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Single-cell RNA-seq reveals a resolving immune
phenotype in the oral mucosa

Paul Cantalupo,’ Alex Diacou,” Sangmin Park,? Vishal Soman,’ Jiamiao Chen,? Deshawna Glenn,?
Uma Chandran,’ and Daniel Clark?34.*

SUMMARY

The oral mucosa is the interface between the host immune response and the oral microbiota. In peri-
odontal disease, the microbial plaque elicits a tissue-destructive immune response. Removal of the
microbial stimulus initiates active resolution of inflammatory. Here, we use single-cell RNA-
sequencing (scRNA-seq) to characterize the immune response within the oral mucosa across three
distinct conditions of periodontal health, disease, and resolution in mice. We report gene expression
shifts across the three conditions are driven by macrophage and neutrophils and identify a unique
gene signature that characterizes resolution of disease. Macrophage subgroups are identified that
demonstrate differential expansion across conditions, including a subgroup that expands during res-
olution with an immunoregulatory gene signature and enriched for surface marker Cd74. We validate
expansion of this subgroup during resolution via flow cytometry. This work presents a robust single-
cell dataset of immunological changes in the oral mucosa and identifies a resolution-associated
macrophage phenotype in mucosal immunity.

INTRODUCTION

Periodontal disease is a chronic inflammatory condition that affects the supporting tissues of the teeth, eventually leading to tooth loss. Peri-
odontal health is dependent on a symbiotic balance of the mucosal immune response with the oral microbiota. When pathologic shifts of the
microbial plaque occur, qualitative and quantitative changes of the cellular immune response are evident.! The initial innate immune
response in periodontal disease is characterized by neutrophil and macrophage infiltration followed by an adaptive immune response.”*
Eventual recruitment and activation of osteoclasts and matrix metalloproteinase activity leads to the tissue destruction surrounding teeth
that is evident in periodontal disease.”

Removal of the pathologic microbial plaque eliminates the immune response stimulus, and the process of inflammatory resolution
begins to promote the return to tissue homeostasis.” A timely and complete resolution of inflammation is necessary to limit the tissue
damage. Resolution of inflammation is an active process that consists of the production of mediators that inhibit further immune cell
recruitment, upregulation of apoptosis and efferocytosis, and initiation of the cascade of regenerative processes to repair damaged
tissue.“® Resolution of inflammation during periodontal disease is also characterized by phenotypic changes of immune cells.
Multiple cellular phenotypes of macrophages, T cells, and neutrophils have been reported within the oral mucosa in conditions of
periodontal health versus disease.””'' High-throughput transcriptional analysis has further led to the characterization of many diverse
phenotypes that are tissue and disease specific.'”'* However, less is understood about the immune cell phenotypes that actively
drive inflammatory resolution.

The goal of this work was to demonstrate the unique cellularimmune response across three distinct conditions of periodontal health, dis-
ease, and resolution in mice using single-cell RNA-sequencing (scRNA-seq). Here, we present the transcriptional signatures and cellular sub-
groups that characterize each condition and identify the differential gene regulation that defines that transition within the oral mucosa from
health to disease and from disease to resolution. Interestingly, we identified significant diversity of macrophage populations within the oral
mucosa. We characterized a transcriptionally distinct macrophage subgroup that expanded during the resolution condition and demon-
strated an immunoregulatory gene signature. We identified a cell surface marker for this resolution-associated macrophage subgroup
(Cd74) and validated the expansion of this subgroup during resolution via flow cytometry. These findings begin to identify markers of inflam-
matory resolution in periodontal disease to determine earlier and more accurate markers of disease progression versus resolution in the oral
mucosa.
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RESULTS
Resolution of periodontal disease models a return to tissues homeostasis

We utilized a ligature model in mice to study the immune response across conditions of periodontal health (control), periodontal disease
(disease), and resolution from periodontal disease (resolution) (n = 7/group). To induce disease, ligatures were tied around the second maxil-
lary molar for 7 days, as previously reported.’™'® To promote resolution, ligatures were removed after the disease induction period and the
animal was allowed to recover for 5 days (Figure 1A). Flow cytometry analysis of immune cells (Cd45+) infiltrating into the periodontium (the
mucosa and underlying bone that support the teeth) showed that immune cells peaked in the disease group and returned to near baseline
levels in the resolution group (Figure 1B). The extent of bone loss of the tooth-supporting bone is used as a clinical proxy of periodontal dis-
ease severity in mouse model.'® Here, linear measures of the supporting maxillary bone showed that bone loss was significantly greater in the
disease group compared to the others. In the resolution group, there was a significant gain in bone level compared to the disease group, but
bone levels did not return to baseline and there was still significantly greater bone loss compared to control group (Figures 1C and 1D). We
then used gPCR analysis to evaluate inflammatory gene expression within the periodontium. Expression of inflammatory cytokines II-18 and
II-6 was significantly increased in the disease group compared to control. Reduction of the inflammatory genes was observed in the resolution
group. Anti-inflammatory gene Il-10 remained significantly elevated in the resolution group compared to control (Figure 1E). Taken together,
we validated our model of periodontal disease by showing that the resolution group was associated with bone gain and decreased inflam-
matory cytokine expression compared to the disease group but without a complete return to baseline conditions observed in the control

