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Pericytes represent a population of mesenchymal cells that are found in virtually all vascularised organs where they share a range of similar features, mostly associated with vascular maintenance roles. It is becoming increasingly apparent that organ to organ differences exist between pericytes that directly relate to tissue-specific functions of these cells. Here, we present novel data indicating that in dental structures, pericytes have an immunomodulatory role. We show evidence supporting the concept that pericytes are a source of multiple cytokines and chemokines within the dental pulp, capable of regulating the extravasation of circulating lymphocytes. Using the SmartSeq-2 method we performed single cell RNA-seq and show that this is attributed to a defined pericyte sub-population that exists in vivo. In addition, as a consequence of our transcriptomic screen, we detect and validate a novel marker that can identify mature pericytes capable of giving rise to odontoblasts in vivo. Using transcriptomic screening, this marker is also identified to be expressed in pericytes residing in multiple other tissues including bone marrow, lung, and pancreas.
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INTRODUCTION

Terms such as mesenchymal stem cells, stromal stem cells, skeletal stem cells, bone marrow (or dental pulp) stem cells have all been used to refer to multipotent populations of cells in the mesenchymal/stromal compartment of organs (1–3). These stromal stem cells reside in the majority of vascularised tissues and some have a perivascular localization, commonly referred to as pericytes (formerly known as “rouget” cells) (4–6). Pericytes are present on the abluminal side of endothelial cells where they play a well-documented role in stabilizing endothelial networks both by mechanical support and by secretion of trophic factors (7). What has attracted the attention of the stem cell and regenerative biology field is evidence supporting the notion that pericytes are a source of mesenchymal stem cell precursors that generate mature mesenchymal cells that terminally differentiate into osteoblasts, odontoblasts, myoblasts, and adipocytes in vitro (8–12). It is also now established that the ability of pericytes to differentiate in such a way is not an artifact of tailored culture conditions but that this can be observed in vivo. To date, in vivo lineage tracing evidence exists showing pericytes give rise to multiple mesodermal derivatives in response to injury, such as osteoblasts (13), odontoblasts (14), and myoblasts (15). These observations pose the question of how pericytes in different organs control their differentiation into the appropriate cell type. Epigenetic and transcriptomic programs are active in dental pericytes that bias them into making an odontogenic fate decision if they are called to act as stem cells such as in a regeneration/repair context (16). This epigenetic programming of mesenchymal stem cell precursors has been shown to occur in a number of organs (17, 18). Using tooth pulp as a model we compared the properties of pericytes of the same origin (neural crest) in the same tissue (pulp) in a continuously growing vs. a non-growing tooth. Our data prompt reconsideration of the role of pericytes from that of being restricted to blood vessel maintenance. We show that pericytes in molars are a possible source of multiple cytokines and chemokines that regulate the local immune microenvironment. As shown by single cell RNAseq, these immunomodulatory factors originate from a discreet subpopulation of pericytes that do not correspond to the traditionally identified immunophenotype (CD146+/Endoglin+/Pdgfr-β+). In addition, we validate a novel marker from our transcriptomic screens that can be used to lineage trace pericytes that give rise to cells of mature mesenchymal phenotypes, including odontoblasts.



MATERIALS AND METHODS


Mouse Strains

XlacZ4 [JAX:018625, B6.FVB-Tg(Fabp4-lacZ)4Mosh/J] was used to identify and isolate pericytes (19). Tagln-Cre [JAX: 017491, B6.Cg-Tg(Tagln-cre)1Her/J] (20) mice were crossed with a dual fluorescence reporter mouse line [JAX: 007576, Gt(ROSA)26Sortm4(ACTB−tdTomato, −EGFP)Luo/J] (21). The offspring will be referred to as Tagln-Cre;mTmG.



Cell Isolation

Homozygous XlacZ4 [JAX:018625, B6.FVB-Tg(Fabp4-lacZ)4Mosh/J] (19) pups were collected at postnatal days 5–7 and sacrificed. Incisors and first molars were extracted from the mandible and maxilla and placed into ice cold sterile phosphate buffered saline (PBS). The epithelium was removed from incisors using a fine needle and the remaining dental pulp placed in freshly made SB buffer (1% FBS, 10 mM HEPES buffer pH7, PBS). The tissue was then isolated by centrifugation (1 min × 12,000 g), cut into small pieces using fine scissors and re-suspended in 5 ml of Collagenase D (Roche, 11088866001) and Dispase (Stem cell technologies, 07923). The tissue was allowed to dissociate by incubating the suspension in a cell culture incubator at 37° in 5% CO2.



