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Background: Recent studies have suggested that cell death may be involved in
bone loss or the resolution of inflammation in periodontitis. Immunogenic cell
death (ICD), a recently identified cell death pathway, may be involved in the
development of this disease.

Methods: By analyzing single-cell RNA sequencing (scRNA-seq) for periodontitis
and scoring gene set activity, we identified cell populations associated with ICD,
which were further verified by qPCR, enzyme linked immunosorbent assay
(ELISA) and immunofluorescence (IF) staining. By combining the bulk
transcriptome and applying machine learning methods, we identified several
potential ICD-related hub genes, which were then used to build diagnostic
models. Subsequently, consensus clustering analysis was performed to identify
|CD-associated subtypes, and multiple bioinformatics algorithms were used to
investigate differences in immune cells and pathways between subtypes. Finally,
gPCR and immunohistochemical staining were performed to validate the
accuracy of the models.

Results: Single-cell gene set activity analysis found that in non-immune cells,
fibroblasts had a higher ICD activity score, and KEGG results showed that
fibroblasts were enriched in a variety of ICD-related pathways. gPCR, Elisa and
IF further verified the accuracy of the results. From the bulk transcriptome, we
identified 11 differentially expressed genes (DEGs) associated with ICD, and
machine learning methods further identified 5 hub genes associated with ICD.
Consensus cluster analysis based on these 5 genes showed that there were
differences in immune cells and immune functions among subtypes associated
with ICD. Finally, gPCR and immunohistochemistry confirmed the ability of these
five genes as biomarkers for the diagnosis of periodontitis.
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Conclusion: Fibroblasts may be the main cell source of ICD in periodontitis.
Adaptive immune responses driven by ICD may be one of the pathogenesis of
periodontitis. Five key genes associated with ICD (ENTPD1, TLR4, LY96, PRF1 and
P2RX7) may be diagnostic biomarkers of periodontitis and future

therapeutic targets.

immunogenic cell death (ICD), periodontitis, fibroblasts, machine learning, biomarker

1 Introduction

Periodontitis is an inflammatory disease of the gingiva
characterized by periodontal tissue destruction. The disease is
mainly manifested by the deterioration of the alveolar bone,
cementum, gums, and periodontal ligaments, which eventually
leads to tooth loss (1). In addition, periodontitis can also lead to an
increased risk of a number of systemic diseases, such as diabetes,
rheumatoid arthritis (RA), cancer, neurological disorders and
cardiovascular problems (2-6). These symptoms place a huge
burden on patients and place considerable stress on the families
and society of affected patients. Periodontitis has consequently
emerged as a major worldwide public health issue. According to
reports, between 20% and 50% of people worldwide have periodontal
disease. It is among the primary reasons why teeth fall out in adults.
Furthermore, between 1990 and 2010, the worldwide prevalence of
periodontal disease rose by 57.3% (7). Simultaneously, the growing
aging population is predicted to contribute to the global prevalence of
periodontal disease in the upcoming years (8). Therefore, exploring
the pathogenesis of periodontitis is of great significance for the
treatment of periodontitis.

The causes of periodontitis are multifactorial, including
bacterial infection and its triggering of host immune response,
oxidative stress, and cell death, among others (9, 10). Research on
cell death has been a hot topic in recent years. One of the early
findings was the loss of fibroblasts in humans during the transition
from gingivitis to periodontitis (11). DNA microarray analysis
showed that the expression of apoptosis-related genes in gingival
tissue and peripheral blood mononuclear cells in patients with
chronic periodontitis was up-regulated compared with that in the
healthy group (12, 13). Animal studies have shown that
Porphyromonas gingivalis (P. gingivalis)-mediated fibroblast
apoptosis was significantly reduced in TNF receptor deficient
mice, suggesting that bone loss and soft tissue destruction
associated with P. gingivalis infection may be due to host-derived
factors rather than direct effects of bacterial products (14).
Developmental endothelial locus-1 (DEL-1), a secreted
multifunctional protein, can promote the resolution of
inflammation in periodontitis by promoting macrophage
phagocytosis of apoptotic neutrophils (15). In addition,
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Fusobacterium nucleatum (F. nucleatum) can induce apical
periodontitis by triggering pro-inflammatory cell death through
Z-DNA binding protein 1 (ZBP1) (16). Furthermore, Lu et al. (17)
found that ferroptosis triggered by the pathogen lipopolysaccharide
(LPS) mainly occurred in fibroblasts, and inhibiting ferroptosis in
fibroblasts alleviated tissue damage and bone loss induced by
periodontitis by inhibiting IL-6. Zhang et al. (18) found that
necrotic apoptosis of gingival fibroblasts triggered by LPS
aggravated gingival inflammation and alveolar bone loss. Necrotic
apoptosis inhibitors attenuate this process by regulating THP-1
macrophage migration and polarization. These studies suggest that
cell death caused by oral bacteria can drive host immune responses
that mediate inflammation and bone loss in periodontitis.
Immunogenic cell death (ICD) is a type of regulatory cell death
that leads to the release of damage-associated molecular patterns
(DAMPs), including heat shock protein (HSP), adenosine
triphosphate (ATP), calreticulin, and high mobility basal box 1
(HMGBI) proteins, which are subsequently recognized by pattern-
recognition receptors (PRRs) on the surface of antigen-presenting
cells (APC) to activate innate and adaptive immune responses (19,
20). Studies have shown that ICD is crucial to the pathophysiology
of numerous non-oncological illnesses, including COVID-19 (21),
atherosclerosis, Alzheimer’s disease (22), and severe acute
pancreatitis (23). Additionally, some evidence also suggests that
ICD may be involved in the development of periodontitis. For
instance, some periodontal pathogens, such as P. gingivalis or F.
nucleatum, are associated with DAMP release, which can trigger
immune responses and antigenic properties by activating host cells
expressing PRRs (24). Moreover, ICD-induced DAMPs such as
HMGBI are increased in periodontal inflammatory tissue and
gingival crevicular fluid (GCF), and HMGBI1 can stimulate the
secretion of pro-inflammatory mediators and cytokines, thereby
initiating an adaptive immune response (25, 26). Anti-HMGBI
neutralizing antibodies can reduce periodontal inflammation and
bone resorption in mouse periodontitis models (26). Other DAMPs
such as HSP70, cyclophilin A, amyloid beta, high mobility group
nucleosomal-binding domain 2 (HMGN2) and IL-1 were also
found to be highly expressed at the site of periodontitis (27).
Also, extracellular ATP is a key regulator of alveolar bone loss in
periodontitis, and by controlling the interaction of extracellular
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ATP with its cytosolic purinergic receptors, such as the P2X7
receptor (P2X7R), bone loss in periodontitis will be significantly
reduced (28). Based on the above studies, we speculated that ICD
may be involved in bone loss in periodontitis. Nevertheless, more
investigation is needed to confirm this.