group.

Single-cell RNA-sequencing identifies a heterogeneous immune cell population isolated from the oral mucosa

To understand the differential cellular immune response across the three conditions of periodontal health, disease, and resolution, we used
scRNA-seq to analyze Cd45+ immune cells isolated from the periodontium of mice (n = 3/group). Cells were isolated via fluorescence-acti-
vated cell sorting (FACS), and single-cell library preparations were made using the 10X genomics pipeline. Sequencing was performed on an
average of 2,714 cells per mouse with a mean of 202,085 reads per cell. An expanded QC analysis is presented in Figure S1. Figure 2A dem-
onstrates the uniform manifold approximation and projection (UMAP) representation of the immune cells across all conditions. Immune cell
types were assigned according to differential expression of known marker genes (Figure 2B), with each cell type demonstrating a distinct tran-
scriptional profile (Figure 2C; Table S1). We observed a change in the proportion of immune cells isolated from the periodontium across the
three conditions (Figures 2D and 2E). The disease condition was associated with an expansion of neutrophils and decrease in the proportion
of B cells.

Gene signatures shift in immune cells across conditions of periodontal health, disease, and resolution

We next evaluated shifts in gene expression across the three conditions. Differential gene expression analysis was used to compare disease
versus control groups and resolution versus disease groups. In this way, we were able to evaluate shifts in gene expression during the change
from periodontal health to disease (disease vs. control) and during the change from periodontal disease to resolution (resolution vs. disease).
Volcano plots demonstrate the significant differentially expressed genes (DEGs) globally across all cell types (p adj < 0.05) (Figure 3A). A total
of 237 and 156 genes were significantly up and downregulated respectively in disease vs. control comparisons, and 192 and 416 genes were
significantly up and downregulated respectively in resolution vs. disease comparisons. Inflammatory genes that have a strong association with
periodontal disease pathology, such as II-18 and TnFa, were significantly upregulated in disease vs. control and downregulated in resolution
vs. disease. Similar trends were observed with genes encoding chemokines and matrix metalloproteinases. A full list of the DEGs is presented
in Table S2. Figure 3B presents the DEGs by cell type. The DEGs are largely enriched within neutrophils and macrophages. In the resolution vs.
disease comparison, DEGs become more apparent in B cells as well. Focusing on the DEGs in neutrophils and macrophages, a strong trend
toward the upregulation of genes in disease vs. control is countered by a downregulation of genes in resolution vs. disease (Figure 3B). The
heatmap in Figure 3C lists the 148 genes in neutrophils and macrophages that were conversely regulated across the two comparison groups.
These 148 genes were a subset of neutrophil and macrophage DEGs presented in Figure 3B that were both upregulated in the disease vs.
control comparison and downregulated in the resolution vs. disease comparison. This gene set consists of an enrichment of pro-inflammatory
genes upregulated in the pathological inflammatory status of periodontal disease and then downregulated during the resolution of disease.
We also observed another subset of DEGs (n = 79) that were only upregulated in the resolution vs. disease comparison (Figure 3D). This subset
represents, in part, the transcriptional activity uniquely involved with the resolution of inflammation. Gene ontology analysis was further per-
formed on the DEGs significantly up and downregulated in resolution vs. disease (Figure 3E). Resolution was associated with an upregulation
of genes enriched for apoptotic signaling pathway and pattern recognition signaling. Genes enriched in immune response, cytokine-medi-
ated signaling, and response to LPS were downregulated.