Fluorescence Activated Cell Sorting

The dissociated tissue suspension was stained for β-galactosidase activity using the Fluorescein Di-β-D-Galactopyranoside system (Invitrogen, D2920) as per the manufacturer's instructions. Cells were then run through a BD FACS Aria III fusion machine, and flow cytometry analysis performed on a BD LSR Fortessa machine. Data analysis was with FlowJo v10 software.



Tissue Processing

Postnatal day 5–7 (p 5–7) homozygous XlacZ4 or CD1 pups were sacrificed and teeth extracted into phosphate buffered saline (PBS). Tissues were fixed in 4%, 0.2% glutaraldehyde for 12 h in preparation for X-Gal staining. Following PBS washes, samples were decalcified in 19% ethylenediaminetetraacetic acid (Sigma, E3889) at 4°C for 2 days and then washed in PBS before an initial sucrose dehydration (15% Sucrose, 2 mM MgCl2, PBS) overnight at 4°C, followed by a second dehydration (50% Sucrose, 50% OCT, 2 mM MgCl2, PBS) for 6 h at room temperature. Finally, teeth were embedded in optimum cutting temperature compound (OCT, Thermo Fisher, UK) and stored at −80°C. Samples were sectioned at 8 μm on the Bright OTF5000 Cryostat and mounted on superfrost slides (4951Plus, Thermo Fisher, UK), then frozen at −80°C or used immediately for immunohistochemistry.



X-Gal Staining and DAB Immunohistochemistry

Slides were post-fixed in 0.2% glutaraldehyde for 10 min on ice, and then washed in ice cold PBS containing 2 mM MgCl2, prior to incubation with detergent rinse solution (10 mM MgCl2, 0.005% Sodium deoxycholate, 0.01% IGEPAL CA-630, PBS) for 10 min on ice. Slides were then placed in X-Gal staining solution [2 mM MgCl2, 0.005% Sodium deoxycholate, 0.01% IGEPAL CA-630, 5 mM K3Fe(CN)6, 5 mM K4Fe(CN)6, 10 mM Tris-HCL pH7.3, 0.8 mg/ml X-Gal, PBS], at 37°C for 16 h. Slides were washed in PBS, and fixed in 4% PFA for 30 min at room temperature. Following 3 × 10 min PBS washes, endogenous peroxidase activity was blocked with 3% H2O2 (Acros, 20246500) for 15 min at room temperature. Following 3 × 10 min PBS washes, slides were incubated with blocking buffer (10% sheep serum, 0.1% Triton-X, 0.15% glycine, 2 mg/ml bovine serum albumin, PBS), for 1 h at room temperature. Subsequently slides were treated with primary antibody, diluted at a ratio of 1:300 in blocking buffer, overnight at 4°C. Unbound primary antibody was cleared by processing slides through 3 × 10 min washes of PBT2 (1% Tween-20, PBS), prior to incubation with biotinylated secondary antibody for an hour at room temperature. Unbound secondary antibody was subsequently cleared with 3 × 10 min PBT2 washes. Slides were incubated for 30 min at room temperature with avidin and biotinylated horse radish peroxidase (Vectastain Elite ABC HRP Kit, Universal, PK-6200) and washed 3 × 10 min in PBT2. Positive staining was visualized following addition of chromogen (Vectastain, Impact DAB peroxidase HRP kit) for 15–20 s. This reaction was stopped by placing in H2O and counterstained with haematoxylin for 30 s. For slides X-Gal stained, counterstaining was completed with exposure to Nuclear Fast Red (Sigma, N3020) for 3–5 s. Slides were dehydrated with increasing ethanol concentrations (70%, 90%, 95%, and 2 × 100%) before final xylene treatment (Sigma, 214736) 2 × 10 min. Sections were mounted with DPX (Merck, 100579), and images acquired on the Nikon Eclipse Ci. Antibodies used: Rabbit anti CD146 (Abcam, 75769), Rabbit anti CD105 (Abcam, 169545), Rabbit anti- Pdgfrb (Abcam, 32570), Biotinylated goat anti rabbit IgG (Vector laboratories, BA-100), Biotinylated rabbit anti-goat IgG (Vector laboratories, BA-500). All primary antibodies were used at a concentration of 1:300, and all secondary antibodies at a concentration of 1:500, in blocking buffer.