This study aimed to provide a description of the function of ICD
in the course of periodontitis from two perspectives. First of all, in
terms of the single-cell level, we identified the main cells in which
ICD occurs and took multiple approaches to validate them. Secondly,
at the bulk RNA-seq level, we screened ICD-related DEGs and
constructed an ICD gene-related model for the diagnosis of
periodontitis through two machine learning methods. Afterwards,
based on model gene expressions, samples with periodontitis were
divided into two separate types. These subtypes’ immune
mechanisms and differences were identified through a thorough
analysis of the immune infiltration subtypes, which contributed
significantly to our understanding of the pathophysiology of
periodontitis. Finally, we validated the genes involved in the ICD
model using qPCR and immunohistochemistry.

2 Materials and methods
2.1 Data acquisition

scRNA-seq dataset (GSE164241) and bulk RNA-seq datasets
(GSE16134 and GSE10334) were retrieved for analysis from the
GEO database (https://www.ncbi.nlm.nih.gov/geo/). GSE164241
was used for scRNA analysis as a single-cell dataset consisting of
13 samples of healthy and 8 samples of inflamed gingiva. For the
RNA-seq datasets, 310 samples were included in the GSE16134
dataset (241 periodontitis cases and 69 healthy controls), while 247
samples were included in the GSE10334 dataset (183 periodontitis
cases and 64 healthy controls). We used the GSE16134 dataset as
the training dataset and the GSE10334 dataset as the validation
dataset. Moreover, 34 ICD-related genes from previous studies were
also included in this study (29).

2.2 scRNA sequencing data processing

To read scRNA-seq data (GSE164241), the Seurat software
(version 4.3.1) was utilized for preprocessing. To ensure that the
majority of cells were included in the dataset, we performed data
quality control and excluded cells with gene expression levels below
200 genes or more than 4,000 genes, as well as cells with
mitochondrial gene expression levels above 20%. Next, we apply
the LogNormalize method to normalize the data. The
“FindVariableFeatures” program was utilized to find the top 2000
genes that exhibit high variability. The data was adjusted using the
“harmony” package to eliminate batch effects between samples (30).
For the purposes of downscaling and clustering identification, we
used Unified Flow Approximation and Projection (UMAP) and the
top 20 principal components (31). To identify marker genes in cell
subsets, the highly expressed genes within each subgroup were
determined using the “FindAllMarkers” function, with logFC > 0.25
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and min.pct > 0.25 as thresholds (32). Subsequently, the clusters
identified were annotated according to the previous literature and
known cell surface markers. In order to find the cell subpopulations
most associated with ICD, we used four algorithms, including
AUCell, UCell, ssGSEA, and AddModuleScore, to score the
activity of gene sets. In addition, the use of the “ggplot2” R
package to visually represent each cell’s score helps to identify
clusters characterized by active gene set profiles.

2.3 Cell-cell communication analysis

We studied the signals and pathways related to ICD by
estimating intercellular communication networks from scRNA-
seq data using the R “CellChat” program (30). CellChat uses a
ligand-receptor interaction database to detect intercellular
communication at the pathway level and calculate clustered cell
communication networks.

2.4 ldentification of DEGs

We compared the expression of 34 ICD-related genes between
periodontitis cases and control samples using the “limma” program
in R. LogFC > 0.3 and adjusted p values <0.05 were used as
screening criteria for DEGs. Heatmaps and boxplots were
performed to visualize different results.

2.5 Gene ontology and Kyoto encyclopedia
of genes and genomes analyses

We used the R package “clusterprofiler” to perform pathway
enrichment analysis using the Kyoto Encyclopedia of Genes and
Genomes (KEGG) and gene ontology (GO) to examine the
functional abundance of the DEGs of bulk RNA-seq data. Also,
KEGG analysis was performed on DEGs (logFC > 0.25, p < 0.05)
between fibroblast clusters and other non-immune cell clusters in
GSE164241. Results with p <0.05 were deemed significant (33).

2.6 Immunoinfiltration analysis

We evaluated immune infiltration patterns and immune
function in periodontitis and normal samples using the ssGSEA
method. The percentage of different types of immune cell
infiltration and immune function was displayed using a heatmap
and boxplot. A statistical significance level of p<0.05 was
determined using the Wilcoxon rank sum test.

2.7 Establishment of a prediction model

To further screen for pivotal genes associated with ICD in
periodontitis, we used least absolute shrinkage and selection
operator (LASSO) regression and the random forest (RF)
algorithm to identify potential feature genes and use them to
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build models. The “randomForest” package in R was utilized to
ascertain the significance of each gene and identify the top 5 genes
for RF analysis. LASSO regression analysis was carried out using the
R “glmnet” package. Using the R “mlr3verse” package (https://
CRAN.R-project.org/package=mlr3verse), we implemented seven
machine learning methods to create a model in order to evaluate the
possible signature genes’ diagnostic potential. Receiver operating
characteristic (ROC) curve analysis in the training and validation
sets yielded area under the curve (AUC) values, which were used to
assess the predictive performance of the seven models.

2.8 Candidate biomarker expression levels
and diagnostic value

The “limma” and “ggpubr” R packages were used in the study to
compare and analyze the expression levels of potential biomarkers
in the training and validation sets, respectively. Using the “pROC”
software, ROC curve analysis was carried out simultaneously for
each core gene, and the AUC of the 95% confidence interval (CI)
was computed (34). The AUC value, which is near 1, indicates that a
gene’s diagnostic accuracy is high and hence serves as a proxy for its
diagnostic value.

2.9 Gene set enrichment analysis and
interaction network of model genes

GSEA is a tool used to elucidate the biological significance of
functional gene definitions. Genes that differed in expression
between the two clusters were extracted for examination after the
data were divided into two groups according to the model’s median
gene expression value. To create a consistent enrichment score for
every analysis, the genomes were ordered 1,000 times. FDR < 0.05
was used to determine significant enrichment. We assessed changes
in the KEGG pathway in each gene using GSEA. In order to build an
interaction network associated with ICD and assess the function of
these ICD-related genes, GENEMANIA (http://genemania.org/
search/), GO, and KEGG were utilized.

2.10 Identification of ICD-related subtypes

Using the “ConsensusClusterPlus” package in R, we carried out
an unsupervised cluster analysis, dividing periodontitis patient
samples in GSE16134 into different groups according to 5
predicted ICD-related genes using a 1,000-loop k-means
technique. We integrated a consensus matrix, a cumulative
distribution function (PDF) curve, and a consistent cluster score
to obtain an ideal number of clusters. The sample distribution of
each cluster was then assessed using principal component analysis
(PCA). Boxplots and heatmaps were used to show the expression of
ICD-related genes in subgroups. Furthermore, we computed the
differences in immune cell infiltration and immune functions
among ICD-related subtypes to investigate the immune
involvement of ICD in the development of periodontitis. GSVA
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and GSEA were used to explore potential biological pathways and
processes associated with “c2.cp.kegg.v7.4.symbols.gmt” between
different subtypes.

2.11 Cell culture and treatments

The cervical gingiva of the clinically extracted third molar was
excised for the extraction of primary gingival fibroblasts. For the
cultivation of cells, Dulbecco Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum, 100 U/mL penicillin/
streptomycin at 37°C, and 5% carbon dioxide was utilized. After 7
days, primary cells began to migrate outward from the periodontal
ligament tissue. They are passed through and expanded to ensure
there are enough cells for the experiment. Cells from generations 4
to 8 were used. For subsequent tests, the cells were treated with P.
gingivalis LPS for six hours after the cell density reached 80%.