Gene expression shifts are associated with enriched cell-cell communication pathways across conditions

We also wanted to understand how the shift in gene expression across groups may affect cellular communication between immune cells. We
performed cell-cell communication analysis using CellChat to evaluate differential enrichment of ligand-receptor gene pairs. Figure 3F pre-
sents circle plots that show the relative quantity of enriched ligand-receptor gene interactions between cell types. The thickness of the line
demonstrates the quantity of potential interactions, and the red and blue color represents an increase and decrease respectively of the
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Figure 1. Validation of periodontal disease induction and resolution model
(A) A ligature model of periodontal disease was implemented in adult male mice (C57bl/6, n = 7/group), and mice were evaluated in conditions of control,

disease, and resolution.

(B) Analysis of Cd45+ immune cells isolated from the periodontium via flow cytometry.

(C) The maxillary bone of the mice was evaluated for extent of bone loss across the three conditions.

(D) Representative photos of the maxillary process from mice of each group. Scale bar, 1 mm.

(E) gPCR analysis of gene expression within the maxillary gingival tissue from the maxilla across the three conditions. *p < 0.05. Data are presented at means +/- SEM.

number of interactions during disease vs. control (top) and resolution vs. disease (bottom). An increase in communication was observed be-
tween macrophages and T cells during disease compared to control conditions (thick red line). The resolution vs. disease comparison was
associated with an overall decrease in cell-cell communication (blue lines), including decreased communication between macrophages
and T cells. The enriched ligand-receptor gene pairs that facilitate macrophage and T cell interactions are shown in Figure 3G. The disease
group is characterized by an increased number and diversity of ligand-receptor pairs compared to resolution. Macrophage interaction with
T cells was shown to be facilitated through multiple ligand-receptor pairs including the macrophage inhibitory factor (Mif)-Cd74 pathway.

Expansion of an immunoregulatory macrophage subgroup is associated with the resolution of periodontal disease

We next wanted to better understand the heterogeneity within macrophages and identify potential functional subpopulations and their dif-
ferential expansions across conditions. We focused our analysis on the subgroups that were identified in macrophages due to the

iScience 27, 110735, September 20, 2024 3




¢? CellPress iScience
OPEN ACCESS

B
B Cells T Cells
cd19 Fcrla Cd3e Cd3g
hd g
5 p &
3
NK Cells
Lyég Klrag Kirb1c
p # »
Siglech |
Bst2 |
Cerd GMP Macrophages
Coxgg o Dendritic Cell Elane Mpo cer2 Csflr
RelnLl( s Neutrophil / ); ) 4
§100a9 * BCell : § . ¥
L‘\cins o Basophil Y ; L0 %g»
EDf1 UM AR {Xas FRSE . 2
oarda HIII\ m’ll\ I . LCeu X b ; y
n o Macrophage } ;
= L o
Vpreb3 il | A i
Tﬂscﬁg * NKCell
116
C(?aﬁ y . o
cld Expression 3 Basophils Dendtritic Cells
2 2 Prss34 Mcpt8 Siglech Clec9a
' i 1
|~ | 0 § ¢ :
i 0 o ! %
\‘\II | I‘I I Bl Expression ; ;
| \J | 2
UL o 2 S
H
UMAP_1
E Control Disease Resolution
D 15
10
10
075
[ Bcel
[ Basophil 85
H [ endritic Cell g
§o.5o GMP §
13
& . Macrophage 0
B Neutrophil
I NKcel
025 Wca
5
00 -0 5 0 5 10 -0 5 0 5 10 -0 5 0 5 10
Control Disease Resolution UMAP {

Figure 2. Single-cell RNA-sequencing identifies a heterogenous immune cell population isolated from the oral mucosa

scRNA-seq analysis was completed on immune cells (Cd45+) isolated from the periodontium of mice in three groups; controls, periodontal disease induced, and
periodontal disease resolution (n = 3/group).

(A) Uniform manifold approximation and projection (UMAP) representation of the immune cells identified in the scRNA-seq analysis.

(B) Feature plots demonstrate the differential expression of characteristic cell type gene markers used to define immune cell types.

(C) Heatmap demonstrates the transcriptional differences across the defined cell types.

(D and E) Bar plot and UMAP demonstrates the change of each cell type across the three groups of periodontal control, disease, and resolution. Natural killer cells
(NK Cells), granulocyte-monocyte progenitor cells (GMP).

demonstrated role of macrophage subpopulations in other conditions of health and disease.'”'® Other subgroups were identified in this da-
taset within B cell and neutrophils (Table S3). Unsupervised clustering identified 4 transcriptionally distinct macrophage subgroups that
shifted in proportions across control, disease, and resolution conditions (Figures 4A-4C).

