a control gene set (Gc) was defined and genes were partitioned into 25 “bins” according to their mean expression across all cells. Then, for each gene from the target gene set (Gt), 100 genes were selected randomly from the bin to which this gene belonged to constitute the Gc. Therefore, the CS was calculated as mean (Gt) – mean (Gc). Relative expression was used to calculate the CS.



Multiplex Immunofluorescence

Two representative bullae from AOM group and control group were carefully isolated, and then fixed and embedded them with formalin and paraffin, respectively. The formalin fixed paraffin embedded bullae were sectioned and processed by using Opal Polaris™ 7-color Manual IHC Kit (Akoya Biosciences) as the manufacturer’s recommendation (27). Specifically, the opal panel included DAPI (Abcam), anti-CD68 (Abcam), anti-EPCAM (Abcam), anti-MKI67 (Abcam), anti-COL1A1 (Abcam) and anti-SFRP4 (Abcam).




Results


Single-Cell Transcriptome Profiling of the MEM in Rats

To systematically investigate the cellular diversity of the inflamed MEM in rats as well as the sophisticated intercellular crosstalk within its multicellular ecosystem. A model of AOM in rats was established (Figure 1A), which was examined by histology using H&E staining (Figures 1B, C). Subsequently, we undertook scRNA-seq on 7023 cells from six samples of the inflamed MEM and 5258 cells from six healthy samples via BD WTA Rhapsody Analysis Pipeline 1.9.1 after quality control and removal of doublets (Figure 1A and Table S2).




Figure 1 | Single cell transcriptome profiling of rat middle ear mucosa (MEM). (A) Workflow showing the process of model construction, sample collection and scRNA-seq using BD Rhapsody platform. (B) H&E staining of normal MEM. Normal epithelium is indicated by the bule arrow. (C) H&E staining of inflamed MEM. Damaged epithelium is indicated by the blue and red arrow. Inflammatory infiltration is indicated by the black arrow. (D) t-SNE plot of all single cells from BD Rhapsody. (E) Violin plots showing the expression levels of different marker genes across 19 clusters.



Then, sequencing data from the 12 samples were integrated and analyzed using Seurat. Overall, the transcriptomes of eight major cell types were captured based on expression of known canonical gene markers (Table S2). Unsupervised clustering analysis categorized all cells further into 20 distinct clusters (Figure 1D and Table S3). Each of the 20 clusters possessed specifically expressed marker genes, which were consistent to their distinct cell identities, as described previously (Figure 1E, Table S4 and Supplementary Information 1), including neutrophils (C0, C2, C3 and C9), macrophages (C1 and C13), fibroblasts (C4, C6 and C8), epithelial cells (C5, C7, C11, C18 and C19), T cells (C10), dendritic cells (C12), endothelial cells (C14, C15 and C16) and B cells (C17).

Overall, scRNA-seq of the MEM of rats revealed considerable cell diversity that was underestimated previously. Detailed marker gene lists were provided in Table S2.



AOM Is Characterized by Rapid Infiltration of Neutrophils and Macrophages During Inflammatory Progression

To demonstrate the conversion of cell types in the MEM of rats in response to proinflammatory stimuli. We compared the cell compositions between the normal MEM and inflamed MEM, of which obvious differences were identified. Epithelial cells (C0, C3, C12, C14, C15 and C17) and fibroblasts (C1, C2 and C4) were the major cell types of the normal MEM, which accounted for approximately two-thirds of all single cells. However, after exposure to LPS, rapid infiltration of innate immune cells, including neutrophils (C0, C1, C2 and C4) and macrophages (C3, C5 and C6) occurred, and overwhelmed the normally predominant cell types (Figures 2A, B). More specifically, compared with their counterparts from the normal MEM, an obvious increase in the number of neutrophils and macrophages as well as an obvious reduction in the number of fibroblasts and epithelial cells, were observed in inflamed MEM samples (Figure 2C).




Figure 2 |  AOM is characterized by rapid infiltration of neutrophils and macrophages during inflammatory progression. (A) t-SNE plots comparing the distribution of single cells derived from inflamed and normal MEM (B) Comparison of cell proportions in each cluster between normal and inflamed MEM (C) Comparison of cell proportions in each major cell type between normal and inflamed MEM.



Taken together, these data suggested that, after exposure to LPS, the MEM in rats underwent significant conversion of cell types, which was characterized by the rapid infiltration of macrophages and neutrophils.



M2 Macrophages Are Key Regulators in Inflammation Progression

Expression of various ligand–receptor pairs was investigated to decipher the cell–cell interactions in the multicellular system of the normal MEM and inflamed MEM. In the inflamed MEM, the macro_2 cluster (C1), which specifically expressed Mrc1 (canonical marker gene of M2 macrophages) and was polarized towards the M2 phenotype (Table S4), displayed vast communication with nearly all other cell clusters (especially those mediated by other macrophage clusters and neutrophils) and seemed to play a key part in inflammatory intercellular crosstalk (Figures 3A, B). We further investigated the specific ligand–receptor interactions among different cell clusters. In the inflamed MEM, we identified strong somatotrophic interactions among macrophages as well as between macrophages (especially macro_2) and other clusters, including colony-stimulating factor 1–colony stimulating factor 1 receptor (CSF1–CSF1R) and interleukin 34 (IL34)–CSF1R, which might mediate the maintenance and proliferation of macrophages after exposure to external stimuli (28). Besides, recruitment of neutrophils, natural killer cells, and T cells by macrophages (especially macro_2) via chemoattraction was observed (e.g., C-C motif chemokine ligand 3–C-C motif chemokine receptor 5 (CCL3–CCR5) and C-X-C motif chemokine ligand 1–C-X-C motif chemokine receptor 2 (CXCL1–CXCR2)). Specifically, interleukin 1 beta–interleukin 1 receptor 2 (IL1β–IL1R2) interactions between macrophages and neutrophils (which have been shown to be of vital importance in regulating the proinflammatory activities of IL-1 and contributing to the resolution of acute inflammation) (29) were detected (Figure 3C).