2.12 Enzyme linked immunosorbent assay

In accordance with the manufacturer’s guidelines, a commercial
kit of HMGB1 (human ELISA kit SEKH-0409-48T) was used to
analyze the cell supernatant samples by ELISA.

2.13 ATP quantification

Following the manufacturer’s instructions, the ATP content
assay kit (BC0300) was used to detect changes in the extracellular
ATP content.

2.14 Collection of tissue samples

Five healthy gingiva and five inflammatory gingiva were
collected from healthy volunteers and periodontitis patients,
respectively, from the Affiliated Stomatology Hospital of Anhui
Medical University (Hefei, Anhui Province). The study was
examined and approved by the Ethics Committee of the Affiliated
Stomatology Hospital of Anhui Medical University (Ethics number:
2021006). Written informed consent was obtained from
each subject.

2.15 RNA extraction and quantitative real-
time PCR

Tissue total RNA was extracted using the TRIzol reagent
(Thermo Fisher Scientific, USA). Using Takara’s Prime Script RT
premix, total RNA extracted from tissue was reverse-transcribed
into cDNA. qRT-PCR was carried out in compliance with the
manufacturer’s experimental procedure using the CFX96 Touch
real-time fluorescence quantitative PCR detection system (Bio-Rad,
Hercules, CA, United States). The 2AACT method was used to
calculate the relative expression level, with GAPDH acting as the
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internal reference. Every experiment was performed more than
three times. The qRT-PCR primer sequences were given in
Supplementary Table 1.

2.16 Immunofluorescence assay

The sample of gingival tissue was divided into 4um pieces and
fixed in paraffin wax. The sections were dewaxed, the antigen was
removed, and then the primary antibody (HMGB1) was incubated
at 4°C for an overnight period. After staining the sections for one
hour at room temperature using a secondary antibody that
identified the main antibody, we stained them for three minutes
with DAPIL. An imaging Zeiss 800 laser scanning confocal
microscope was used to capture images of the stained slices.

2.17 Immunohistochemistry

We fixed the collected gum tissues in formalin, embedded them
in paraffin wax and extracted the antigens after they were sliced and
removed. Goat serum was applied to the slide and incubated with
the antibody. Finally, we stained the tissue with DAB (Servicebio)
and then restained it with hematoxylin. Then, the image processing
software (Image] v 1.48) is used for image acquisition
and processing.

2.18 Statistical analysis

The t-unpaired test was selected for the qPCR statistical testing
method and the data were presented as means +/- standard
deviation. R version 4.3.1 was used for all of the statistical
analyses that were addressed before. A significance level of p
<0.05 was applied.

3 Results
3.1 scRNA-seq data processing

There were 92556 cells in the scRNA sequencing dataset after
the data was filtered, comprising 56,054 cells from control subjects
and 36,502 cells from periodontitis patients (Supplementary
Figure 1A, Supplementary Table 2). The annotation of cell surface
markers yielded a total of 15 distinct cell types, including
endothelial cells, NK cells, T cells, B cells, fibroblasts, plasma B
cells, vascular murals, epithelial cells, neutrophils, macrophages,
myeloid dendritic cells (mDCs), plasmacytoid dendritic cells
(pDCs), mast cells, proliferative cells and melanocytes
(Figure 1A). The expression of recognized lineage markers in 15
main cell clusters was displayed in Supplementary Figure 1B.
Figure 1B displayed the relative amounts of various cell types in
periodontitis samples and normal samples, and it was found that
the proportion of fibroblasts decreased significantly in periodontitis
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samples, suggesting that it may be a key factor in the etiology of
the disease.

3.2 ldentification of the major cells in
which ICD occurs

Subsequently, we calculated the activity of the ICD-associated
gene set using four methods and found that fibroblasts scored
relatively high among non-immune cells and differed between the
normal and disease groups (Figure 1C). Also, KEGG was used to
compare the pathways of fibroblasts and other non-immune cells,
and it was found that fibroblasts enriched a variety of ICD-related
pathways, such as toll-like receptor signaling pathway, NF-xB, TNF,
NOD-like receptors (Supplementary Tables 3-6, Supplementary
Figure 2A-D). When the host is exposed to periodontal disease-
causing bacteria, the toll-like receptor, a PRR, detects pathogens and
triggers the host’s innate immune response and adaptive immunity
(35). Similarly, NOD-like receptors can recognize DAMP, which
can induce activation of downstream signaling pathways via signals
emitted by PRRs, thereby modulating general pro-inflammatory
responses (24). The results of cell communication indicated that
fibroblasts can activate a variety of APCs, such as mDC and
macrophages, to activate the immune response under
inflammatory conditions (Figure 1D). Moreover, fibroblasts can
activate the mDC surface receptor Formyl peptide receptor-1
(FPR1) by releasing Annexin Al (ANXA1), which was a DAMP
molecule closely related to the ICD (Figure 1E) (36). Next, we
selected several DAMPs-related molecules that were closely related
to ICD occurrence for qPCR validation. The results showed that
HMGB1 and ANXAL expression increased in LPS-treated
fibroblasts (Figure 1F). Meanwhile, the expression of CXCLI,
CCL2 and CXCL10 was also increased in LPS-treated fibroblasts,
and they can promote the occurrence of ICD by recruiting T cells
(36). HMGBI1 was further used for IF staining, for it is one of the
important DAMPs associated with ICD, and the results showed that
in normal fibroblasts, HMGB1 was located in the nucleus, whereas
it was released extracellularly in LPS-treated fibroblasts (Figure 1G).
ELISA results further showed that the content of HMGBI in
extracellular supernatant increased with the increase of LPS
stimulation concentration (Figure 1H). In addition, the ATP
content in the extracellular supernatant of LPS-treated fibroblasts
was also increased compared to the normal group (Figure 11). These
findings indicated that fibroblasts may be implicated in the
occurrence and progression of ICD.

3.3 ldentification of ICD-related DEGs

Analysis of bulk transcriptome data revealed that 11 genes
linked to ICD were expressed differently in the periodontitis
group compared to the control group. Figures 2A, B illustrated
the expression of these 11 genes in periodontitis, with 10 genes up-
regulated and 1 genes down-regulated. According to GO findings,
BP was primarily linked to leukocyte mediated immunity, T
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mediated immunity, and the production of IL-6, whereas CC was  shock protein binding and pattern recognition receptor activity
mostly linked to the cytolytic granule, the external side of the  (Figure 2C). Based on KEGG, these genes were associated with the
plasma membrane and the Bcl-2 family protein complex; MF class ~ ICD-related NOD-like receptor signaling pathway and toll-like
has high levels of passive transmembrane transporter activity, heat  receptor signaling pathway (Figure 2D).
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3.4 Immune infiltration analysis

An algorithm based on ssGSEA was used in order to confirm the
role of immune responses in periodontitis. In comparison to the
control group, the periodontitis group exhibited a considerable
increase in the percentage of different immune cells, particularly T
cells and diverse APCs (Figures 3A, B). Also, the periodontitis group
showed upregulation of multiple immune functions, including APC
co-stimulation, CCR, immune checkpoint and MHC class I
(Figures 3C, D). Afterwards, we investigated the association of these
11 DEGs with immune cells and functions and found that they were
significantly associated with multiple immune cells and functions
(Figures 3E, F). These findings imply that ICD-related DEGs were
intimately connected to the immune response.