We further evaluated the transcriptional profile of each subgroup to gain a better understanding of their activity (Table S3). We observed
an expansion of subgroup 7 during the disease condition and demonstrated a pro-inflammatory transcriptional phenotype, including
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Figure 3. Gene signature shifts identified in immune cells across control, disease, and resolution

(A) Volcano plots demonstrate the total differential gene expression in the diseased group compared to controls (left) and in the resolution group compared to
the diseased group (right) (p adj < 0.05).

(B) Dot plots depict the differential gene expression by cell type in the diseased group compared to controls (left) and in the resolution group compared to the
diseased group (right) (Log2FC > 0.25, p adj < 0.05).

(C) Heatmap shows the 148 genes that were inversely regulated across the two comparisons in neutrophils and macrophages.

(D) Heatmap shows the 79 genes that were only upregulated in the resolution vs. disease condition and not differentially regulated in the disease vs. control
condition in neutrophils and macrophages.

(E) Gene ontology analysis was performed on the DEGs significantly up and downregulated in resolution versus disease comparisons.

(F) Gene signature shifts were also associated with differential enrichment of cell-cell communication pathways across conditions. Circle plots show the relative
quantity of enriched ligand-receptor gene interactions across the immune cell types. The thickness of the line demonstrates the quantity of potential interactions.
A red line represents an increase in the number of interaction within the given comparison and the blue line represents a decrease.

(G) Dot plots demonstrate the enriched ligand-receptor gene pairs that facilitate macrophage and T cell interactions in conditions of disease (left) and resolution
(right).

enrichment for Mpo, Elane, Ccr2, Prtn3, and Ctsg (Figure 4B; Table S3). Subgroup 7 was also enriched with inflammatory-associated gene
ontology (GO) terms including defense response to bacterium, cellular response to oxidative stress, and positive regulation of cytokine pro-
duction (Figure 4D).

In contrast, subgroup 10 expanded during the resolution condition. This subgroup had a unique transcriptional profile that was enriched
for GO terms that may suggest a critical role of these macrophages in the resolution of periodontal disease. These GO terms include lympho-
cyte chemotaxis, regulation of blood vessel remodeling, regulation of epithelial cell proliferation, and endocytosis (Figure 4D). Violin plots
demonstrate the differential enrichment of immunoregulatory genes in subgroup 10 compared to the other macrophage subgroups (Fig-
ure 4E). The genes enriched within this subgroup include Tnip3, Tnfsf9, and Apoe. Tnip3 encodes TNFAIP3 interacting protein 3 which nega-
tively regulates nuclear factor kB (NF-kB) activation and competes against TnFa, Tlr3, and II-1p signaling to downregulate inflammation.'?*°
Tnip3 expression by macrophages has previously been demonstrated as characteristic of an anti-inflammatory macrophage response.”'
Tnfsf9 encodes the tumor necrosis factor (TNF) superfamily member 9 protein. Tnfsf9 has been shown to induce an anti-inflammatory macro-
phage phenotype characterized by Il-10 production.”” Apoe expression by macrophages has been previously characterized in a select immu-
noregulatory subpopulation,” possible acting to dampen T cell activation.”® In addition, subgroup 10 showed a significant decrease in
expression of Fn1 compared to the other subgroups. High Fn1 expressing macrophages have been shown to perturb normal tissue healing
and to be involved in pathologic fibrosis in kidney and heart disease and systemic sclerosis.”>*

Subgroup 10 was also transcriptionally defined by the significant upregulation of Cd74 expression compared to the other macrophage
subgroups (Figure 4F). To validate the presence of a Cd74+ macrophage population in the periodontium, we used flow cytometry to analyze
macrophages isolated from mice during control, disease, and resolution conditions (Figure 4G). Here, we validated the presence of Cd11b+,
Cd74+ macrophages in the periodontium and showed that the resolution condition was associated with a significant increase in the propor-
tion of Cd74+ macrophages compared to the disease condition (Figure 4H). Additionally, immunofluorescence was used further validates
Cd74+ macrophages within the gingiva of mice in conditions of health, disease, and resolution (Figure 4l). Co-staining of Cd74 and
Cd11b was identified and present in greater quantities in conditions of control and resolution.

