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A comprehensive understanding of dental pulp cellular compositions and their molecular responses to infection are crucial for the advancement of regenerative dentistry. Here, we presented a pilot study of single-cell transcriptomic profiles of 6,810 pulpal cells isolated from a sound human maxillary third molar and three carious teeth with enamel and deep dental caries. We observed altered immune cell compositions of the dental pulp in deep, but not enamel ones. Differential expression analysis revealed up-regulation of several pro-inflammatory, anti-inflammatory, and mineralization-related genes in the immune and stromal cells of the deep dental caries. Making use of an algorithm for predicting cell-to-cell interactions from single-cell transcriptomic profiles, we showed an increase in cell-cell interactions between B cells, plasma cells and macrophages, and other cell types in deep dental caries, including those between TIMP1 (odontoblasts)—CD63 (myeloid cells), and CCL2 (macrophages)—ACKR1 (endothelial cells). Collectively, our work highlighted the single-cell level gene regulations and intercellular interactions in the dental pulps in health and disease.
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INTRODUCTION

Dental caries is caused by the invasion of acid-producing oral bacteria into the enamel and dentin (1). When the carious lesions progress toward the dentin-pulp interface, the microbial composition that diffuses through the dentinal tubules could trigger the protective host responses by stromal and immune cells residing inside the pulpal tissue, resulting in the generation of tertiary dentin by odontoblasts to wall off the infection (2). With the removal of infectious tooth structure and proper tooth restoration, tissue homeostasis could be regained (1). However, stronger stimuli as in persistent deep carious lesions could lead to the death of odontoblasts, leading to the recruitment of cells from the pulp stem cell pool to the affected sites. These cells then differentiate into odontoblast-like cells that secrete the amorphous reparative dentin (2). At this stage where the inflammation outbalanced the healing, the disease could manifest as irreversible pulpitis and, in some cases, to pulp necrosis (1).

Endodontic treatment has been shown to achieve a satisfactory alternative to dental extraction as it can preserve the endodontically treated teeth in the oral cavity (3). The major drawback of this therapeutic modality is, however, the loss of tooth vitality. More recently, vital pulp therapy has gained much attention, especially on the treatment of immature permanent teeth (4). With the advancement of regenerative dentistry, biomaterials as well as stem cell therapy, which have been utilized to dampen the pulpal inflammation while preserving pulpal vitality (5). Nonetheless, there are currently limited indications for vital pulp therapy and regenerative endodontics (6).

An intricate balance of inflammation and regeneration is important for the defense against acid-producing bacteria that cause dental caries and the resolution of the inflammation afterwards (7). Therefore, a complete understanding of how the stromal and immune cells in the dental pulp function during physiologic and pathological conditions is needed. Multicolor flow cytometry has been used extensively to characterize the heterogeneous population of mesenchymal stem cells (MSCs) residing in the human dental pulp (8, 9), while the studies on the immune cell populations are much more limited. A previous study utilized flow cytometry analysis to show that immune cells, including neutrophils, T cells, macrophages and natural killer (NK) cells, account for only 1% of the whole pulpal population (10, 11). Meanwhile, B cells were reported to infiltrate in inflamed pulp tissues but not in healthy pulp (12, 13). Nonetheless, flow cytometry analysis is limited by the number of predetermined cell surface markers, making the true heterogeneity that includes rare cell types and functional subgroups remain undiscovered.

Transcriptomic studies have been used effectively to investigate the global changes of gene expression between healthy and inflamed pulpal tissues (14). The study has revealed that genes in the immune and inflammatory response pathways were upregulated in dental caries, while those in biosynthesis pathways were downregulated (14). Yet, the major drawback of “bulk” transcriptomes is the average gene expression levels from different cell types in the tissues, which are dominated by highly abundant cell types masking the information from minor but potentially significant cell types in dental pulp, such as immune cells. Single-cell RNA-sequencing (scRNA-seq) has been proven a powerful tool for the study of complex cell systems by providing comprehensive information on each cell response. A recent study has highlighted the utilization of scRNA-seq to delineate the heterogeneity of residential cells in dental pulp during the development of human teeth (15). Other work has provided an in-depth characterization and comparison of MSCs in the dental pulp and periodontal tissues (16). Single-cell transcriptomics has also allowed the discovery of pericyte subsets that showed the potential for the development to mature odontoblasts (17). However, as these studies focused on the tooth development and stem cell characterization, and only healthy dental pulp tissues were analyzed.