3.5 Disease prediction model results

In order to further screen potential ICD-related feature genes in
periodontitis, we chose two machine learning algorithms. Using the
above 11 genes as inputs for LASSO regression and RF algorithms, 6
genes and 5 genes were obtained, respectively (Figures 4A-D).
Ultimately, five intersecting genes were obtained (ENTPDI1, TLR4,
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LY96, PRF1 and P2RX7) (Figure 4E). These genes were then used in
the construction of models and the assessment of diagnostic efficacy.
Notably, the ranger approach performed the best in the external
validation set (Figures 4F, G), and it also performed the best in the
training set with an AUC of 0.937 (Figure 4H). To verify the
performance of these vital genes, we evaluated them using two
datasets: the training set GSE16134 and the validation set GSE10334.
In line with the findings of the validation set, our findings demonstrated
that ENTPD1, TLR4, LY96, PRF1 were elevated in periodontitis patients
while P2RX7 expression was decreased (Figures 5A, B). ROC curves
revealed that in the training set GSE16134, the AUC values for the four
genes ENTPD1, TLR4, LY96, PRF1 and P2RX7 were 0.897, 0.847, 0.844,
0.805 and 0.795 respectively (Figure 5C). Furthermore, all five of the
genes’ AUC values in the validation set GSE10334 were greater than 0.7,
indicating that they may have potential applications as diagnostic
tools (Figure 5D).

3.6 Interaction analysis and enrichment
analysis of model genes

GSEA was utilized to examine the particular signal pathways
connected to the hub ICD-related genes. ENTPDI1, TLR4, LY96,
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relationship between DEGs associated with ICD and immune cell infiltration

ICD and immune functions in the periodontitis. DEGs, differentially expressed genes; ICD, Immunogenic cell death.

and PRF1 were found to have positive associations with multiple
ICD-related pathways, including antigen processing and
presentation, toll-like receptor signaling pathway, NOD-like
receptor signaling pathway, JAK-STAT signaling pathway, TNF
signaling pathway, and T cell receptor signaling pathway
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cells in normal samples and periodontitis samples. (B) A boxplot of the
(C) A heatmap of the distribution of immune functions in normal
ne functions in normal samples and periodontitis samples. (E) The
in the periodontitis. (F) The relationship between DEGs associated with

(Figures 6A-D). P2RX7 showed a positive correlation with
antigen processing and presentation, but a negative correlation
with the IL-17 and JAK-STAT signaling pathways (Figure 6E). To
find out more about the function of feature genes, we performed a
GO/KEGG analysis of the top 20 genes based on connectedness
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using the GeneMANIA database (Figure 6F). The findings
demonstrated that biological processes (BP) in this dataset were
significantly enriched in the PRR signaling pathway, myeloid
leukocyte migration, cell killing and cellular response to ATP, and
MF were significantly enriched in PRR activity, toll-like receptor
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binding and death receptor binding (Figure 6G). KEGG showed
that these genes were linked to a number of various ICD-related
pathways, indicating that these genes may be involved in
the occurrence of periodontitis through the regulation of
ICD (Figure 6H).
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3.7 Construction of the ICD subtype
of periodontitis

A total of 241 periodontitis samples were clustered based on 5
hub genes. Consistency matrix analysis shows that k=2 is the ideal
choice, and each sample in the cluster shows significant correlation
cluster variables (Figure 7A). PCA analysis was carried out to
determine the accuracy of the classification, and the findings
demonstrated that it could reliably distinguish between clusters 1
and 2 (Figure 7B). Figures 7C, D revealed that the majority of genes
associated with ICD were substantially up-regulated in C2,
designating C2 as the group exhibiting high ICD expression and
C1 as the group exhibiting low ICD expression. Subsequently, we
conducted a thorough investigation on the features of the immune
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milieu associated with various ICD subtypes in periodontitis. A
variety of immune cells were found to be up-regulated in the C2
group, especially T cells, B cells and a variety of APCs, which were
intimately associated with ICD (Figure 7E). In addition, ICD-related
immune functions such as APC co stimulation, MHC class I and T
cell co stimulation were significantly up-regulated in the C2 group
(Figure 7F). Additionally, GSVA and GSEA were used to investigate
differences in the pathways linked to ICD subtypes. The findings
demonstrated a considerable increase in apoptosis, the T cell receptor
signaling pathway, the toll-like receptor signaling pathway, cytokine-
cytokine receptor interaction, and natural killer cell-mediated
cytotoxicity in the C2 group (Figures 7G, H). All of the findings
pointed to the possibility that ICD can regulate the immunological
milieu and, in turn, affect the development of periodontitis.
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3.8 Experimental verification of
ICD-related hub genes

The veracity of the bioinformatics analysis results was further
confirmed by immunohistochemistry and qPCR. In contrast to the
healthy group, the periodontitis group had higher levels of ENTPDI,
TLR4, LY96, and PRF1 expression and lower levels of P2RX7
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expression, according to the qPCR data (Figures 8A-E).
Immunohistochemical results were consistent with qPCR results,
which confirmed the reliability of the ICD model (Figure 8F).
Furthermore, we performed cell localization of PRF1 and found that
it was mainly located in CD8T cells, and that both CD8T cells and
PRF1 were abundantly activated in periodontitis samples, further
confirming the existence of ICD (Figure 8G).
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4 Discussion

An inflammatory chronic condition called periodontitis harms
the tissues that support and surround teeth. People’s ability to chew
may be affected if periodontitis is not treated in a timely manner, as
it may result in tooth loss or loosening (37). In addition,

Frontiers in Immunology

periodontitis can also be a contributing factor in other systemic
diseases like diabetes, RA, cancer and cardiovascular disorders (2, 3,
6, 38). As a result, it is necessary to research the pathophysiology of
periodontitis. Meanwhile, the current research on the definition and
diagnosis of periodontitis is not completely clear. Previous studies
have used a range of clinical signs and symptoms to identify and
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diagnose periodontitis, such as exploratory bleeding (BOP), clinical
attachment loss (CAL), and radiologically assessed alveolar bone
loss (39). These clinical measurements have many limitations,
despite the fact that they enable doctors to evaluate the severity
and present extent of periodontitis as well as previous tissue loss.
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First, these clinical measures do not provide reliable data on
biological activity or future disease course. In addition, when
patients have these symptoms, the periodontal tissue has often
been relatively serious damage. Finally, recording clinical
measurements is subjective because it depends on the examiner.
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Given these limitations, Tonetti et al. (40) stress that biomarkers
might be a useful tool for the early identification of periodontitis.
GCF and saliva are the most widely used of these since they are
simple and non-invasive to obtain, and their analysis is reasonably
priced for the purpose of identifying biomarkers. In addition,
bedside periodontitis diagnosis is feasible due to advances in
biomarker detection technology (41). Consequently, biomarkers
might prove crucial for the early detection of periodontitis in
the future.