Figure 3 | M2 macrophage play as a key regulator in inflammation progression. (A, B) Circos plots displaying putative ligand–receptor interactions between macro_2 and other cell clusters from inflamed MEM. Interactions are divided into incoming and outgoing events. The brand links pairs of interacting cell types, and corresponding number of events were labeled in the graph (C, D) Summary of selected ligand–receptor interactions between different cell clusters from inflamed MEM and normal MEM, respectively. P–values (permutation test) are represented by the size of each circle. The color gradient indicates the level of interaction. (E) The inferred signaling networks between different cell clusters. Circle sizes are proportional to the number of cells in each cell group and edge width represents the communication probability.



In the normal MEM, CSF1–CSF1R and IL34–CSF1R interactions were enhanced significantly between epithelial cells and macrophages (especially macro_2) as well as fibroblasts and macrophages (especially macro_2). These data suggested that epithelial cells and fibroblasts might be the main source of CSF1/IL34 under normal conditions, which has a crucial role in macrophage survival (28). Besides, inhibition of expression of proinflammatory phenotypes of potential non-professional phagocytes, including epithelial cells, fibroblasts, and endothelial cells, by macrophages (especially macro_2) via insulin like growth factor 1–insulin like growth factor 1 receptor (IGF1–IGF1R) interactions, was also observed, which might help to maintain the microenvironment of the normal MEM (Figure 3D) (30). Overall, these data suggested that M2 macrophages might play an important part in the MEM under normal conditions and inflammatory conditions.

Ligand–receptor interactions within certain signaling pathways were also predicted. Specific signaling pathways, including transforming growth factor beta (TGFβ), CCL, IGF and IL1, were identified. They displayed highly distinct cell-communication networks between the normal MEM and inflamed MEM, and might play an important part in the development and progression of AOM (Figure 3E) (20, 31–37). More detailed cell–cell interactions are presented in Figure S2.

Overall, M2 macrophages seemed to have a key role in inflammatory intercellular crosstalk, which facilitated the maintenance and proliferation of macrophages, cell chemotaxis, as well as regulation of the proinflammatory activities of cytokines.



Phagocytosis-Related Dual-Feature Cells and Professional Phagocytes Coexist in the MEM

Studies have revealed the coexistence of professional phagocytes and non-professional phagocytes in multiple tissues, between which crosstalk disruption has been shown to be responsible for various diseases and might play an important part in the inflammatory response (38, 39). That hypothesis was bolstered in the present study. Specifically, besides professional phagocytes (neutrophils, macrophages and dendritic cells), other clusters from the inflamed MEM and normal MEM also displayed high expression of phagocytosis-related genes, such as Cd14 and Cd68 (Tables S4 and S6), indicating that these cell clusters might have dual features. Therefore, to further confirm the existence of phagocytosis-related dual-feature cells in the MEM, we specifically extracted all CD68+ single cells for subsequent analyses. Doublets were identified and excluded by using “DoubletFinder” 2.0.3 (R package). Clustering tree 0.4.3 revealed that a stable clustering strategy was achieved at a resolution of 0.6, which generated 12 clusters belonging to seven major cell types (Figure S3, Figure 4A, Table S6–4 and Supplementary Information 2).




Figure 4 | Phagocytosis-related dual-feature cells and professional phagocytes coexist in rat MEM. (A) UMAP plot of CD68+ single cells at the resolution of 0.6 as well as UMAP plot showing the distribution of singlets and doublets (indicated at the upper right corner) (B) Violin plots showing the expression levels of different marker genes across 12 clusters of CD68+ single cells (C) UMAP plots comparing the distribution of CD68+ single cells derived from inflamed and normal MEM (D) Comparison of cell proportions of each cluster between inflamed and normal MEM (E) Scatterplot showing the correlation between the Mki67+ progenitor cell scores and macrophage scores as well as comparison of macrophage scores of single cells between macrophages and Mki67+ progenitor cells (F) Scatterplot showing the correlation between the epithelial cell scores and macrophage scores as well as comparison of macrophage scores of single cells between macrophages and epithelial cells (G) Scatterplot showing the correlation between the fibroblast scores and macrophage scores as well as comparison of macrophage scores of single cells between macrophages and fibroblasts.



Apart from well-known professional phagocytes such as macrophages (C0, C1, C5 and C10), monocytes (C2), dendritic cells (C4, C6 and C11), and granulocytes (C3), three rare cell clusters (C7–C9) with dual features were also identified. Cluster C7 displayed high expression of cell cycle-related genes, including Ccna2, Ccnb1 and Cdk1, as well as stem-like genes Mki67 (marker gene of proliferation) and Aspm (involved in regulation of the mitotic spindle and coordination of mitotic processes), so cluster C7 comprised Mki67+ progenitor cells (Figure 4B and Tables S6–4) (40). Cluster C8 specifically expressed Epcam (a gene associated with epithelial cells) and Krt18 (cytokeratin gene), which strongly indicated that it was an epithelial cell (Figure 4B and Table S6–4). Cluster C9 showed high expression of genes related to the development and maintenance of bone, including Bmp5 and Cdh11, as well as genes related to matrix homeostasis, including Col5a2, Col12a1 and Mmp2, which is consistent with osteoblastic stromal cells (Figure 4B and Tables S6–4). Additionally, the majority of CD68+ cells derived from inflamed MEM and the cell compositions as well as cell proportions showed obvious differences between normal MEM and inflamed MEM (Figures 4C, D).

To further quantify the dual features of these non-professional phagocytes, we calculated the CS of target gene sets of selected cell clusters (Mki67+ progenitor cells, epithelial cells, and osteoblastic stromal cells; expression of their selected marker genes is shown in Figure S4A). Some Mki67+ progenitor cells had a high phagocytosis score and proliferation score (Figure 4E), which further demonstrated their phagocytic-proliferating dual-feature (Tables S8-1, S8–2). To a certain extent, some epithelial cells and osteoblastic stromal cells also showed trends of a dual feature related to phagocytosis (Figures 4F, G and Tables S8–1, S8–3, S8–4). The M1 score and M2 score were calculated to clarify the polarization status of the four subpopulations of macrophages. M2 was the main phenotype of these four clusters, whereas the gene signatures of M1 and M2 were not mutually exclusive. For example, many C1qc+ macrophages also presented higher expression of M1 marker genes than the other three clusters (Figures S4B, C).