In our study, we employed scRNA-seq to explore the cell populations as well as their transcriptomic profiles during homeostasis and in presence of dental caries. Differential gene expression analysis was performed on each characterized cell type to provide insights into the global transcriptomic changes in healthy and diseased dental pulp, while preserving the cell identities. Lastly, potential interactions between cell types were explored using a computational prediction algorithm based on the transcriptomic profiles at the single-cell resolution.



MATERIALS AND METHODS


Tooth Collection and Tissue Dissociation

Permanent upper third molars were collected from patients between 20 and 36 years of age receiving dental extraction at the Oral and Maxillofacial Surgery Department, Faculty of Dentistry, Mahidol University, Thailand, under the ethical review exemption from the Mahidol University Faculty of Dentistry and Pharmacy Institutional Review Board (MU-DT/PY-IRB 2019/068.0811). An upper maxillary molar without clinical or radiographic evidence of dental caries was classified according to the International Caries Detection and Assessment System (ICDAS). The tooth with ICAS 0 was classified as “sound.” An upper third maxillary molar with arrested dental caries not extending beyond enamel was classified as “enamel caries” (ICDAS 2). Two upper third maxillary molars from two different donors with dental caries with clinically distinct cavity, involving inner 1/3 of the dentine were classified as “deep dental caries” (ICDAS 6) (see Figure 1A; Supplementary Table 1). Freshly extracted molars were kept in 1X Phosphate buffer saline solution (PBS)containing 1% penicillin/streptomycin (GibcoTM) on ice and immediately transported to the laboratory for tissue dissociation within two hours from the extraction of the first tooth. Dental pulp tissues were dissociated from the teeth mechanically, followed by enzymatic digestion as previously described in (18). Briefly, the dental pulp tissue was washed with PBS before treated with 3 mg/ml collagenase (Stemcell technologies, USA) and 1U dispase (Stemcell technologies, USA) for 1 h at 37°C with a vertexing interval of 15 min. The dissociated cells were washed twice with PBS before single-cell library preparation.
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FIGURE 1. Tissue distribution of stromal and immune cells in the dental pulp. (A) Schematic representation of experimental design. (B) Integrated UMAP from the healthy bone marrow and PBMCs (from publicly available data) and dental pulp samples (sound and enamel caries, from this study). (C) Normalized expression levels of the key maker genes used for cell type identification. (D) Stacked bar plots showing the proportion of cell type within dental pulps, PBMCs and bone marrow.




Single-Cell Library Generation and Sequencing

Single-cell libraries were generated according to the Chromium Single-cell 3' Reagent Kits V2 User guide (CG00052 RevF). Cell suspension was reconstituted in 0.04% BSA PBS to achieve the cell concentration of 500–1,000 cells/ul, before passing through the 40 μM strainer twice. Gel Bead-In Emulsion (GEM) was created using the Chromium Single-cell 3' Reagent Kits V2, following the manufacturer's protocol (10x genomics, USA). GEMs were recovered by Recovery Agent (10x Genomics), followed by cDNA synthesis and library preparation. The single-cell libraries were submitted for sequencing on the Hiseq system (Illumina, USA) at Macrogen Inc., Korea, with the sequencing depth of at least 50,000 reads/cells as recommended by the manufacturer. Each library was subsequently demultiplexed using the i7 indices. Raw reads were mapped against the human reference genome GRCh38 version 2020-A using CellRanger version 5.0.0 (10x Genomics).



Data Quality Control

The gene-cell matrices generated by Cell Ranger were imported into R-studio (19) for further analysis. The cells that have the number of expressed genes lower than 200 genes were discarded and the genes that were detected in fewer than 3 cells were removed. The ambient RNA was estimated and regressed by SoupX version 1.5.0 (20). The cell doublets were then removed by DoubletFinder version 2.0.3 (21), with 3.9% doublet formation rate for 5,000 targeted cells, according to the 10x Genomics user manual. The matrices were further processed by the Seurat package version 3.2.3 (22). Low quality cells defined by the expression of mitochondrial genes exceeding 25% were removed.



Data Integration and Visualization

To further assess the cell population and function of each dental pulp cell library, each gene-cell matrix was normalized using the “LogNormalize” function in the Seurat V3 package (22). Two thousand genes were used as the anchored genes for data integration across samples using the “Integrate” function. The integrated Seurat object underwent PCA analysis with 30 principal components (PCs) selected and visualized using Uniform Manifold Approximation and Projection (UMAP) (23).