In this study, by combining the scRNA-seq and bulk-seq data,
we found that a new cell death pattern called ICD may influence the
onset of periodontitis, and fibroblasts may be the main source of
ICD in periodontitis by scoring ICD-related gene sets in single cells,
which was further verified by qPCR and IF staining. The role of
fibroblasts in periodontitis has been confirmed. First, fibroblasts are
an important part of periodontal tissue and are responsible for
maintaining tissue structure and integrity. Secondly, fibroblasts can
also initiate the inflammatory process that lead to bone loss and soft
tissue destruction in periodontitis. Under inflammatory conditions,
fibroblasts can produce a variety of chemokines such as CXCL1,
CXCL2, CXCL12, CCL2, CCL19 and inflammatory mediators such
as prostaglandin E2 (PGE2), matrix metalloproteinases (MMPs),
and cytokines (IL-6 and IL-1B), which recruit and activate
neutrophils and lymphocytes, thereby activating the immune
response (42, 43). Furthermore, fibroblasts have also been found
to be associated with DAMPs release. Studies have shown that LPS-
stimulated fibroblasts initiate apoptosis and necrotic cell death to
release HMGB1, which may contribute to the destruction of
periodontal tissue (44, 45). In addition, ATP released by
fibroblasts can also induce inflammatory cells to secrete cytokines
and activate the expression of RANKL, triggering alveolar bone loss
(28). These findings provide direction for our research, suggesting
that fibroblasts may be able to activate immune responses by
releasing DAMPs.

We analyzed the infiltration of immune cells and functions in
periodontitis samples using the ssGSEA algorithm and explored the
correlation between DEGs associated with ICD and immune cells and
functions. The results unequivocally demonstrated the role of
immunological factors in the pathophysiology of periodontitis, which
may be connected to the development and control of ICD. In line with
earlier research, patients with periodontitis showed a significant
infiltration of immune cells, such as activated dendritic cells, CD56
bright natural killer cells, mast cells, and macrophages. This suggested
the activation of a persistent pro-inflammatory response and the
recruitment of inflammatory cells. We observed that the
periodontitis group had a higher concentration of activated CD4 T
cells, which led us to hypothesize that these cells might be engaged in
immune killing during ICD development. Additionally, there was an
increase in the quantity of ICD-associated activated CD8T cells, which
can lead to severe tissue damage, resulting in severe and rapid loss of
periodontal tissue (46). Similarly, multiple immune functions such as
immune checkpoints, HLA, inflammation promotion, and T cell co-
stimulation were activated in periodontitis samples, reflecting the
importance of immune factors in periodontitis. Immunocorrelation

results suggest that ICD-related genes may be involved in the
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pathogenesis of periodontitis by modulating a variety of immune
cells and functions.

By analyzing bulk transcriptome data and using LASSO and RF
algorithms, we obtained five ICD-related key genes (ENTPDI,
TLR4, LY96, PRF1 and P2RX7). ROC curves, qPCR, and
immunohistochemistry together highlight the potential of the five
hub genes as biomarkers for the diagnosis of periodontitis.
ENTPDI1 (also known as CD39) is a member of the
exonucleoside triphosphate diphosphate hydrolase family located
on the surface of innate and adaptive immune cell subpopulations
like monocytes, dendritic cells, and T/B cells (47). ENTPDI1 is
thought to play a significant role in immune system regulation, and
the ENTPD1-Adenosinergic axis can act on human gingival
fibroblasts to inhibit IL-1-induced matrix metalloproteinase-1
(MMP-1) expression (48). As a specific type I transmembrane
receptor and PRR in the innate immune system, TLR4 plays a
key role in acute inflammatory response, cell signal transduction
and apoptosis (49). TLR4 on the DC can bind to released HMGB1
to accelerate the processing of phagocytic cargo in the DC and
promote the presentation of antigens by the DC to T cells (50). In
addition, TLR4 is a molecule necessary for LPS activation of target
cells, and its activation can activate the innate immune system (51).
Lymphocyte antigen 96 (LY96) is a key component required for
Porphyromonas gingivalis to activate Toll-like receptor 4 (TLR4)
with LPS (52). Periodontitis patients have significantly elevated
levels of LY96, which leads to the formation of LY96-TLR4-CD14
complexes that trigger the myeloid differentiation factor-88
(MyD88) pathway, resulting in TNF-o, IL-6, IL-8, and IL-2
production in the gingival tissue (53). As one of the primary
proteins of cytolysate granules, perforin (PRF1) is an important
effector molecule in cytolysation mediated by T-cells and natural
killer cells (54). It is essential to the development of immunological
homeostasis, pathogen removal, and tumor surveillance as a certain
indicator of immune cell killing capacity (55). P2X7R is a P2X
receptor family member that is expressed on many immune cell
types. Extracellular ATP, a critical regulator of inflammation,
stimulates human periodontal ligament stem cells (PDLSCs) to
produce more IL-1P and releases pro-inflammatory cytokines IL-8
and CCL20 via P2X7R (56). Furthermore, P2X7R expression can
control osteoblast/osteoclast production and apoptosis at various
phases to mediate bone metabolism (57, 58).

The study also has some limitations. First, our study relied
primarily on publicly available scRNA-seq and bulk RNA-seq data,
which lacked important variables such as clinical information on the
severity, stage, or grade of periodontitis. This makes it extremely
challenging for us to do a multi-angle analysis of the role of ICD in
periodontitis, and the results may be biased. Therefore, future research
is required to investigate the temporal dynamics of periodontal disease
genesis and detection, specifically focusing on information about
clinical disease characteristics and their relationship to ICD-based
categories. Secondly, the precise regulatory mechanism of ICD in
periodontitis and the relationship between key genes and phenotypes
related to the disease are still lacking in-depth understanding. Further
investigation of the specific role of ICD in periodontitis using in vivo
and in vitro studies as well as the exploration of ICD-associated
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targeted therapeutic approaches will benefit the periodontitis research.
Finally, we verified the results of bioinformatics analysis by qPCR and
immunohistochemical staining. However, given the specificity of
patient samples, the broad applicability of the biomarkers we
identified still needs to be validated with large-scale clinical cohorts
in the future.

5 Conclusion

In this study, we found that fibroblasts may be one of the major
cells involved in ICD in periodontitis. Adaptive immunity initiated by
ICD may be a contributing factor to the chronic inflammatory
response in periodontitis. Five hub ICD-related genes (ENTPDI,
TLR4, LY96, PRF1 and P2RX7) were identified for the construction
of a diagnostic model for periodontitis. These ICD-related genes
regulate the immune response, which may be a major factor in the
pathophysiology of periodontitis. Summed up, these findings point to
the possibility of creating novel periodontitis treatment plans by
focusing on the molecular pathways and mechanisms linked to ICD.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding authors.