Transcriptomic Profiling

Dental pericytes (Figure 1A) were isolated as described above (illustrated in Figure 1C). Total RNA was obtained using the “Quick- RNA MicroPrep” kit (Zymo Research, R1051) according to manufacturer's instructions. Following poly-A selection, cDNA libraries were generated using SMARTer (Clontech, 634925). Barcoded libraries were then pooled and sequenced on an Illumina HiSeq 4000 (75 bp, paired end) at the Wellcome Trust Centre for Human Genetics (Oxford, United Kingdom). The paired-end libraries underwent quality control checks and trimming to filter out unreliably called nucleotides and to trim them from Illumina primers that were used during the library synthesis step. These fastq reads where then aligned to the mouse genome (GRCm38/mm10) using an RNAseq specific aligner. To quantify gene expression levels, count tables were generated using the mouse mm10 transcriptome as reference. The count tables of each sample group were then compared and subjected to expression testing to identify differentially expressed genes between the two conditions (Figure 1D). Raw reads were mapped to GRCm38/mm10 using Hisat2, and EdgeR together with the Cufflinks pipeline were used to identify genes with differential gene expression. Feature counts was also used to generate count tables for every sample. A gene was classified as being differentially expressed if it had a q < 0.05. The following algorithms were used for RNA-seq analysis: Hisat v2.0.3 (22), DESeq2 v2.11.38 (23), FeatureCounts v1.4.6p5 (24), the Cufflinks suite (25, 26), and EdgeR (27). Single cells were isolated as mentioned using FACS and RNA transcripts captured using the Smart-Seq2 protocol (28).
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FIGURE 1. Characterization and isolation of LacZ+ cells. Schematic representation of mandibular area that is dissected for experiments indicating pericytes in incisor and molar (A). LacZ+ are seen to be perivascular to blood vessels in both incisor and molar pulp as shown by traditional staining using X-Gal. Immunohistochemical staining indicates that LacZ+ cells co-express CD146, platelet derived growth factor receptor β, and Endoglin as indicated by the arrowheads (B). Diagram indicative of the fluorescence activated cell sorting (FACS) strategy to isolate pericytes from incisor and molar pulp of XLacZ4 mice (C). Overview of RNA-seq bioinformatic analysis pipeline (D). This included, quality check, filtering of low quality reads, and align raw sequencing reads obtained from the sequencing experiment. These reads were then processed as shown to map to the mouse reference genome (mm10) and the constructed transcriptomes compared to find statistically significant differences in gene expression between incisor and molar pericytes (D).




Data Sharing

Molar RNA-seq data and single cell RNA-seq data are deposited in GEO (NCBI) under GSE150953. Incisor RNA-seq data are deposited under bioproject number: PRJNA420442 (16).




RESULTS


XlacZ4+ Pericytes in Incisors and Molars Express Gene Markers Used to Identify Pericytes in vivo

Using post-natal pups homozygous for the XlacZ4 transgene we sought to isolate lacZ positive cells that have previously been validated to be pericytes. As suggested by the name, pericytes in all organs are found on the abluminal side of blood vessels (29). This is true for the majority of the mesenchymal compartments of multiple organs (4, 30). In mouse incisors, pericytes can be found intimately associated with blood vessels running the length of the central portion of the tooth. In molars, due to the more disorganized orientation of blood vessels, pericytes appear to be dotted around the mesenchyme (Figure 1B). Isolation of tissue from XLacZ4 animals, and subsequent histological processing showed, as expected, that in mouse incisors and molars, β-galactosidase expression, assayed using X-gal staining identifies cells intimately associated with blood vessels. In addition to their perivascular localization, these cells also express markers known to be expressed by pericytes in vivo. These include CD146, PDGF-Rβ, and Endoglin (Figure 1B). LacZ positive cells isolated from the XLacZ4 mouse have also been previously shown to be negative for a number of endothelial markers including Pecam1 (CD31), Nos3, Kdr, and Cdh5 (16). Having confirmed by both positive and negative selection that these cells are pericytes, we used a fluorescence activated cell sorting strategy to isolate the cells. The cell isolation process has been previously described (16) and detailed in the methods section. A number of documented bioinformatic tools were used to analyse the resulting RNA-seq libraries (Figure 1D). In brief, sequencing reads were quality checked and the integrity of the sequencing libraries was evaluated (Supplementary Figure 1). Reads identified as being of high quality were processed to generate count tables which were then subjected to differential expression testing to identify genes that were significantly dissimilar between the two pericyte populations (Figure 1D).