Macrophage subgroup validation in human scRNA-seq dataset

We wanted to further understand how our findings in mice compared to immune cell profiles in human periodontal tissue during conditions of
periodontal health, disease, and resolution. Toward this, we incorporated an existing human dataset that utilized scRNA-seq to analyze im-
mune cell from periodontal tissues in patients with periodontal health, severe chronic periodontitis, or post periodontal treatment in patients
with an initial diagnosis of periodontal disease.”’ We considered the post-treatment group to be comparable to our resolution model in mice.
We reanalyzed this dataset applying the same analytical pipeline for our mouse dataset and replicated a similar number of distinct cell-type
clusters, as presented in the original article (Figure S2A). We identified a macrophage cell cluster that showed significant overlap of expression
of the macrophage marker gene used in their original analysis (C1QA) with the macrophage cell group marker used here in our mouse dataset
(CSF1R) (Figures S2A-S2C). Further, we similarly identified four transcriptionally unique macrophage subclusters in the human dataset
(Figures S2D and S2E; Table S4). We observed differential expansion of these macrophage subgroups across the three conditions (Fig-
ure S2F). Similarly, a resolution-associated macrophage subgroup was observed to expand during the resolution condition in the human data-
set. This subpopulation also showed similar enrichment for genes involved in the immunoglobulin-mediate immune response and antigen
processing (ERAP2, HLA-DOB, HLA-DPA1, HLA-DQAT1, and TAP2) and endocytosis (PIK3CB, PPT1, CBL, and ARFé), similar to the processes
in the resolution-associated subpopulation in our mouse models (Table S4). Finally, the resolution-associated subpopulation showed enrich-
ment for CD74 (Figure S2G), further demonstrating the similarity in a resolution-associated macrophage population in the periodontium
across human and mouse datasets.

DISCUSSION

The current study provides an immune cell dataset of the mouse oral mucosa during three distinct conditions of periodontal health, disease,
and resolution. For modeling resolution, we induced periodontal disease and then allowed the mice to recover after the ligature was removed
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Figure 4. Expansion of an immunoregulatory macrophage subgroup is associated with the resolution of periodontal disease

(A) UMAP depicts 21 immune cell clusters identified via unsupervised clustering analysis, including four macrophage subgroups.

(B) Bar plot demonstrates the proportional shifts of each subgroup across conditions.

(C) Heatmap and (D) gene ontology demonstrate the transcriptional heterogeneity of each macrophage subgroup.

(E) Violin plots demonstrate the differential expression across all macrophage subgroups of the selected immunoregulatory genes.

(F) Violin plot and feature plot show that Cd74 expression was highly enriched in subgroup 10 compared to other macrophage subgroups. The presence of a
Cd74-expressing macrophage subgroup was validated in vivo.

(G) Gating strategy for flow cytometry analysis used to identify Cd74+, Cd11b+ macrophages.

(H) Representative quadrant gating applied to samples in each condition (n = 7/condition) to identify Cd74+, Cd11b+ macrophages. Bar plot demonstrates the
proportion of Cd74+, Cd11b+ macrophages to all Cd11b+ macrophages isolated from the periodontium of mice in control, disease, and resolution conditions.
() Representative immunofluorescence images of mouse gingiva stained for Cd11b (red) and Cd74 (green) in each conditions. Box within images in top row
outlines ROI at higher magnification in bottom row.

*p < 0.05. Data are presented at means +/- SD.

for 5 days. During the recovery period, bone loss improved compared to the disease condition but did not return to baseline levels observed
in the control condition (Figure 1). Similarly, inflammatory cytokine expression in the tissue decreased in the resolution group compared to
disease, but not all cytokines measured returned to the baseline of the control (Figure 1). Other groups have utilized similar periodontal res-
olution models in mice and evaluated the extent of healing.”®*” Wong et al. showed gains in bone levels and decreased osteoclast quantity by
one week following ligature removal and a near complete return to baseline levels by 2 weeks after ligature removal.?” Our findings here vali-
date our model of periodontal disease resolution, as the 5-day period was sufficient to observe active resolution of disease without a com-
plete return to baseline control conditions. Therefore, we were confident in our subsequent characterization of the transcriptional processes
involved in the resolution of periodontal disease via scRNA-seq.

The shift from disease to resolution was associated with a decrease in numerous pro-inflammatory genes across macrophages and neu-
trophils (Figure 3). We also observed a subset of genes that was solely upregulated in the resolution condition and represented, in part, the
transcriptional processes involved with the active resolution of periodontal disease (Figure 3D). Gene ontology analysis of this subset showed
a significant upregulation of apoptotic signaling pathways (Figure 3E). Apoptosis of immune cells is required for the resolution of
inflammation. %"