To further confirm the existence of phagocytosis-related dual-feature cells, multiplex immunofluorescence was conducted in both normal MEM (Figures 5A, B, E) and inflamed MEM (Figures 5C–E). And the results showed that certain cells in both normal MEM and inflamed MEM co-expressed phagocytosis marker CD68 and proliferation marker MKI67, consistent with the definition of phagocytic-proliferating dual-feature cells (Figure 5F). Besides, the colocalization of CD68 and epithelial marker EPCAM were observed in both normal and inflamed MEM, suggesting of cells with phagocytic-epithelial dual feature (Figure 5F). Similarly, the existence of phagocytic-fibroblastic dual-feature cells were also confirmed in both normal and inflamed MEM based on the co-expression of CD68 and fibroblast marker SFRP4 or COL1A1 (Figure 5F).




Figure 5 | Multiplex immunofluorescence confirmed the existence of phagocytosis-related dual-feature cells in rat MEM (A) Landscape of rat inflamed MEM stained with antibodies against CD68, EPCAM, MKI67, COL1A1 and SFRP4 and counterstained with DAPI (B) Target region of rat inflamed MEM stained with antibodies against CD68, EPCAM, MKI67, COL1A1 and SFRP4 and counterstained with DAPI (C) Landscape of rat normal MEM stained with antibodies against CD68, EPCAM, MKI67, COL1A1 and SFRP4 and counterstained with DAPI (D) Target region of rat normal MEM stained with antibodies against CD68, EPCAM, MKI67, COL1A1 and SFRP4 and counterstained with DAPI (E) Target region of rat inflamed (upper images) and normal (lower images) MEM stained with antibodies against EPCAM, COL1A1, SFRP4, MKI67, CD68, and counterstained with DAPI. (F) Target region of rat inflamed (upper images) and normal (lower images) MEM stained with antibodies against CD68 and MKI67, CD68 and EPCAM, CD68 and SFRP4, CD68 and COL1A1, and counterstained with DAPI.



Taken together, we identified three rare cell clusters with a phagocytosis-related dual feature. These cells are consistent with the definition of previously described non-professional phagocytes, and coexist with professional phagocytes in the MEM of rats.



Phagocytosis-Related Dual-Feature Cells Are a Heterogeneous Group of Cells With Distinct Immunoregulatory Functions

To investigate the roles these dual-feature cells might have in inflammation progression, analyses of enriched genes expressed specifically by each of the three clusters was undertaken using the GO database. Mki67+ progenitor cells were characterized by enrichment of the pathways associated with “cell cycle”, “production and response to cytokines”, and “phagocytosis” (Figure 6A). Epithelial cells showed enrichment in the signaling pathways associated with “endocytosis”, “cell chemotaxis”, “cell differentiation”, and “response to inflammatory cytokines” (Figure 6B). Osteoblastic stromal cells showed significant enrichment in the signaling pathways associated with “bone development”, “endocytosis”, “cell chemotaxis” and, to a lesser extent, “negative regulation of inflammatory response” (Figure 6C). Hence, all of these dual-feature cells showed enrichment in signaling pathways associated with immune regulation and phagocytosis-related functions.




Figure 6 | Phagocytosis-related dual-feature cells are a heterogeneous group of cells with distinct immune regulation functions. (A) Top canonical pathways enriched in the Mki67+ progenitor cell (cluster C7) (B) Top canonical pathways enriched in the epithelial cell (cluster C8) (C) Top canonical pathways enriched in the Osteoblastic stromal cell (cluster C9) (D) The developmental trajectory of cells in each cluster inferred by Monocle2 (E) The developmental trajectory of cells in each cluster inferred by Monocle2 comparing the distribution of CD68+ single cells derived from inflamed and normal MEM. The developmental trajectories showed that most of the Mki67+ progenitor cells, epithelial cells and osteoblastic stromal cells were located on the early branch, indicating their derivation from normal MEM as well as their failure to maintain self-integrity in the inflammatory progression. On the contrary, granulocytes and monocytes tended to locate on the late branches, representing the occurrence of inflammatory infiltration. Meanwhile, clusters of macrophages and dendritic cells presented with highly distinct trajectories throughout the inflammatory response, suggesting these cells might have multiplex roles in the inflammation progression.



We ordered these dual-feature cells along a pseudotime trajectory to aid understanding of which developmental stages these cells might have in their immunoregulatory functions. This ordering resulted in a bifurcated early-to-late trajectory which represented the dynamic changes of the normal MEM after exposure to LPS (Figure 6D). These results showed that most of the epithelial cells and osteoblastic stromal cells were derived from the normal MEM, whereas Mki67+ progenitor cells were scattered along the whole trajectory (Figure 6E).

Taken together, it is postulated that epithelial cells and osteoblastic stromal cells exist mainly in the normal MEM, which might help to maintain the homeostasis of the immune microenvironment through phagocytosis-related function and negative regulation of the inflammatory response. However, Mki67+ progenitor cells might be activated and proliferate in response to proinflammatory stimuli and undertake their immunoregulatory functions throughout the whole process of inflammatory progression.




Discussion

Using scRNA-seq, we comprehensively profiled the multicellular ecosystem in the normal MEM and monitored its dramatic alterations in response to proinflammatory stimuli. In this way, we portrayed the previously underestimated cell diversity and sophisticated interplay among different cell types.

Ryan et al. explored the “landscape” of the normal MEM by sequencing ~6770 normal MEM cells and identified 17 cell clusters (9), which is partially consistent with our results for the normal MEM. They showed that the genes associated with the innate immune system were expressed mainly by resident macrophages, which were inferred to be the “master regulators” of the response to infection by the MEM. However, they did not validate their hypothesis by sequencing cells in the inflamed MEM and systematically investigating the alterations from the normal MEM. Thus, we further tested their postulation by analyzing the cell–cell interactions in the inflamed MEM.