Ethics statement

The studies involving humans were approved by Ethics
Committee of the Affiliated Stomatology Hospital of Anhui
Medical University (Ethics number: 2021006). The studies were
conducted in accordance with the local legislation and institutional
requirements. The participants provided their written informed
consent to participate in this study.

Author contributions

EW: Writing - review & editing, Validation, Software, Writing —
original draft, Conceptualization. XY: Writing - original draft,
Validation. FL: Writing — original draft, Formal analysis. XZ: Writing
- original draft, Investigation. JH: Writing - original draft,
Conceptualization. WY: Writing — original draft, Data curation. FG:
Writing - original draft, Software. JZ: Writing — original draft,
Supervision. ZG: Writing - original draft, Methodology. MC:
Writing - original draft, Project administration. SY: Writing -

Frontiers in Immunology

15

10.3389/fimmu.2024.1438998

original draft, Resources. LZ: Writing — original draft, Supervision.
QW: Writing - review & editing, Funding acquisition. XS: Writing —
review & editing, Funding acquisition. WS: Writing - original draft,
Writing — review & editing, Funding acquisition.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by the National Natural Science Foundation of
China (82071770); Research Level Improvement Project of Anhui
Medical University (2021xkjT001); Basic and Clinical Cooperative
Research and Promotion Program of Anhui Medical University
(2021xkjt039); Natural Science Foundation of Anhui Province
(2208085QH245); the National Natural Science Foundation of
China (82201127); Research Program of Natural Science
Foundation of Anhui Higher Education Institutions
(KJ2021A0273) and Anhui Medical University Stomatological
Hospital “Feng Yuan Cooperation” Program (2022xkfyhz06).

Acknowledgments

The authors thank the GEO database for the information provided.

Conflict of interest

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

Publisher’s note

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

Supplementary material

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1438998/
full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2024.1438998/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1438998/full#supplementary-material
https://doi.org/10.3389/fimmu.2024.1438998
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Wu et al.

References

1. Kwon T, Lamster IB, Levin L. Current concepts in the management of
periodontitis. Int Dent J. (2021) 71:462-76. doi: 10.1111/idj.12630

2. Preshaw PM, Alba AL, Herrera D, Jepsen S, Konstantinidis A, Makrilakis K, et al.
Periodontitis and diabetes: a two-way relationship. Diabetologia. (2012) 55:21-31.
doi: 10.1007/s00125-011-2342-y

3. Gonzalez-Febles ], Sanz M. Periodontitis and rheumatoid arthritis: What have we
learned about their connection and their treatment? Periodontol 2000. (2021) 87:181~
203. doi: 10.1111/prd.12385

4. Priyamvara A, Dey AK, Bandyopadhyay D, Katikineni V, Zaghlol R, Basyal B,
et al. Periodontal inflammation and the risk of cardiovascular disease. Curr Atheroscler
Rep. (2020) 22:28. doi: 10.1007/s11883-020-00848-6

5. Slowik J, Wnuk MA, Grzech K, Golenia A, Turaj W, Ferens A, et al. Periodontitis
affects neurological deficit in acute stroke. J Neurol Sci. (2010) 297:82-4. doi: 10.1016/
1jns.2010.07.012

6. Nwizu N, Wactawski-Wende ], Genco R]. Periodontal disease and cancer:
Epidemiologic studies and possible mechanisms. Periodontol 2000. (2020) 83:213-33.
doi: 10.1111/prd.12329

7. Nazir M, Al-Ansari A, Al-Khalifa K, Alhareky M, Gaffar B, Almas K. Global
Prevalence of Periodontal Disease and Lack of Its Surveillance. ScientificWorldJournal.
(2020) 2020:2146160. doi: 10.1155/2020/2146160

8. Tonetti MS, Bottenberg P, Conrads G, Eickholz P, Heasman P, Huysmans MC,
et al. Dental caries and periodontal diseases in the ageing population: call to action to
protect and enhance oral health and well-being as an essential component of healthy
ageing - Consensus report of group 4 of the joint EFP/JORCA workshop on the
boundaries between caries and periodontal diseases. J Clin Periodontol. (2017) 4 Suppl
18:S135-s44. doi: 10.1111/jcpe.12681

9. Kinane DF. Causation and pathogenesis of periodontal disease. Periodontol 2000.
(2001) 25:8-20. doi: 10.1034/j.1600-0757.2001.22250102.x

10. Song B, Zhou T, Yang WL, Liu J, Shao LQ. Programmed cell death in
periodontitis: recent advances and future perspectives. Oral Dis. (2017) 23:609-19.
doi: 10.1111/0di.12574

11. Zappa U, Reinking-Zappa M, Graf H, Case D. Cell populations associated with
active probing attachment loss. J Periodontol. (1992) 63:748-52. doi: 10.1902/
jop.1992.63.9.748

12. Lundmark A, Davanian H, Bage T, Johannsen G, Koro C, Lundeberg J, et al.
Transcriptome analysis reveals mucin 4 to be highly associated with periodontitis and
identifies pleckstrin as a link to systemic diseases. Sci Rep. (2015) 5:18475. doi: 10.1038/
srepl8475

13. Liu YZ, Maney P, Puri J, Zhou Y, Baddoo M, Strong M, et al. RNA-sequencing
study of peripheral blood monocytes in chronic periodontitis. Gene. (2016) 581:152-60.
doi: 10.1016/j.gene.2016.01.036

14. Graves DT, Oskoui M, Volejnikova S, Naguib G, Cai S, Desta T, et al. Tumor
necrosis factor modulates fibroblast apoptosis, PMN recruitment, and osteoclast
formation in response to P. gingivalis infection. ] Dent Res. (2001) 80:1875-9.
doi: 10.1177/00220345010800100301

15. Kourtzelis I, Li X, Mitroulis I, Grosser D, Kajikawa T, Wang B, et al. DEL-1
promotes macrophage efferocytosis and clearance of inflammation. Nat Immunol.
(2019) 20:40-9. doi: 10.1038/s41590-018-0249-1

16. Liu H, Liu Y, Fan W, Fan B. Fusobacterium nucleatum triggers proinflammatory
cell death via Z-DNA binding protein 1 in apical periodontitis. Cell Commun Signal.
(2022) 20:196. doi: 10.1186/s12964-022-01005-z

17. Xing L, Dong W, Chen Y, Dai W, Xiao X, Liu Z, et al. Fibroblast ferroptosis is
involved in periodontitis-induced tissue damage and bone loss. Int Immunopharmacol.
(2023) 114:109607. doi: 10.1016/j.intimp.2022.109607

18. Zhang K, Chen X, Zhou R, Chen Z, Wu B, Qiu W, et al. Inhibition of gingival
fibroblast necroptosis mediated by RIPK3/MLKL attenuates periodontitis. J Clin
Periodontol. (2023) 50:1264-79. doi: 10.1111/jcpe.13841

19. Sun Y, Feng X, Wan C, Lovell JF, Jin H, Ding J. Role of nanoparticle-mediated
immunogenic cell death in cancer immunotherapy. Asian ] Pharm Sci. (2021) 16:129-
32. doi: 10.1016/j.ajps.2020.05.004