Our clustering analysis demonstrated multiple cell subgroups in neutrophils, macrophages, and B cells. Interestingly, we did not observe mul-
tiple subgroups within T cells. T cell subpopulations, such as Th17 and Tregs, have been well characterized in periodontal health and disease. In
our analysis, T cells consisted of 2.5% of the total immune cells isolated from the periodontium. Others have similarly analyzed Cd45+ immune
cells isolated from the periodontium of mice via scRNA-seq and showed a T cell fraction that was comparable® or markedly greater'" to our
fraction. Identifying multiple T cell clusters in our dataset may have been achieved by performing a second re-clustering analysis using a higher
resolution of only T cells. However, others have found that resolving certain T cell subpopulations requires protein characterization.*

In addition, we observed multiple transcriptionally distinct macrophage subgroups that differentially expanded or contracted across con-
ditions of periodontal health, disease, and resolution. Macrophages subpopulations have been identified in other tissues via scRNA-seq with
described pathologic roles in the lungs® and kidneys®® and having beneficial roles in bone® and skin healing.” To date, there are limited
studies that have used scRNA-seq to identify macrophage subpopulations in the periodontium and describe their changes across conditions
of health, disease, and resolution.

We further focused on macrophage subgroup 10, which was observed to expand during the resolution condition and demonstrated an
immunoregulatory transcriptional profile with an enrichment of Tnip3, Tnfsf9, and Apoe and downregulation of Fn1. We also observed Cd74
to be significantly overexpressed in subgroup 10, and we validated Cd74 as a cell marker for this macrophage subgroup via flow cytometry
and immunohistochemistry. Flow cytometry analysis showed a distinct population of Cd74+, Cd11b+ macrophages across the three condi-
tions. The Cd74+, Cd11b+ population demonstrated a significant increase during the resolution conditions, as was also demonstrated via
scRNA-seq. Cd74 is expressed on multiple cell types including B cells and macrophages,” as we have similarly replicated here (Figure 4F).
To only quantify Cd74+ macrophages, we utilized a strict gating strategy that selected against other antigen-presenting cells (MHC-II) and
neutrophils (Ly6G) (Figure 4G). Cd74 has been shown to have an important role in promoting healing and limiting inflammatory damage of
heart, kidney, and lung tissue following injury or disease.’® However, the role of Cd74 in the resolution of periodontal disease has not been
previously described. Cd74 has been most prominently studied as the receptor for the macrophage migration inhibitory factor (MIF)."" Inter-
estingly, our cell-cell communication analysis showed a Cd74-MIF interaction mediating macrophage-T cell interactions (Figure 3G).

Limitations of the study

This study did not fully define the functional role of a Cd74+ macrophage subpopulation in the resolution of periodontal disease. Toward this,
additional research is needed that incorporates in vitro assays that interrogate Cd74 stimulation and downstream pathway activation as well
as in vivo experiments with Cd74 depletion and overexpression. However, we were successful in robustly validating Cd74 as a marker for a
macrophage subgroup with an immunoregulatory transcriptional profile that expanded during resolution. These findings are important for
future investigations that further characterize this subgroup and potentially identify therapeutics that target its expansion in the promotion of
inflammatory resolution. Further, the large cell atlas generated here should provide a resourceful dataset to compare immunological changes
across periodontal health, disease, and resolution.
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Data and code availability
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® This paper does not report original code.
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Single-cell RNA sequencing data This paper NCBI Geo: GSE244633

Single-cell RNA sequencing data

Chen et al.?’
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Oligonucleotides

gPCR Primers IDT See Table S5
Software and algorithms
GraphPad Prism 10 GraphPad Software NA

Fiji ImagJ https://imagej.net/Fiji/Downloads
Adibe lllustrator Adobe https://www.adobe.com/products/illustrator.html
RStudio RStudio https://www.rstudio.com/products/rstudio/download/

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
Periodontal disease mouse model

The animal procedures were approved by the University of Pittsburgh Institutional Animal Care and Use Committee and were performed in
accordance with the guidelines of the US National Institutes of Health for the care and use of laboratory animals and the ARRIVE checklist.
Male C57BL/6 mice were used for all experiments at the age of 4 months. Three groups of mice were compared in each analysis: healthy
controls (control), periodontal disease induction (disease), and periodontal disease resolution (resolution). Periodontal disease was induced
using the ligature method as described previously.'® Mice were first anesthetized with an intraperitoneal injection of a 1:1 solution of dexme-
detomidine and ketamine. A 6.0 silk suture was tied in a subgingival position around the second maxillary molars bilaterally. The sutures re-
mained in place for 7 days to induce a local osteolytic inflammatory response and characteristic periodontal disease phenotype. In the disease
group, mice were euthanized after 7 days and tissues were isolated for analysis. In the resolution group, the ligature was removed after 7 days,
and mice were allowed to recover for an additional 5 days before they were euthanized.