Differential Gene Expression

We used the Wilcoxon Rank Sum test under the functions FindMarkers and FindAllMarkers of Seurat V3 (22), to compare between clusters of interest, as well as between different carious stages. The genes that expressed in at least 10% of the cells were included in a cluster. DEseq2 was utilized for average differential gene expression analysis. P-value computed by DEseq2 version 1.26.0 (24) below 0.05 was considered statistically significant.



Cell-Cell Communication

The potential cell-cell communications were predicted by the level of expressions of ligands and receptors in each cell type as identified by NATMI: Ligand-Receptor Interactions (connectomeDB2020) (25). The total edge-count and mean expression levels of ligand and receptor pairs were used for the downstream analysis.




RESULTS


Tissue Distribution of Structural and Immune Cells in the Dental Pulp

To investigate the similarities between the cells found in the dental pulp and the immune and structural cells, we first compared the cell composition of the dental pulp of our study, to that of publicly available healthy peripheral blood mononuclear cells (PBMCs) available from the 10x genomics website: https://www.10xgenomics.com/resources/datasets) and of the bone marrow (26) datasets (Figure 1B). We identified a population of fibroblasts by the expression of THY1, MCAM and that of odontoblasts by the expression of ALPL, OMD, and CCL2, which were exclusively found in the dental pulp (Figures 1B,C). On the other hand, the immune cells such as T cells (CD3D), NK cells (GNLY and FCGR3A) cells and monocytes (CD14) were found in all the three tissues (Figures 1B,D). Very low frequencies of B cells and plasma cells were found in the dental pulps of the sound tooth and the tooth with enamel caries, as compared with in the PBMCs and bone marrow (Figures 1B,D). Interestingly, we were also able to identify hematopoietic stem cells (HSCs) based on the expression of CD34, ENG and VCAM1 in both the dental pulp and bone marrow samples, but not in the PBMCs (Figures 1B–D).



The Cell Populations in Dental Pulp Were Altered in Response to Deep but Not Enamel Caries

We re-integrated the single-cell transcriptomic data from sound tooth, enamel caries and deep dental caries for more in-depth analysis of subpopulations within the dental pulp samples. Cell type annotation was performed by the expression markers as represented in Figure 2B; Supplementary Figure 1. Fourteen cell populations were identified in the sound tooth and enamel caries, while 16 were identified in the deep dental caries (Figure 2A). Of note, in our study we identified fibroblasts by the expression of THY1, and MCAM, which were also considered markers for mesenchymal stem cells (MSCs) in earlier studies (9, 27). We found heterogeneous populations of odontoblasts with varying degrees of gene expression associated with odontogenesis, such as OMD, ALPL and DMP1 (Figure 2A; Supplementary Figure 1) (28). Endothelial cells were identified by the expression of SELE and PECAM1 and hematopoietic stem cells (HSCs) in the adjacent cluster were annotated by the expression of CD34, ENG and VCAM1 (Figures 2A,B; Supplementary Figure 1). Immune cells such as T cells, NK cells, macrophages and the CD16+ monocytes and small number of plasma cells were found in all tooth conditions (Figures 2A,C,D). However, plasma cells were enriched in the deep dental caries, while B cells and the CD103+ dendritic cells (DCs) were only present in this population (Figures 2C,D), suggesting their potential roles in responding to bacterial infection.
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FIGURE 2. The cell population in dental pulp in sound, enamel, and deep carious teeth. (A) Integrated UMAP of the dental pulp samples: sound, enamel caries and deep dental caries. (B) The average expression levels of the marker genes used in the cell type annotation. (C) UMAP plots showing different distributions of cell populations in the sound, enamel, and deep dental caries. Dashed circles indicated the enrichment of B cells, plasma cells and CD103+ DCs in the deep dental caries (D) Stacked bar plots comparing the percentages of cell populations from the sound, arrested and deep dental caries.




Stromal and Immune Cells in the Dental Pulp Expressed Immune Pro-inflammatory, Anti-inflammatory, and Regenerative Genes in Deep Dental Caries

We next sought to identify the differentially expressed genes (DEGs) in the presence of deep dental caries, as compared to the sound tooth and enamel caries. Global differential gene expression analysis showed the upregulation of B cell and plasma cell-related genes such as IGHG1, IGHG2, IGLC1 and IGKC in the deep dental caries, which fell in line with the enriched B-cell and plasma cell numbers (Figure 3A). To gain better insights into how individual cell-types responded to deep dental caries, we performed differential gene expression (DEG) analysis on every cell type identified. We found changes in the expression levels of both cell-type specific and cell-type shared transcripts that could be characterized into three major groups: pro-inflammatory, anti-inflammatory, and regenerative genes.