20. Pol JG, Le Naour ], Kroemer G. FLT3LG - a biomarker reflecting clinical
responses to the immunogenic cell death inducer oxaliplatin. Oncoimmunology. (2020)
9:1755214. doi: 10.1080/2162402x.2020.1755214

21. Zhuo J, Wang K, Shi Z, Yuan C. Immunogenic cell death-led discovery of
COVID-19 biomarkers and inflammatory infiltrates. Front Microbiol. (2023)
14:1191004. doi: 10.3389/fmicb.2023.1191004

22. Wang R, Du Y, Shao W, Wang J, Liu X, Xu X, et al. Identification of
immunogenic cell death-related genes involved in Alzheimer's disease. Sci Rep.
(2024) 14:3786. doi: 10.1038/s41598-024-54357-6

23. Wang Z, Liu J, Wang Y, Guo H, Li F, Cao Y, et al. Identification of key
biomarkers associated with immunogenic cell death and their regulatory mechanisms

in severe acute pancreatitis based on WGCNA and machine learning. Int ] Mol Sci.
(2023) 24. doi: 10.3390/ijms24033033

Frontiers in Immunology

10.3389/fimmu.2024.1438998

24. Kay JG, Kramer JM, Visser MB. Danger signals in oral cavity-related diseases. ]
Leukoc Biol. (2019) 106:193-200. doi: 10.1002/jlb.4mir1118-439r

25. Johnson L, Almeida-da-Silva CLC, Takiya CM, Figliuolo V, Rocha GM,
Weissmiiller G, et al. Oral infection of mice with Fusobacterium nucleatum results
in macrophage recruitment to the dental pulp and bone resorption. BioMed J. (2018)
41:184-93. doi: 10.1016/j.bj.2018.05.001

26. Yoshihara-Hirata C, Yamashiro K, Yamamoto T, Aoyagi H, Ideguchi H,
Kawamura M, et al. Anti-HMGBI neutralizing antibody attenuates periodontal
inflammation and bone resorption in a murine periodontitis model. Infect Immun.
(2018) 86:€00111-18. doi: 10.1128/iai.00111-18

27. Panahipour L, Micucci C, Gelmetti B, Gruber R. In Vitro bioassay for damage-
associated molecular patterns arising from injured oral cells. Bioengineering (Basel).
(2024) 11. doi: 10.3390/bioengineering11070687

28. Binderman I, Gadban N, Yaffe A. Extracellular ATP is a key modulator of
alveolar bone loss in periodontitis. Arch Oral Biol. (2017) 81:131-35. doi: 10.1016/
j.archoralbio.2017.05.002

29. Garg AD, De Ruysscher D, Agostinis P. Immunological metagene signatures
derived from immunogenic cancer cell death associate with improved survival of
patients with lung, breast or ovarian malignancies: A large-scale meta-analysis.
Oncoimmunology. (2016) 5:e1069938. doi: 10.1080/2162402x.2015.1069938

30. Korsunsky I, Millard N, Fan J, Slowikowski K, Zhang F, Wei K, et al. Fast,
sensitive and accurate integration of single-cell data with Harmony. Nat Methods.
(2019) 16:1289-96. doi: 10.1038/541592-019-0619-0

31. Hao Y, Hao S, Andersen-Nissen E, Mauck WM 3rd, Zheng S, Butler A. et
allntegrated analysis of multimodal single-cell data. Cell. (2021) 184:3573-87.e29.
doi: 10.1016/j.cell.2021.04.048

32. Sinha D, Kumar A, Kumar H, Bandyopadhyay S, Sengupta D. dropClust:
efficient clustering of ultra-large scRNA-seq data. Nucleic Acids Res. (2018) 46:e36.
doi: 10.1093/nar/gky007

33. Kuleshov MV, Jones MR, Rouillard AD, Fernandez NF, Duan Q, Wang Z, et al.
Enrichr: a comprehensive gene set enrichment analysis web server 2016 update. Nucleic
Acids Res. (2016) 44:W90-7. doi: 10.1093/nar/gkw377

34. Robin X, Turck N, Hainard A, Tiberti N, Lisacek F, Sanchez JC, et al. pROC: an
open-source package for R and S+ to analyze and compare ROC curves. BMC Bioinf.
(2011) 12:77. doi: 10.1186/1471-2105-12-77

35. Song B, Zhang YL, Chen L], Zhou T, Huang WK, Zhou X, et al. The role of Toll-
like receptors in periodontitis. Oral Dis. (2017) 23:168-80. doi: 10.1111/0di.12468

36. Galluzzi L, Vitale I, Warren S, Adjemian S, Agostinis P, Martinez AB, et al.
Consensus guidelines for the definition, detection and interpretation of immunogenic
cell death. J Immunother Cancer. (2020) 8:e000337. doi: 10.1136/jitc-2019-000337

37. Song G, Peng G, Zhang J, Song B, Yang J, Xie X, et al. Uncovering the potential
role of oxidative stress in the development of periodontitis and establishing a stable
diagnostic model via combining single-cell and machine learning analysis. Front
Immunol. (2023) 14:1181467. doi: 10.3389/fimmu.2023.1181467

38. Bengtsson VW, Persson GR, Berglund JS, Renvert S. Periodontitis related to
cardiovascular events and mortality: a long-time longitudinal study. Clin Oral Investig.
(2021) 25:4085-95. doi: 10.1007/s00784-020-03739-x

39. Savage A, Eaton KA, Moles DR, Needleman I. A systematic review of definitions
of periodontitis and methods that have been used to identify this disease. J Clin
Periodontol. (2009) 36:458-67. doi: 10.1111/j.1600-051X.2009.01408.x

40. Tonetti MS, Greenwell H, Kornman KS. Staging and grading of periodontitis:
Framework and proposal of a new classification and case definition. J Clin Periodontol.
(2018) 45(Suppl 20):S149-s61. doi: 10.1111/jcpe.12945

41. Blanco-Pintos T, Regueira-Iglesias A, Seijo-Porto I, Balsa-Castro C, Castelo-Baz
P, Nibali L, et al. Accuracy of periodontitis diagnosis obtained using multiple molecular
biomarkers in oral fluids: A systematic review and meta-analysis. J Clin Periodontol.
(2023) 50:1420-43. doi: 10.1111/jcpe.13854

42. Wielento A, Lagosz-Cwik KB, Potempa J, Grabiec AM. The role of gingival
fibroblasts in the pathogenesis of periodontitis. J Dent Res. (2023) 102:489-96.
doi: 10.1177/00220345231151921

43. Davidson S, Coles M, Thomas T, Kollias G, Ludewig B, Turley S, et al. Fibroblasts

as immune regulators in infection, inflammation and cancer. Nat Rev Immunol. (2021)
21:704-17. doi: 10.1038/s41577-021-00540-z

44. Feghali K, Iwasaki K, Tanaka K, Komaki M, Machigashira M, Ishikawa I, et al.
Human gingival fibroblasts release high-mobility group box-1 protein through active
and passive pathways. Oral Microbiol Immunol. (2009) 24:292-8. doi: 10.1111/.1399-
302X.2009.00508.x