METHOD DETAILS
Bone loss measurements

Periodontal disease severity was evaluated by quantifying the extent of linear bone loss in the maxilla of mice. Mice from control, disease, and
resolution groups were compared (n = 7/group). One-half of the maxilla containing the 3 M teeth was isolated, defleshed, and placed in 30%
hydrogen peroxide overnight, and then fixed in 70% ethanol. Magnified images of the maxilla were captured using a dissecting microscope
(Leica M165 FC, Leica Microsystems Ltd). One image of the buccal aspect and one image of the palatal aspect of the maxilla were captured for
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each sample. Measurement calibrations were made possible by including a ruler in each image placed adjacent to the sample. Linear bone
loss was measured from the cementoenamel junction (CEJ) to the bone crest (ABC) at 6 sites per tooth (3 sites on the buccal and 3 sites on the
palatal surface of each tooth). Bone loss measurements were made on the images using ImageJ. All measurement sites were averaged per
animal.

Quantitative real-time PCR of gingival mucosa

The extent of inflammation locally in the gingiva of the mice was evaluated by quantifying inflammatory cytokine gene expression via quan-
titative real-time PCR (gRT-PCR). Mice from control, disease, and resolution groups were compared (n = 7/group). Gingiva was isolated from
one-half of the maxilla. The isolated gingiva was prepared for gRT-PCR analysis. Briefly, gingiva was homogenized in Trizol and RNA was
isolated. cDNA was reverse transcribed using Superscript lIl (Invitrogen). gRT-PCR was performed with SYBR Green. See Table S5 for list
of primers.

Flow cytometry

Both halves of the maxilla were isolated from mice in the control, disease, and resolution groups (n = 6/group). Maxilla were disassociated
manually and then stravm ined using a 100 pm cell strainer. Tissues was further digested with collagenase type 1 (0.2 mg/mL, Worthington
Lakewood, NJ) for 1 h at 37°C. Cells were washed, collected by centrifugation, and resuspended in incubation buffer (0.5% BSA in PBS). Iso-
lated cells were blocked for 10 min in 10% rat serum. To detect dead cell, cells were stained with Fixable Viability Dye (BD Biosciences Franklin
Lakes, NJ). Cell were also stained with directly conjugated fluorescent antibodies (Rat anti-mouse): CD45 (clone 30-F11), MHC Class ||
(M5/114.15.2), Ly6C (AL21), Ly6G (clone 1A8), F4/80 (T45-2342), CD11b (clone M1/70) (BD Biosciences, Franklin Lakes, NJ), and Cd74 (clone
829706) (R&D Systems, Minneapolis, MN). Fluorescence minus one controls were used to gate for background staining. Cells were analyzed
and/or sorted on a FACSAria (BD Biosciences, San Jose, CA). FlowJo Software 9.6 (Treestar, Ashland, OR) was used for analysis.

Immunofluorescence staining

Gingiva from one-half of the maxilla was isolated and flash frozen and —80°C. Samples were embedded in optimal cutting temperature com-
pound (Tissue-Tek; Sakura Finetek). Frozen serial sections were cut at a thickness of 10 um. Frozen sections were fixed on the slide with 100%
ethanol for 15 min. Next, sections were blocked in 5% goat serum for 1 h and then incubated with the primary antibodies overnight at 4°C, Rat
anti-mouse Cd11b (1:25) (MA1-80091, Invitrogen)) and rabbit anti-mouse Cd74 (1:1000) (ab245692, abcam). After rinsing with PBS-T, fluores-
cent conjugated secondary antibodies were applied to each section for 2 h, goat anti-rat Alexa Fluor 546 (1:100) (Invitrogen) and goat anti-
rabbit Alexa Fluor 488 (1:400) (Invitrogen). DAPI (Invitrogen) was applied at (1:1000). Slides were then mounted and representative images
were captured at 20x and 40% using a Nikon fluorescence microscope.

QUANTIFICATION AND STATISTICAL ANALYSIS

The linear bone loss and cell quantification were calculated per sample and presented as mean + standard deviation (SD). Analysis of vari-
ance (ANOVA) was utilized to first test for significant differences across all groups. Further, between-group differences were analyzed using
a 2-tailed t test. Quantitative real-time PCR (gRT-PCR) used technical triplicates and the mean QT value was calculated. mRNA expression
(27~ ACT) was calculated and presented as mean =+ standard error of the mean (SEM) and analyzed using an ANOVA followed by be-

tween-group comparisons using a 2-tailed t test. Significance for all analysis was determined at p < 0.05. All statistical analysis was performed
using GraphPad Prism v.7 software (GraphPad Software, Inc.).