[image: Figure 3]
FIGURE 3. Differential gene expression analysis in dental pulp from sound tooth and enamel caries vs. deep dental caries. (A) Pseudo-bulk DEG analysis showing average log normalized counts of the top 20 DEGs. (B) Dot plots showing expression levels of representative genes. (C–E) Feature plots showing the expression levels of a representative regulatory gene, APOE (C), mineralization gene, SCRG1 (D) and pro-inflammatory gene, NFKBIA (E).


The upregulation of genes involved in inflammation and the activation of immune responses, which includes NFKBIA and CXCL2, was shared among fibroblasts, odontoblasts, and HSCs (Figures 3B,E). HSCs also showed the upregulation of proinflammatory mediators, including IL6 and CXCL8 specifically in the deep dental caries, while the endothelial cell activation signatures showed the upregulation of genes associated with chemoattraction and leukocyte adhesion, such as VCAM-1, SELE, CCL2 and CXCL10 (Figure 3B). Macrophage activation was also evident by the upregulation of genes related to antigen presentation such as HLA-DPA1, HLA-DPB1, HLA-DQA2 and CD74 (Figure 3B).

Anti-inflammatory and regenerative roles of the resident cells have been investigated in the resolution of the inflammation in pulps (29, 30). In the current study, we were able to identify the upregulation of SERPINA3, a protein known to inhibit neutrophil function (31) and APOE, known to suppress macrophage's proinflammatory responses to lipopolysaccharide (LPS) (Figures 3B,C) (32). Moreover, SCRG1, a gene associated with the stimulation of bone formation by mesenchymal stem cells (33), was also upregulated in the OMD+ and ALPL+ odontoblasts (Figures 3B,D). Several genes associated with T cell activation such as CD74 and IL32, showed the increase in expression levels in the deep dental caries (Figure 3B). Interestingly, we also found the upregulation of immune regulatory genes such as IL2RA, an important molecule for regulatory T cell (Treg) function in specifically the deep dental caries (Figure 3B). The full list of DEG in the presence of deep dental caries, as compared with the healthy tooth and the tooth with enamel caries, is provided in Supplementary Table 2.



Predicted Cell-Cell Communications in the Dental Pulp From Single-Cell RNA-Seq Data

The cell-to-cell interactions between stromal and immune cells have been suggested to mediate the protection and maintain homeostasis in the dental pulp, although the exact mechanisms have yet to be elucidated (7). MSCs and odontoblasts have been known to express chemokine receptors that have immuno-modulatory potential (7, 34). However, how they interact with the immune cells in healthy and inflamed pulps remains largely unknown. Here, we utilized NATMI (25) to predict cell-cell interactions between each cell type based on the expression of ligands and receptors in a sound tooth and teeth with enamel caries, as compared to deep dental caries.

We compared the overall enrichment of ligand-receptor interactions in the deep dental caries with sound tooth and enamel caries, as reflected by the difference in the number of edge-counts (Figures 4A,B). As expected, the interactions between B cells, CD103+ DCs and all cell types were enriched, as these cells were only found in the deep dental caries (Figures 4A,B). Moreover, the number of interactions between macrophages and other cell types were enriched in the deep dental caries, compared to the sound tooth and enamel caries (Figure 4B).


[image: Figure 4]
FIGURE 4. Predicted cell-cell communication in the dental pulp. (A) Interaction networks between cells in different tissues/cell types in our dental pulp samples. Arrows were drawn from ligand expressing cells to receptor expressing cells. Blue lines indicate higher numbers of interactions in the deep dental caries as compared to the sound tooth/enamel caries. (B) The difference in total number of edges between ligands and receptors between each cell type. Blue boxes indicate significantly higher numbers of interactions in dental caries. (C) Ligand-receptor pairs with the highest level of expression in sound tooth combined enamel caries and (D) deep dental caries. Darker shades represent higher levels of expression (E) Expression levels of representative ligands (red) and receptors (blue), projected on UMAP.