Molar and Incisor Pericytes Are Similar but Not Identical in Function

To confirm the identity of the FACS isolated (FDG+ve) cells as pericytes we firstly examined the gene transcription profiles of known marker genes that are reported as being expressed. Genome browser views confirmed high expression of poly-A captured sequencing reads mapping to the gene locus and exons of Acta2 (encoding αSMA), Mcam (CD146), Nes (nestin) (Figure 2A). All three of these are extensively described in the literature as being expressed in pericytes in multiple organs (4, 31). Isolated cells also expressed genes consistent with pericytes present in dental structures being of cranial neural crest origin (32, 33). This was demonstrated by their high expression of neural crest markers “Snail family transcriptional repressor 1” and 2 (Snai1 and Snai2) (Figure 2A). Following processing of sequencing reads and gene counting of each of the RNA-seq libraries, normalized FPKM tables were generated for each sample group. This allowed the identification of all genes expressed by pericytes. Comparing the expression of detected genes in the two groups it was evident that the overwhelming majority of genes expressed (n = 14,524) were shared by pericytes isolated from both molars and incisors (Figure 2B). Molar pericytes expressed a further 3,980 genes that were not detected in incisor pericytes. Respectively, incisor pericytes expressed 267 genes that could not be detected in molar pericytes (Figure 2B). The shared 14,524 genes were taken and categorized into protein families. Breakdown of this showed that the majority of shared genes were nucleic acid binding, such as transcription factors or co-factors (Figure 2C). This is consistent with what was expected as it would be assumed that pericytes irrespective of tissue of isolation, have similar transcription factor profiles. Three highly expressed genes encoding transcription factors, Twist1, Hmgb2, and Bzw1 are shown as illustrative examples (Figure 2D). Both Twist-1 and Hmgb2 have previously been shown to be important for maintenance of mesenchymal (stem) cells (34–37).
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FIGURE 2. Gene expression similarities between incisor and molar pericytes. Genome browser views of the aligned RNA-seq libraries confirming expression of pericyte markers in both populations, including Acta2 (alpha smooth muscle actin), and Mcam (CD146). Genome browser views also confirm that both populations express neural crest cell markers as expected. These included Snai1, Snai2, and also Nes which has also been described as a pericyte marker (A). Using FPKM tables derived from the aligned RNA-seq data we identified all genes expressed by pericytes in each location and overlapped them to identify genes expressed by both populations (prior to differential expression testing). This revealed that an overwhelming majority of genes (n = 14,524) was shared by pericytes irrespective of their isolation from molar or incisor (B). Molar pericytes expressed a further 3,980 genes that were not detected in incisor pericytes. Respectively, incisor pericytes expressed 267 genes that could not be detected in molar pericytes (B). Breakdown of protein families that genes shared between the two pericyte populations contribute to (C). Illustrative Genome browser views of transcription factors expressed by both pericyte populations (D).