Single cell RNA-sequencing

Cells were isolated from the periodontium of mice in control, disease, and resolution conditions (n = 3/group). Viable CD45™" cells were iso-
lated via flow cytometry as described above. The isolated cells were prepared in a single cell suspension and library preparation was
performed using the Chromium Single Cell 3’ Reagent Version 3 Kit (10x Genomics). Each sample was loaded and run on separate lanes.
Droplets were subjected to reverse transcription and then cDNA amplified. The prepared libraries were sequenced on an lllumina HiSeg4000.
The mouse reference genome, mm 10, was downloaded from 10x Genomics (https://cf.10xgenomics.com/supp/cell-exp/refdata-gex-
mm10-2020-A.tar.gz). Raw reads were processed using the reference genome with Cell Ranger (v6.1) to generate raw UMI count tables.

Single cell RNA-seq analysis

Seurat version 4 was used for analysis.*” The percentage of mitochondrial reads per cell was determined using PercentageFeatureSet. Then,
cells were removed according to the following metrics: <300 features expressed, UMI counts <1,000 or >50,000, or >10% mitochondrial reads.
Genes were removed that were not expressed in at least 3 cells. After filtering, the number of cells remaining ranged from 892 to 2453 and the
number of genes remaining was 20,416. The raw UMI counts were normalized using NormalizeData. The Seurat ‘cc.genes.updated.2019" hu-
man gene symbols were converted to mouse symbols using the homologene R package and subsequently used to determine the cell cycle
phase of each cell with CellCycleScoring. Then, variable genes (HVG) were determined using the ‘vst’ method. To determine cell cycle asso-
ciated HVGs, we used getVarianceExplained from the R package scater which identified 294 genes that we removed from the HVG list (1706
HVGs remained). Then the HVGs were scaled with regression on ‘'nCount_RNA’ and used to determine a PCA. We determined the number of
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PCA dimensions to use by identifying the PCs accounting for 75% of the cumulative PCA standard deviation (PCs 1 to 29). These PCs were
used to generate a UMAP using RunUMAP and clusters were determined with FindClusters using default parameters.

Subclustering

The expression of immune cell type markers was visualized with FeaturePlot and used to annotate cell types to each cluster. Three clusters
were removed without transcriptional signatures of known immune cell types. Seurat was used to analyze and recluster the remaining cells
(ranging from 856 to 2396 cells per sample) similar to the methods above. Briefly, 326 HVGs were found to be associated with the cell cycle and
removed (1674 HVGs remained). After scaling and PCA, the first 29 PCs were used to generate a UMAP and determine cell clusters.

Markers

Cell type markers were determined using FindAllMarkers. Differentially expressed genes between conditions per cell type or across all cells
(aka. global) was determined using FindMarkers. The defaults were used for the two functions except that the ‘min.pct’ parameter was
increased to 0.25. Heatmaps of the top 5 or 25 genes were generated with DoHeatmap. To generate volcano and boxplots, cell type markers
and global DEG were filtered to remove ribosomal genes.

Gene ontology analysis

The resolution vs. disease differentially expressed genes for Macrophages and Neutrophils were filtered to remove ribosomal genes and on
adjusted P-value <0.05 to obtain lists of significantly up and downregulated genes. These gene lists were uploaded to Enrichr (https://
maayanlab.cloud/Enrichr/) to obtain the GO Biological Process 2023 regulated pathways. Barplots were generated with ggplot2 using the
-log10(P-value) and colored by combined score.

CellChat

CellChat version 1.6.1 was used to infer cell-cell communication between cell types.”” The CellChat vignette for a single dataset was followed
to generate a CellChat object for each condition (control, disease, and resolution) using the “Secreted Signaling” subset of the mouse data-
base. To compare two conditions, we used the multi-sample vignette. A circle plot was generated using netVisual_diffInteraction to show the
differential number of interactions between cell populations. Bubble plots were created using netVisual_bubble to show the upregulated
ligand-receptor pairs between two conditions.

Data visualizations

Several R packages were used to generate plots. Volcano plots were built using EnhancedVolcano (v.1.16.0), heatmaps were generated using
pheatmap (v1.0.12) and ggplot2 (v3.3.6) was used to generate boxplots and percent stacked barplots.
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