We observed that the number of interactions with macrophages was obviously higher than that with other clusters. More specifically, significant somatotrophic interactions among macrophages were observed, including CSF1–CSF1R and IL34–CSF1R. These observations support the concept of macrophage niches in the MEM that mediate the maintenance and proliferation of macrophages in response to external stimuli (28). Besides, significant interactions related to chemoattraction (e.g., CCL3–CCR5 and CXCL1–CXCR2) and regulation of the proinflammatory/anti-inflammatory phenotypes of neutrophils (IL1β–IL1R2) were observed among macrophages and other immune cells (mainly neutrophils) (29). Overall, these data strongly suggest that macrophages might be the driving force of innate immunity in the inflammatory response of the MEM, and are endowed with self-regeneration capacity by the formation of macrophage niches.

Interestingly, heterogeneous groups of dual-feature cells with phagocytic function were identified in our study. They had the phenotypes of a certain cell identity and functions related to phagocytosis or endocytosis. These dual-feature cells mainly camouflaged themselves as epithelial cells and endothelial cells, which is consistent with the definition of non-professional phagocytes described previously (39). The crosstalk disruption between professional phagocytes and non-professional phagocytes has been shown to be responsible for various diseases, and might play an important part in the inflammatory response (38), which was confirmed in the MEM in our study. Specifically, the IGF1 signaling pathway was enriched in the crosstalk among macrophages and epithelial-phagocytic dual-feature cells in the normal MEM, whereas it was clearly dampened in the inflammatory condition.

Moreover, we observed that macrophages were more likely to have a M2 phenotype in the normal MEM than in the inflamed MEM, which is consistent with the activation patterns and corresponding function of macrophages (19, 20, 41). Besides, studies have revealed that M2 macrophages can secrete IGF1 to redirect phagocytosis by non-professional phagocytes and, thus, influence inflammation progression (30). Therefore, we postulate that the crosstalk among epithelial-phagocytic dual-feature cells and M2 macrophages through the IGF1 signaling pathway might influence the inflammation progression of AOM. However, the few sampling timepoints prevented us from monitoring the dynamic changes of macrophage polarization and IGF1 signaling pathway-related cellular crosstalk along the entire process of inflammation progression.

Overall, our single-cell sequencing study revealed AOM to be characterized by rapid infiltration of innate immune cells in the MEM. We identified phagocytosis-related dual-feature cell clusters in the inflamed MEM and normal MEM, of which M2 macrophages were crucial in the network of regulatory intercellular crosstalk during inflammation progression. The exact mechanisms of these processes remain to be elucidated, but our results provide more precise understanding of AOM at the molecular level, and proffer more information for deciphering the pathogenic pathways.



Data Availability Statement

The data presented in the study are deposited in the NCBI SRA repository, accession number PRJNA757973.



Ethics Statement

The animal study was reviewed and approved by the Animal Ethics Committee of West China Hospital within Sichuan University (Chengdu, China).



Author Contributions

JR, HY, and YuZ contributed to the study conception and design. Material preparation was performed by YR, DZ, KQ, YiZ, and LL. Data collection was performed by KQ, DZ, DC, MM, WP, DL, JL, YD, and WZ. And analyses were performed by YR, DZ, YS, DC, and DL. The first draft of the manuscript was written by KQ, YR, DZ, and DC, and all authors commented on previous versions of the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by West China Hospital, Sichuan University (YZ, grant #2019HXFH003, grant #ZYJC21027); Chengdu Science and Technology Bureau (JR, grant #20GJHZ0193); Sichuan University (YZ, grant #20ZDYF3010, JR, grant #2019HXBH079, #2020SCU12049); The Science and Technology Department of Sichuan Province (YZ, grant #2020YFH0090, JR, grant#2020YFS0111); The Health Department of Sichuan Province (JR, grant #20PJ030); China Postdoctoral Science Foundation (JR, grant #2020M673250); National Natural Youth Science Foundation of China (JR, grant #82002868).



Acknowledgments

We would like to thank Research Core Facility of West China Hospital, Sichuan University and Institute of Clinical Pathology of West China Hospital, Sichuan University for their generous help with animal experiments.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.760954/full#supplementary-material

Supplementary Information 1 | Clustering strategies of all single cells from both normal and inflamed MEM.

Supplementary Information 2 | Clustering strategies of CD68+ single cells from both normal and inflamed MEM.

Supplementary Table 1 | Summary of regents used in this study.

Supplementary Table 2 | Summary of cell numbers of identified eight major cell types.

Supplementary Table 3 | Summary of cell numbers of identified 20 cell clusters.

Supplementary Table 4 | Summary of differentially expressed gene lists of identified 20 cell clusters.

Supplementary Table 5 | Summary of cell-to-cell communications between identified 20 cell clusters.

Supplementary Table 6 | Summary of differentially expressed gene lists of identified cell clusters at different resolutions.

Supplementary Table 7 | Summary of cell numbers of identified 12 CD68+ cell clusters at the resolution of 0.6.

Supplementary Table 8 | Summary of gene panels used for the calculation of cell scores.

Supplementary Figure 1 | (A) The developmental trajectory of all cells inferred by Monocle2 across pseudotime (B) Kinetics plot showing relative expression of selected marker genes across developmental pseudotime.

Supplementary Figure 2 | The inferred signaling networks between different cell clusters from inflamed and normal MEM, respectively. Circle sizes are proportional to the number of cells in each cell group and edge width represents the communication probability.

Supplementary Figure 3 | (A) Clustering tree showing the relationship between clusters at different resolutions. (B) UMAP plot showing doublets and singlets from all CD68+ cells (C) UMAP plot of CD68+ single cells at different resolutions.

Supplementary Figure 4 | (A) Expression of marker genes in defined clusters (B) Scatterplot showing the correlation between the M1 and M2 scores of single cells from the four distinct macrophage subclusters (C) Comparison of M1 and M2 scores of single cells between the four distinct macrophage subclusters.