Differential Expression Testing Suggests Pericytes Have an Immunomodulatory Role in Molar Pulp Cells

Differential expression testing was performed to identify genes whose expression level is statistically different between the molar and incisor pericyte populations. The analysis revealed that 1,104 genes were significantly upregulated in molar pericytes. Contrastingly, 939 genes were significantly upregulated in the incisor pericyte population (Figure 3A). Genes upregulated in the incisor pericyte population were previously described and these have been shown to relate to their odontogenic capabilities (16). Enrichment analysis on the 1,104 genes upregulated in molar pericytes, revealed that they do not carry the same odontogenic gene expression signature as their incisor counterparts. Surprisingly, these genes are driving enrichment of a number of immunologically flavored pathways that regulate the immune system (Figure 3B). This highlights a previously unreported possible function of pericytes in molars (38). Enrichment analysis showed that cytokine and chemokine signaling makes a strong component of molar pericyte transcriptomic identity. The top enrichment pathways identified relating to an immune function are “chemokine signaling,” “lymphocyte chemotaxis,” “cytokine signaling,” and “response to tumor necrosis factor” (Figure 3B). Investigating the datasets revealed that molar pericytes express a number of cytokines and chemokines that are driving the enrichment of these pathways including “Ccl2,” “Ccl3,” “Ccl4,” “Ccl7,” and “Ccl22” (Figure 3C) From the chemokine family, we detect expression of “Cxcl1,” “Cxcl2,” “Cxcl9,” “Cxcl10,” and “Cxcl12.” A number of these are known potent chemo-attracters such as Cxcl1 for neutrophils (39) Cxcl2 for polymorphonuclear leukocytes (40) and Cxcl9 & 10 shown to promote extravasation of multiple white blood cells (41).


[image: Figure 3]
FIGURE 3. Differential expression testing on detected gene expression differences. MD plot showing the results post-differential expression testing on the sequenced RNA-seq libraries. Identifying 939 being significantly upregulated in incisor pericytes as opposed to 1,104 genes significantly upregulated in molar pericytes. Majority of genes detected was not significantly differentially expressed between the two populations (n = 15,941) (A). Pathway enrichment analysis on genes significantly upregulated in molar pericytes (n = 1,104) identifies key pathways that are active in these cells. An ongoing theme appears to be the involvement of these cells in cytokine production and chemotactic signaling (B). Table showing cytokines and chemokines identified to be transcribed by molar pericytes (C).




Single Cell RNA-Seq Using SmartSeq-2 Reveals Perivascular Sub-populations

It has previously been shown that the XLacZ4 transgene is expressed in populations of pericytes but no other marker is co-expressed with all lacZ+ cells in vivo (16, 19). Therefore, we were interested in identifying pericyte subpopulations and pericytes that were labeled by lacZ+ but not captured using traditional immunolabeling. Single cell RNA-seq was performed utilizing the SmartSeq-2 method (28) on molar and incisor XLacZ4 pericytes. Pericytes were captured from each organ, and bioinformatically analyzed using the Seurat pipeline (42). This revealed 3 clusters (Figure 4A) that did not show any distinction in clustering based on organ of isolation (Figure 4A′). We then performed an in silico analysis external to “Seurat” to determine if we could identify immature vs. mature pericytes. This was done using “CytoTrace” (43) which revealed two groups. Clusters “0” and “2” had a high “cytoTrace” signal indicating more immature cells while cluster “1” showed a low “cytoTrace” signal, indicating a more mature cluster (Figure 4B). Genes representing the transition from high to low cytoTrace (i.e., less to more mature) are also shown (Figure 4B′). When these genes were investigated using the original clustering pipeline to identify their localization in the dataset, high cytoTrace genes were clearly expressed in clusters “0” and “2” (Figure 4C). Conversely, low cytoTrace genes indicating more mature populations, were expressed in cluster “1” (Figure 4C′). These genes provide novel information regarding segregation of pericytes in vivo, and new markers that can be utilized to lineage-trace these cells. Expression of chemokines and cytokines previously shown as upregulated in the bulk-RNA-seq were also investigated. These were highly expressed in clusters “0” and “2” of both organs. Single cell-RNAseq also corroborated the previously shown bulk RNA-seq data as these are expressed highly in molar sub-populations (Figure 4D). Investigating these clusters for expression of commonly used pericyte markers such as CD146 (Mcam), and alpha smooth muscle actin (Acta2) showed these to be expressed ubiquitously (Figure 4D′). It is key to note the lower expression of these markers in clusters “0” and “2” which harbor the immune signature. This was not unexpected as evidence shows that pericytes with an immunomodulatory phenotype downregulate expression of classical pericyte markers such as alpha smooth muscle actin (44).