Next, we compared the levels of expression of ligand-receptors expressed by each cell type in sound tooth/enamel caries, and deep dental caries. Interestingly, several common ligand-receptor pairs were identified in both the sound/enamel caries and deep dental caries (Figures 4C,D). The predicted ligand-receptor interactions with the highest expression levels include those between the odontoblasts and immune cells, such as CXCL14 in odontoblasts and CXCR4 in immune cells (Figures 4C–E), which were suggested to be involved in the migration of immune cells (35). Another example is the MIF-CD74 interaction. MIF was expressed in the early odontoblasts, ALPL+ odontoblasts, and OMD+ odontoblasts, while CD74 was expressed in antigen presenting cells such as macrophages, CD16+ monocytes and CD103+ DCs (Figures 4C–E). This interaction is known for its role in the inhibition of inflammatory responses (36), but whether it is essential for the regulation of pulpal inflammation is unknown. Our result suggested that odontoblasts and immune cells potentially interact for tissue homeostasis and in response to dental caries.

The ligand receptor pairs exclusively found in the deep dental caries include TIMP1-CD63 in odontoblasts and myeloid cells (Figure 4D). While TIMP1 was known for its extracellular matrix remodeling (37), CD63 was reported to inhibit odontoblastic death in dental caries (38). However, how the interaction between TIMP1 and CD63 affects the pathogenesis of pulpal inflammation is not currently known. Another enriched ligand receptor pair exclusive to deep dental caries is CCL2 on macrophages and ACKR1 on endothelial cells (Figure 4D). ACKR1 was known to be expressed in vascular endothelial cells and functions in promoting or dampening inflammation upon interacting with several pro-inflammatory cytokines of the CC and CXC families (39).




DISCUSSION

A better understanding of composition and intercellular communication in dental pulp would provide a foundation to regenerative dentistry in terms of clinical decision and therapeutic intervention. The characterization of dental pulp residential cells in our study has revealed that the dental pulp harbors HSCs as characterized by the expression of CD34. HSCs are multipotent progenitors for various blood cells residing mainly in the bone marrow and umbilical cord (40). Much interest has been given to MSCs; however, little is known about the role of HSCs in the dental pulp. Here, we have shown that in the deep dental caries that HSCs served as a source of IL-6 and CXCL8 expression, pro-inflammatory cytokines reported in pulpal inflammation (40). Whether HSCs play an important role in the overall inflammatory status of dental pulp, remains to be further elucidated.

The balance between inflammation, resolution, and regeneration, are essential steps in the control of infection and promotion of homeostasis in dental caries (1). Here, we have reported that the three processes may occur simultaneously in response to deep dental caries. However, one of the major limitations of this study was the limited number of samples. Hence, this experimental pilot study should be considered exploratory rather than a comprehensive investigation. A follow up study would be needed to validate the candidate genes of interest described in this study, to confirm veracity in situ. Moreover, the correlation between each biological marker to the clinical manifestation of pulpal disease would provide better insights into the molecular profiles that signal the stage of inflammation that could lead to a better tool for disease prognosis. Further study should include the clinical diagnosis, such as reversible or irreversible pulpitis to correlate with the molecular profiles for the discovery of candidate markers that aid the clinical decision making.

The ligand-receptor prediction tools allowed us to explore potentially new insights into the cell-cell interactions among different cell types in the dental pulp. We have shown that macrophages are among the cell types with a significant increase in the number of interactions with other cell types. Several studies have also shown that the interactions between odontoblasts and macrophages are essential to produce tertiary dentine through the Wnt signaling pathway (41). Interestingly, among the most highly expressed ligand-receptor interactions enriched in our deep dental caries samples, we found the TIMP1-CD63 interaction between odontoblasts and myeloid cells, including macrophage. TIMP1 has been shown to negatively regulate mineralization during the osteogenesis process through the Wnt/β-catenin signaling pathway (42). It therefore remains to be seen how this TIMP1-CD63 interaction affects tertiary dentinogenesis.

Another limitation in our study is the inability to effectively capture granulocytes. Granulocytes, especially neutrophils, have been known to be a challenge in single-cell transcriptomics, as they are sensitive to degradation, and they process relatively lower levels of transcripts compared to other white blood cells (43). As neutrophils are one of the most important players in inflammatory responses in dental pulp (44, 45), future studies should attempt to capture the neutrophils by different single-cell library construction platforms, such as BD Rhapsody (https://www.bdbiosciences.com/en-us/products/instruments/single-cell-multiomics-systems/rhapsody-express) or Seq-well (46).

Taken together, we have provided a pilot survey of dental pulp transcriptomic profiles in the healthy teeth and dental caries, which can serve as a platform for further in-depth and larger-scale investigation. To our knowledge, we are the first to compare the composition of dental pulp, perform the differential gene expression analysis, and predict the cell-cell interactions in health and disease. We have proposed potential candidates of genes that could be further validated for their potential as molecular markers for better clinical decision making and disease prognosis.
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