References

1. Arguedas, A, Kvaerner, K, Liese, J, Schilder, AG, and Pelton, SI. Otitis Media Across Nine Countries: Disease Burden and Management. Int J Pediatr otorhinolaryngology (2010) 74(12):1419–24. doi: 10.1016/j.ijporl.2010.09.022

2. Hentzer, E. Ultrastructure of the Middle Ear Mucosa. Ann Otology Rhinology laryngology (1976) 85(2 Suppl 25 Pt 2):30–5. doi: 10.1177/00034894760850S208

3. Lim, DJ, and Hussl, B. Human Middle Ear EpitheliumAn Ultrastructural and Cytochemical Study. Arch Otolaryngol (Chicago Ill: 1960) (1969) 89(6):835–49. doi: 10.1001/archotol.1969.00770020837009

4. Lin, CS, and Zak, FG. Studies on Melanocytes. VI. Melanocytes in the Middle Ear. Arch Otolaryngol (Chicago Ill: 1960) (1982) 108(8):489–90. doi: 10.1001/archotol.1982.00790560027007

5. Stenfors, LE, Albiin, N, Bloom, GD, Hellström, S, and Widemar, L. Mast Cells and Middle Ear Effusion. Am J Otolaryngol (1985) 6(3):217–9. doi: 10.1016/S0196-0709(85)80088-0

6. Takahashi, M, Peppard, J, and Harris, JP. Immunohistochemical Study of Murine Middle Ear and Eustachian Tube. Acta Otolaryngol (1989) 107(1-2):97–103. doi: 10.3109/00016488909127485

7. Jecker, P, Pabst, R, and Westermann, J. The Mucosa of the Middle Ear and Eustachian Tube in the Young Rat: Number of Granulocytes, Macrophages, Dendritic Cells, NK Cells and T and B Lymphocytes in Healthy Animals and During Otitis Media. Acta Otolaryngol (1996) 116(3):443–50. doi: 10.3109/00016489609137871

8. Zhang, J, Chen, S, Hou, Z, Cai, J, Dong, M, and Shi, X. Lipopolysaccharide-Induced Middle Ear Inflammation Disrupts the Cochlear Intra-Strial Fluid-Blood Barrier Through Down-Regulation of Tight Junction Proteins. PLoS One (2015) 10(3):e0122572. doi: 10.1371/journal.pone.0122572

9. Ryan, AF, Nasamran, CA, Pak, K, Draf, C, Fisch, KM, Webster, N, et al. Single-Cell Transcriptomes Reveal a Complex Cellular Landscape in the Middle Ear and Differential Capacities for Acute Response to Infection. Front Genet (2020) 11:358. doi: 10.3389/fgene.2020.00358

10. Jecker, P, Pabst, R, and Westermann, J. Proliferating Macrophages, Dendritic Cells, Natural Killer Cells, T and B Lymphocytes in the Middle Ear and Eustachian Tube Mucosa During Experimental Acute Otitis Media in the Rat. Clin Exp Immunol (2001) 126(3):421–5. doi: 10.1046/j.1365-2249.2001.01543.x

11. Cayé-Thomasen, P, Hermansson, A, Tos, M, and Prellner, K. Goblet Cell Density in Acute Otitis Media Caused by Moraxella Catarrhalis. Otology Neurotol: Off Publ Am Otological Society Am Neurotol Soc [and] Eur Acad Otology Neurotol (2001) 22(1):11–4. doi: 10.1097/00129492-200101000-00003

12. Forséni Flodin, M. Macrophages and Possible Osteoclast Differentiation in the Rat Bullar Bone During Experimental Acute Otitis Media, With Reference to Tympanosclerosis. Otology Neurotol: Off Publ Am Otological Society Am Neurotol Soc [and] Eur Acad Otology Neurotol (2001) 22(6):771–5. doi: 10.1097/00129492-200111000-00010

13. Hernandez, M, Leichtle, A, Pak, K, Webster, NJ, Wasserman, SI, and Ryan, AF. The Transcriptome of a Complete Episode of Acute Otitis Media. BMC Genomics (2015) 16:259. doi: 10.1186/s12864-015-1475-7

14. Long, JP, Tong, HH, Shannon, PA, and DeMaria, TF. Differential Expression of Cytokine Genes and Inducible Nitric Oxide Synthase Induced by Opacity Phenotype Variants of Streptococcus Pneumoniae During Acute Otitis Media in the Rat. Infect Immun (2003) 71(10):5531–40. doi: 10.1128/IAI.71.10.5531-5540.2003

15. MacArthur, CJ, Hausman, F, Kempton, JB, Choi, D, and Trune, DR. Otitis Media Impacts Hundreds of Mouse Middle and Inner Ear Genes. PLoS One (2013) 8(10):e75213. doi: 10.1371/journal.pone.0075213

16. Melhus, A, and Ryan, AF. Expression of Cytokine Genes During Pneumococcal and Nontypeable Haemophilus Influenzae Acute Otitis Media in the Rat. Infect Immun (2000) 68(7):4024–31. doi: 10.1128/IAI.68.7.4024-4031.2000

17. Bhutta, MF, Lambie, J, Hobson, L, Williams, D, Tyrer, HE, Nicholson, G, et al. Transcript Analysis Reveals a Hypoxic Inflammatory Environment in Human Chronic Otitis Media With Effusion. Front Genet (2019) 10:1327. doi: 10.3389/fgene.2019.01327

18. Locati, M, Curtale, G, and Mantovani, A. Diversity, Mechanisms, and Significance of Macrophage Plasticity. Annu Rev Pathol (2020) 15:123–47. doi: 10.1146/annurev-pathmechdis-012418-012718

19. Gordon, S, and Martinez, FO. Alternative Activation of Macrophages: Mechanism and Functions. Immunity (2010) 32(5):593–604. doi: 10.1016/j.immuni.2010.05.007

20. Shapouri-Moghaddam, A, Mohammadian, S, Vazini, H, Taghadosi, M, Esmaeili, SA, Mardani, F, et al. Macrophage Plasticity, Polarization, and Function in Health and Disease. J Cell Physiol (2018) 233(9):6425–40. doi: 10.1002/jcp.26429