[image: Figure 4]
FIGURE 4. In silico stem cell prediction. UMAP clustering of incisor and molar pericytes identifies 3 transcriptionally distinct populations (A). There is no segregation of cells based on tissue of isolation (A′). CytoTRACE in silico analysis indicates that sub-cluster “0” is predicted as being less differentiated than the sub-cluster “1” and “2” (B). Genes correlated with CytoTRACE are shown with genes of high CytoTRACE correlation indicating expression in less differentiated cells (more stem) and low correlation indicating correlation with more differentiated cells (B′). Investigating CytoTRACE genes in sub-clusters identified tight correlation of positive CytoTRACE genes with cluster “0” and to a lesser extent “1” (C) and genes of negative CytoTRACE correlation with sub-cluster “1” (C′). Dotplot showing expression of previously identified cytokines in pericyte subpopulations (D). Dotplot showing expression of commonly used pericyte markers across pericyte subpopulations (D′).




Characterization of a Novel Marker Identifying Pericytes With Odontogenic Potential in vivo

During the RNA-seq screening a gene candidate emerged (Tagln) that was highly expressed in both molar and incisor datasets (Figure 5A). This was further investigated in the sc-RNAseq derived datasets where it showed high expression in the mature pericyte clusters (“1”), but also in a minority of cells in the immature clusters (“0” and “2”) (Figure 4D′). The expression signature of Tagln is thus similar to that of other commonly used markers for mature pericytes such as Endoglin, CD146, Platelet derived growth factor receptor beta and Nestin (Figure 4D′).


[image: Figure 5]
FIGURE 5. Identification and validation of a novel marker for dental pericytes. Genome browser views of Tagln (SM22), highly expressed in RNA-seq libraries constructed from isolated incisor and molar pericytes (A). Immunhistological staining of molar and incisor cryosections confirming co-expression of LacZ and SM22 (B,C respectively; magnification shown in B′,C′ with arrows indicating co-expression.) Immunohistological staining following genetic lineage tracing in TaglnCre-mTmG identifies odontoblasts positive for GFP expression in molars. Dentin tubules protruding into the dentine are also identified as shown by the arrows (D,D′).


Due to its high expression in pericytes in silico, we sought to investigate expression of the mature protein encoded by the Tagln gene, Transgelin (Sm22) in vivo. X-Gal staining was performed on cryosections of teeth isolated from XLacZ4 mice, followed by immunostaining using an Sm22 specific primary antibody. This validated expression of Sm22 in both molar and incisor pericytes positive for expression of lacZ (Figures 5B,B′,C,C′). Expression of Sm22 could not be detected in cells that were negative for expression of lacZ. Using a transgenic mouse line expressing Cre-recombinase under the control of the Tagln promoter we utilized genetic lineage tracing to identify the progeny of Sm22 expressing cells. Isolating tissue and performing immunohistological analysis on TaglnCre;mTmG molars indicated that cells expressing Sm22 gave rise to mature odontoblasts (Figure 5D). Their identity as odontoblasts being evident from their positioning under the dentine matrix, and also the apparent processes of labeled cells that extend into the dentine matrix (Figure 5D′). Sm22 is thus a marker that can be used to identify dental pericytes in vivo that have been shown to have odontogenic capabilities as they give rise to odontoblasts. Sm22+ pericytes are not only found in tooth pulp since data mining single cell datasets obtained from other organs revealed Sm22+ perivascular cells exist in the mesenchyme of lung (45), kidney (46), pancreatic islets (47), and bone marrow (48).