21. Hao, Y, Hao, S, Andersen-Nissen, E, Mauck, WM 3rd, Zheng, S, Butler, A, et al. Integrated Analysis of Multimodal Single-Cell Data. Cell (2021) 184(13):3573–87.e29. doi: 10.1016/j.cell.2021.04.048

22. Qiu, X, Hill, A, Packer, J, Lin, D, Ma, YA, and Trapnell, C. Single-Cell mRNA Quantification and Differential Analysis With Census. Nat Methods (2017) 14(3):309–15. doi: 10.1038/nmeth.4150

23. Hou, R, Denisenko, E, Ong, HT, Ramilowski, JA, and Forrest, ARR. Predicting Cell-to-Cell Communication Networks Using NATMI. Nat Commun (2020) 11(1):5011. doi: 10.1038/s41467-020-18873-z

24. Vento-Tormo, R, Efremova, M, Botting, RA, Turco, MY, Vento-Tormo, M, Meyer, KB, et al. Single-Cell Reconstruction of the Early Maternal-Fetal Interface in Humans. Nature (2018) 563(7731):347–53. doi: 10.1038/s41586-018-0698-6

25. Puram, SV, Tirosh, I, Parikh, AS, Patel, AP, Yizhak, K, Gillespie, S, et al. Single-Cell Transcriptomic Analysis of Primary and Metastatic Tumor Ecosystems in Head and Neck Cancer. Cell (2017) 171(7):1611–24.e24. doi: 10.1016/j.cell.2017.10.044

26. Jin, S, Li, R, Chen, MY, Yu, C, Tang, LQ, Liu, YM, et al. Single-Cell Transcriptomic Analysis Defines the Interplay Between Tumor Cells, Viral Infection, and the Microenvironment in Nasopharyngeal Carcinoma. Cell Res (2020) 30(11):950–65. doi: 10.1038/s41422-020-00402-8

27. Surace, M, DaCosta, K, Huntley, A, Zhao, W, Bagnall, C, Brown, C, et al. Automated Multiplex Immunofluorescence Panel for Immuno-Oncology Studies on Formalin-Fixed Carcinoma Tissue Specimens. J Vis Exp (2019) 143. doi: 10.3791/58390

28. Guilliams, M, Thierry, GR, Bonnardel, J, and Bajenoff, M. Establishment and Maintenance of the Macrophage Niche. Immunity (2020) 52(3):434–51. doi: 10.1016/j.immuni.2020.02.015

29. Martin, P, Palmer, G, Vigne, S, Lamacchia, C, Rodriguez, E, Talabot-Ayer, D, et al. Mouse Neutrophils Express the Decoy Type 2 Interleukin-1 Receptor (IL-1R2) Constitutively and in Acute Inflammatory Conditions. J Leukoc Biol (2013) 94(4):791–802. doi: 10.1189/jlb.0113035

30. Han, CZ, Juncadella, IJ, Kinchen, JM, Buckley, MW, Klibanov, AL, Dryden, K, et al. Macrophages Redirect Phagocytosis by non-Professional Phagocytes and Influence Inflammation. Nature (2016) 539(7630):570–4. doi: 10.1038/nature20141

31. Avery, D, Govindaraju, P, Jacob, M, Todd, L, Monslow, J, and Puré, E. Extracellular Matrix Directs Phenotypic Heterogeneity of Activated Fibroblasts. Matrix Biol (2018) 67:90–106. doi: 10.1016/j.matbio.2017.12.003

32. Batlle, E, and Massagué, J. Transforming Growth Factor-β Signaling in Immunity and Cancer. Immunity (2019) 50(4):924–40. doi: 10.1016/j.immuni.2019.03.024

33. Annunziata, M, Granata, R, and Ghigo, E. The IGF System. Acta Diabetol (2011) 48(1):1–9. doi: 10.1007/s00592-010-0227-z

34. Forbes, BE, Blyth, AJ, and Wit, JM. Disorders of IGFs and IGF-1R Signaling Pathways. Mol Cell Endocrinol (2020) 518:111035. doi: 10.1016/j.mce.2020.111035

35. Spadaro, O, Camell, CD, Bosurgi, L, Nguyen, KY, Youm, YH, Rothlin, CV, et al. IGF1 Shapes Macrophage Activation in Response to Immunometabolic Challenge. Cell Rep (2017) 19(2):225–34. doi: 10.1016/j.celrep.2017.03.046

36. Lindauer, ML, Wong, J, Iwakura, Y, and Magun, BE. Pulmonary Inflammation Triggered by Ricin Toxin Requires Macrophages and IL-1 Signaling. J Immunol (2009) 183(2):1419–26. doi: 10.4049/jimmunol.0901119

37. Ulich, TR, Yin, SM, Guo, KZ, del Castillo, J, Eisenberg, SP, and Thompson, RC. The Intratracheal Administration of Endotoxin and Cytokines. III. The Interleukin-1 (IL-1) Receptor Antagonist Inhibits Endotoxin- and IL-1-Induced Acute Inflammation. Am J Pathol (1991) 138(3):521–4.

38. Cummings, RJ, Barbet, G, Bongers, G, Hartmann, BM, Gettler, K, Muniz, L, et al. Different Tissue Phagocytes Sample Apoptotic Cells to Direct Distinct Homeostasis Programs. Nature (2016) 539(7630):565–9. doi: 10.1038/nature20138

39. Boada-Romero, E, Martinez, J, Heckmann, BL, and Green, DR. The Clearance of Dead Cells by Efferocytosis. Nat Rev Mol Cell Biol (2020) 21(7):398–414. doi: 10.1038/s41580-020-0232-1

40. Gao, S, Yan, L, Wang, R, Li, J, Yong, J, Zhou, X, et al. Tracing the Temporal-Spatial Transcriptome Landscapes of the Human Fetal Digestive Tract Using Single-Cell RNA-Sequencing. Nat Cell Biol (2018) 20(6):721–34. doi: 10.1038/s41556-018-0105-4

41. Glass, CK, and Natoli, G. Molecular Control of Activation and Priming in Macrophages. Nat Immunol (2016) 17(1):26–33. doi: 10.1038/ni.3306