DISCUSSION

Mesenchymal stem cell precursors, in the form of pericytes, reside in virtually all vascularised tissues (4). Their localization on the abluminal side of blood vessels, supports trophic, and mechanical support functions in maintaining endothelial cell networks (7). Expansion of pericytes in vitro shows they can give rise to MSC-like cells that irrespective of their tissue of origin can be stimulated to differentiate into mature mesenchymal lineage cells (49, 50). A number of studies have shown that pericytes isolated from mouse or human tissues are not equivalent in their transcriptomes or epigenomes and this is reflected in their differentiation potential in vivo and in vitro (13, 15, 16). Here we expand on this theme and investigated differences in pericyte transcriptomes isolated from the same tissue in the same organ that differ only in their adult growth. This in depth transcriptomic analysis revealed that pericytes in molars play a previously unidentified role in regulating the immune system, something which they do not appear to be doing to such an extent in incisors. These pathways implicate molar pericytes as being involved in chemokine signaling, cytokine signaling, and leukocyte activation. We also highlight a number of molecules as illustrative examples secreted by these pericytes that are driving enrichment of the above mentioned pathways. Pericytes have previously been reported to secrete immunomodulatory factors in many organs (51) or when seeded in specialized scaffolds in vitro (52). Pericytes have been shown to play a role in neutrophil trans-migration into the brain indicating that they are major contributors to immune defense systems (44, 53). Similarly, NG2 positive pericytes have been shown to regulate the movement of neutrophils across the basement membrane of mesenchymal tissues such as in muscle (53) in addition to secreting additional chemo-attractants to recruit more macrophages (54). This process of adopting an immunoregulatory phenotype has been attributed in part to a response to inflammatory factors such as interferon gamma (IFNγ) and Tumor necrosis factor alpha (TNFα) when secreted in the niche from supporting cells (55). Indeed in vivo studies have shown pericyte populations can constitutively release interleukins that are playing a role in regulating the local immune response in response to sterile inflammation (56). This immunoregulatory shift in pericyte behavior has been reported to interfere with expression of commonly used pericyte markers such as alpha smooth muscle actin (αSMA) (44). This would indicate that isolation strategies such as fluorescence activated cell sorting, relying on commonly used pericyte markers, may have previously missed these immunomodulatory pericytes. In the current study we show using single cell RNA sequencing that pericyte sub-populations exist in incisors and molars. A previously unidentified immune modulating sub-population exists in vivo that could potentially be playing a role in the context of sterile inflammation. Targeting this sub-population could help understand how pulp mesenchymal stem cells responds in cases of acute inflammation such as in damage (dental caries). A key question is why these “immune” pericytes are present in molar pulp but not incisor pulp? Both tooth types are subject to damage, odontoblast destruction, and pulp infection, however the key distinction is that in continuously growing incisors, pulp cells are completely replaced every 4 days and any infected cells would thus be rapidly cleared from the tooth tips. In non-growing molars however, little proliferation of pulp cells is observed and thus whereas infection in the incisors can be considered a transient event, molar infection needs to be controlled and an “immune” pericyte sub-population may be an important part of this control.

The other identified population has a more defined “mature pericyte” immunophenotype corresponding to cells co-expressing a number of commonly used molecules such as Endoglin, CD146 and alpha smooth muscle actin. An as of yet unreported gene Tagln was identified as being highly expressed in dental pericytes. This was confirmed be true in vivo using histological staining.

Remarkably, when lineage tracing Tagln expressing cells using an non-inducible Cre mouse, we identified that these pericytes differentiated into mature odontoblasts. Together, RNA-seq data presented here offer a valuable resource for the dental research community in addition to describing previously unappreciated cellular sub-populations that can act as additional targets for clinical intervention. Although there is a wealth of evidence showing that cultured stromal stem cells from many different tissues, including dental pulp, have effects on immune cell behavior in vitro, very little is known about the extent any of these immune modulatory processes occur in vivo (57, 58). Indeed, the most compelling in vivo evidence suggests the immune modulation observed when cells are injected systemically is indirect, occurring as a result of apoptosis of cells trapped in the lungs (59, 60). Since mobilization of endogenous (resident) stem cells is an intensive area of investigation in clinical regenerative approaches, including dentistry, an understanding of tissue-specific properties of the cells and their precursors is important to develop approaches that can be individually tailored to each tissue. Our results presented here showing that stem cell precursors in tooth pulp have transcriptome profiles suggestive of distinct organ-specific immune modulatory functions, can provide a platform for understanding the extent to which these cells modulate key reparative processes such as inflammation.
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Supplementary Figure 1. Quality statistics on aligned RNA-seq datasets. Standard quality control checks were performed on datasets following the alignment to the mouse reference genome (mm10) prior to differential expression analysis. This showed that all samples sequenced had both high nucleotide calling accuracy, and sequence quality. Moreover, the datasets showed very little degree of duplication. We sequenced two biological replicates for incisor pericytes (A,B) and two for molar pericytes (C,D).
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