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Rao, Zhong, Qiu, Cheng, Li, Zhang, Mao, Pang, Li, Song, Li, Dong, Zhang, Yu, Ren and Zhao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-12-760954-g005.jpg
~DAPICd68 Epcam
‘Sfrpd Col1at Ki67

100um &y 100m  oap kie7 | tooum DAPI_Cd68

DAP| Coltal N DAPI Sfrp4 S . _ DAPI Cd68

DAP| Cd68 Ki67 L5 P ax100m  DAP| Cdeg Collal

~._ DAPI Cdé8 Sfrp4 [ b | Cdés Colla

Cd68 Kis7 ; " "DARI Cde8






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Single-Cell Transcriptome Profiling Identifies Phagocytosis-Related Dual-Feature Cells in A Model of Acute Otitis Media in Rats

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusions

        



        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Ethical Approval of the Study Protocol

          



          		

            Regents and Antibodies

          



          		

            Animals

          



          		

            Generation and Evaluation of the AOM Model

          



          		

            Preparation of Single-Cell Suspensions

          



          		

            Library Preparation and Sequencing

          



          		

            Quality Control and Preprocessing of Sequencing Data

          



          		

            Unsupervised Clustering of Cells and t-Distributed Stochastic Neighbor Embedding (tSNE) Visualization

          



          		

            Differential Expression and Analysis of Signaling Pathways

          



          		

            Trajectory Analyses

          



          		

            Ligand–Receptor Expression and Cell Interactions

          



          		

            Cell Score (CS) Calculation

          



          		

            Multiplex Immunofluorescence

          



        



        



        		

          Results

        

          		

            Single-Cell Transcriptome Profiling of the MEM in Rats

          



          		

            AOM Is Characterized by Rapid Infiltration of Neutrophils and Macrophages During Inflammatory Progression

          



          		

            M2 Macrophages Are Key Regulators in Inflammation Progression

          



          		

            Phagocytosis-Related Dual-Feature Cells and Professional Phagocytes Coexist in the MEM

          



          		

            Phagocytosis-Related Dual-Feature Cells Are a Heterogeneous Group of Cells With Distinct Immunoregulatory Functions

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-12-760954-g003.jpg
® CO Neutro_1

A Incoming events (Case) Tnfsf12 - Tnfrsf12a e o TglaTgfrt+Tght2) . .. ©C1 Macro_2
cs C19 ¢ I34-Csfir| @ ® ® . eco0ce Tofb2-(Tgfbr1+Tgfbr2) - = © C2 Neutro_2
1 4 . 1134 - Csfir{ ~ ® e ce ce
cn ° 2215 I1b - l11r2 ©C3 Neutro_3
e Igf1 — Igftr © C4 Fibro_1
c1a. Grel2 = Cxer = i * S Cxcl12 - Cxcrd oo © C5 Epi_sec_1
&i #C12 Cxelt - Cxer2 een Csfi-Csfir] @@ cece o ©C6 Fibro_2
Q c17 Csfl—Csfir| e® o @ . o eece Cel9 - Cort C7 Epi_bas
. )
c6 Cel7 - Cert e ee see Cel6 - Cert e o gg :Ibm*s‘t
° eutro,
cs ic10, Col6 — Cert P Col5 — Cer5 | ocioT odr
) Cal5 - Cert o _cel
® C9 Ccl4 -Ccr5 (@ e ° 3 C11 Epi_sec_2
c1 ®c Ccld - Cer5 . ° | gci20c
(// . 3 Ccl3 - Cer5 {o o . o ° o Cds—Casles e & & @ vasie
et c2 Col3 - Cert . ©C13 Macro_1
b Cal3 - Cort ®°" | ec14Endo_vas
il e Recaptor O A i e NS ®C15Endo_peit
Donor L] Donor © C16 Endo_lymph
B Outgoing events (Case) D Macro_2 Macro_1 Encometal Epihe Fibrobiast Nerophit ©C17 B_cell
c19 © C18 Epi_Top2a+
ci - — 134 -Csftr| © RIS 1 B “ |vgfb3-(Tafort+Tgbr2) e o © C19 Epi_cili
cn » I1b - I1r2 ° boval
y c16 = . ® eses o oseee -valie
c18 » Igi-Igfir{® e ® e e o @@ 000 e [i24~Cafr ° ° ® 0.01<p<0.05
.
o 2C12 cxel2- Cxer2 | ° Igf1 - Igftr . Y e @ p<001
1 Cxel - Cxer2 . . Level
- & Cxcl12 - Cxord . e o max
Csfl —Csfir{ e eesvveo LR
»C10
Ccl6 — Cert . Csft —Csfir{ - © e: e e eess
® co Ccld—Cer5 | °
Ccl4 - Cer5 °
®cs Cel3—Cer5 | - N
Cel3 - Cert N Cel3 - Cer5 . N
min
Receptor EEEEEEEENEEEN Receptor M MMM E W N EEEEEER
G2 oo cis o7 cib Cs o Of 8 G 1 ol GO Gz o GI G o o o o on o o o G on o o o o o
Donor EENEEEEEEEENEENEEN Donor EEEEEENEEENEEEENN
— == C12 ciz o1 cts o1 G3 ClB 18 o4 o4 8 08 b @ ol ow @
E [ [ e
Case
TGF-B signaling pathway IL-1 signaling pathway CCL signaling pathway IGF signaling pathway
c19  c7
. cs5
o . c15 « ° e ® P ) c15
] N . . ci . i
c16 .
cis N . ° LW ci8, °
y . c12 « C12 5.1
. c12 . i
c4 : & c4
c17
» c17
\ » C17 L Cc6 c6 e
ce, . .
A » c10 . 10
s e cs . o
® c1 ® ‘
c1 c3
. -
L]
ci3 c2
L I s
Control
TGF-B signaling pathway IL-1 signaling pathway CCL signaling pathway IGF signaling pathway
oo &
° cl4
L]
° ° > . . ® ° o1
® () . o ote
™Y L ]
- © ci2 . c2
c18 e c1 3
[}
. » o C17
° o ®
= © @ c10
i ) - @) O
. & ° co
cs . . .
. o @5 co o P~ co c « o 2
ct o o c13 co





OEBPS/Images/fimmu-12-760954-g001.jpg
LPS

=
B § B ———
i — '
~ — —_— .
——
/{;—(} Sham
Normal control {\i

Harvest middle ear mucosa  Isolate live single cells Single cell sequencing via BD platform

E
Csfir
Tir2 1
Itgam
o
oanld ]
Ighm
Cds3 4
D R e s
® CO Neutro_1
& C1Macro_2 Egfl7
® C3Neutro_3 Fit1
© C5Epi_sec_1
© C8Fibro_3 Lyvet :
3 o C10T_cell
7} © c12pC
® C14 Endo_vas 510039
© C15 Endo_peri
e S mSmSE N 5
@ C17 B_cell
-50- —
50 25 0 25 50 EIEEEEEE "EEEEEEEEEER

C17 C12 C16CI5C14 C7 C19 C5 C11C18 C4 C6 CB C1 C13 C0_GC2 C3 C9 G10
tSNE_1 Beell DC Endothelial Neutrophil Fibroblast M®  Neutrophil T cell






OEBPS/Images/fimmu-12-760954-g004.jpg
UMAP_2

Macrophage score

CD68" singlecells| C°°1q°:Ma°M2 > o o o ,L;,l.l_ A -+ e
iy Cloertiiac Mz GO o @ s OB
« €2 Monocyte , & | RT1-Bb
| @ C3Granulocyte = -
ooes & C4lyvel*DC A1 halll, SV EPYEPY
*sngiets
10 @® C5 Mac senescent | 3 | RT1-Dob
© C6Fagr3a*DC | Nos2
® C7MKBT" progeniorcel Y o |®{ala| | |w] m
© C8 Epithelial cell e 4 S10029
® C9 Osteoblastic stromal cell A 4| case
€10 Mag intermediate ligax
;' ® C11Clecda’ DC 4 FERNE S o Fogrda
= 0 * <
> L L. Cetl
8 e & | Pe | et
<ol Cxcl3
A Cxeltt
o | + A Argt
10 Dla o (414 Mrct
LAl s = 4r
; s |- o |® Pas cdzrd
? ©ouwes ’ il |o]@lelt | e
c D PSS || feem
- o Case 1o e s Msr1
@ Control * ltgae
e |o® e et att
i . 1{d ® ¥ i -
hamar o> dF Ipan gt Jo o <R
= e o el (o] Sirpa
= bldn|do| | |Blsfe|e | |af tcamt
g £ Eomanabd b 152 | e
..m.\ §L 50 Clecoa
g
0 3 -_.L Epcam
(s}
4 ® Lyvet
> 5 | Mmp12
. b, o Clqe
ClecSa
-10 444 4| | s
0 ’ Xerl
5 0 5 10 Cass Control .-.-..-..-.-
UMAP_1 Co C1 C2 C3 C4 C5 €6 C7 C8 C9 C10 C11
Macrophage Macrophage. Macrophage
E Mki67+ progenitor cell F Epithelial cell G Osteoblastic stromal cell
*
1.0 1.0 1.0
:
0.5 05 &
0.0 o W - o
-0.5






OEBPS/Images/fimmu-12-760954-g006.jpg
°

A MkiB7+ progenitor cell (C7) GO terms

Cell division .|

Regulation of mitotic cell cycle
Positive regulation of cell cycle
Cylokinesis 4

Cellular response to hypoxia 4
Regulation of fibroblast proliferation 4
Cellular response to IL-7

Cellular response to IL-4 {

Endocytosis 4
Phagocytosis -
0 10 20
Counts
B Epithelial cell (C8) GO terms
Endocytosis -

Cell chemotaxis -

Cellular response to IL-1 4

Regulation of epithelial cell differentiation -

Regulation of myeloid cell differentiation -

Cellular response to fibroblast growth factor stimulus |

Regulation of chemokine production <

Granulocyte chemotaxis -
IL-2 production -
Phagocytosis 4
0 0 20
Counts
c Osteoblastic stromal cell (C9) GO terms
Ossification 4

Gell chemotaxis

Cartilage development -

Endocytosis -|

Bone morphogenesis -

Collagen fibril organization

Cellular response to fibroblast growth factor stimulus -
Phagocytosis -

IL-1 production 4

Negative regulation of inflammatory response -

0 20 40 60
Counts
Clqe* Mac M2 Agr1-Mac M2 Monocyte Granulocyte C1qc* Mac M2 Agr1*Mac M2 Monocyte Granulocyte
Lyve1*DC Mac senescent Fcgr3a' DC Mki67" progenitor cell Lyve1'DC Mac senescent Fegr3a*DC Mki67* progenitor cell
X 0
Epithelial cell  Osteoblastic stromal cell Mag intermediate ~ Clec3a* DC Epithelial cell  Osteoblastic stromal cell Mac intermediate Clecga* DC

IR S R S N

.10 o 10 10 o 10 -10 10 -10 10 10 10  -10





OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu-12-760954-g002.jpg
tSNE_2

Cell proportion (%)

50

25

Case
Control

Cell proportion (%)

40

30

20

case

c12 C16  Ci5

c14

Neutrophil

c4

Fibroblast

cs

a
c1

|
c3

c2

sevscseccecece

control

CO Neutro_1

C1 Macro_2

C2 Neutro_2

C3 Neutro_3

C4 Fibro_1

C5 Epi_sec_1
C6 Fibro_2

C7 Epi_bas

C8 Fibro_3

C9 Neutro_4
C10 T_cell

C11 Epi_sec_2
C12DC

€13 Macro_1
C14 Endo_vas
C15 Endo_peri
C16 Endo_lymph
C17 B_cell

C18 Epi_Top2a+
C19 Epi_cil

RERRRRE

B_cell
[2[o)
Endo
Epi
Fibro
Macro
Neutro
T_cell





OEBPS/Images/fimmu.2021.760954_cover.jpg
’ frontiers

in Immunology

Single-Cell Transcriptome Profiling
Identifies Phagocytosis-Related
Dual-Feature Cells in A Model of

Acute Otitis Media in Rats