45. Nogueira AV, de Souza JA, de Molon RS, Pereira Eda S, de Aquino SG,
Giannobile WV, et al. HMGBI localization during experimental periodontitis.
Mediators Inflamm. (2014) 2014:816320. doi: 10.1155/2014/816320

46. Cifcibasi E, Ciblak M, Kiran B, Badur S, Firatli E, Issever H, et al. The role of
activated cytotoxic T cells in etiopathogenesis of periodontal disease: does it harm or
does it heal? Sci Rep. (2015) 5:9262. doi: 10.1038/srep09262

frontiersin.org


https://doi.org/10.1111/idj.12630
https://doi.org/10.1007/s00125-011-2342-y
https://doi.org/10.1111/prd.12385
https://doi.org/10.1007/s11883-020-00848-6
https://doi.org/10.1016/j.jns.2010.07.012
https://doi.org/10.1016/j.jns.2010.07.012
https://doi.org/10.1111/prd.12329
https://doi.org/10.1155/2020/2146160
https://doi.org/10.1111/jcpe.12681
https://doi.org/10.1034/j.1600-0757.2001.22250102.x
https://doi.org/10.1111/odi.12574
https://doi.org/10.1902/jop.1992.63.9.748
https://doi.org/10.1902/jop.1992.63.9.748
https://doi.org/10.1038/srep18475
https://doi.org/10.1038/srep18475
https://doi.org/10.1016/j.gene.2016.01.036
https://doi.org/10.1177/00220345010800100301
https://doi.org/10.1038/s41590-018-0249-1
https://doi.org/10.1186/s12964-022-01005-z
https://doi.org/10.1016/j.intimp.2022.109607
https://doi.org/10.1111/jcpe.13841
https://doi.org/10.1016/j.ajps.2020.05.004
https://doi.org/10.1080/2162402x.2020.1755214
https://doi.org/10.3389/fmicb.2023.1191004
https://doi.org/10.1038/s41598-024-54357-6
https://doi.org/10.3390/ijms24033033
https://doi.org/10.1002/jlb.4mir1118-439r
https://doi.org/10.1016/j.bj.2018.05.001
https://doi.org/10.1128/iai.00111-18
https://doi.org/10.3390/bioengineering11070687
https://doi.org/10.1016/j.archoralbio.2017.05.002
https://doi.org/10.1016/j.archoralbio.2017.05.002
https://doi.org/10.1080/2162402x.2015.1069938
https://doi.org/10.1038/s41592-019-0619-0
https://doi.org/10.1016/j.cell.2021.04.048
https://doi.org/10.1093/nar/gky007
https://doi.org/10.1093/nar/gkw377
https://doi.org/10.1186/1471-2105-12-77
https://doi.org/10.1111/odi.12468
https://doi.org/10.1136/jitc-2019-000337
https://doi.org/10.3389/fimmu.2023.1181467
https://doi.org/10.1007/s00784-020-03739-x
https://doi.org/10.1111/j.1600-051X.2009.01408.x
https://doi.org/10.1111/jcpe.12945
https://doi.org/10.1111/jcpe.13854
https://doi.org/10.1177/00220345231151921
https://doi.org/10.1038/s41577-021-00540-z
https://doi.org/10.1111/j.1399-302X.2009.00508.x
https://doi.org/10.1111/j.1399-302X.2009.00508.x
https://doi.org/10.1155/2014/816320
https://doi.org/10.1038/srep09262
https://doi.org/10.3389/fimmu.2024.1438998
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Wu et al.

47. Takenaka MC, Robson S, Quintana FJ. Regulation of the T Cell Response by
CD39. Trends Immunol. (2016) 37:427-39. doi: 10.1016/;.it.2016.04.009

48. Nemoto E, Gotoh K, Tsuchiya M, Sakisaka Y, Shimauchi H. Extracellular ATP
inhibits IL-1-induced MMP-1 expression through the action of CD39/nucleotidase
triphosphate dephosphorylase-1 on human gingival fibroblasts. Int Immunopharmacol.
(2013) 17:513-8. doi: 10.1016/j.intimp.2013.07.014

49. Qi W, Yang X, Ye N, Li S, Han Q, Huang J, et al. TLR4 gene in the regulation of
periodontitis and its molecular mechanism. Exp Ther Med. (2019) 18:1961-66.
doi: 10.3892/etm.2019.7809

50. Yamazaki T, Hannani D, Poirier-Colame V, Ladoire S, Locher C, Sistigu A, et al.
Defective immunogenic cell death of HMGBI1-deficient tumors: compensatory therapy
with TLR4 agonists. Cell Death Differ. (2014) 21:69-78. doi: 10.1038/cdd.2013.72

51. Li K, Lv G, Pan L. Sirtl alleviates LPS induced inflammation of periodontal
ligament fibroblasts via downregulation of TLR4. Int ] Biol Macromol. (2018) 119:249—
54. doi: 10.1016/j.ijbiomac.2018.07.099

52. Dou T, Fu M, Wang Y, Zhao Y, Wang Z, Bian Z, et al. Signatures of positive
selection in LY96 gene in vertebrates. J Biosci. (2013) 38:899-904. doi: 10.1007/s12038-
013-9377-9

Frontiers in Immunology

17

10.3389/fimmu.2024.1438998

53. Kawai T, Akira S. Toll-like receptors and their crosstalk with other innate
receptors in infection and immunity. Immunity. (2011) 34:637-50. doi: 10.1016/
j-immuni.2011.05.006

54. Pilling LC, Joehanes R, Melzer D, Harries LW, Henley W, Dupuis J, et al. Gene
expression markers of age-related inflammation in two human cohorts. Exp Gerontol.
(2015) 70:37-45. doi: 10.1016/j.exger.2015.05.012

55. Fan C, Hu H, Shen Y, Wang Q, Mao Y, Ye B, et al. PRF1 is a prognostic marker
and correlated with immune infiltration in head and neck squamous cell carcinoma.
Transl Oncol. (2021) 14:101042. doi: 10.1016/j.tranon.2021.101042

56. Trubiani O, Horenstein AL, Caciagli F, Caputi S, Malavasi F, Ballerini P.
Expression of P2X7 ATP receptor mediating the IL8 and CCL20 release in human
periodontal ligament stem cells. J Cell Biochem. (2014) 115:1138-46. doi: 10.1002/
jcb.24756

57. Husted LB, Harslof T, Stenkjer L, Carstens M, Jorgensen NR, Langdahl BL.
Functional polymorphisms in the P2X7 receptor gene are associated with osteoporosis.
Osteoporos Int. (2013) 24:949-59. doi: 10.1007/s00198-012-2035-5

58. Agrawal A, Gartland A. P2X7 receptors: role in bone cell formation and
function. ] Mol Endocrinol. (2015) 54:R75-88. doi: 10.1530/jme-14-0226

frontiersin.org


https://doi.org/10.1016/j.it.2016.04.009
https://doi.org/10.1016/j.intimp.2013.07.014
https://doi.org/10.3892/etm.2019.7809
https://doi.org/10.1038/cdd.2013.72
https://doi.org/10.1016/j.ijbiomac.2018.07.099
https://doi.org/10.1007/s12038-013-9377-9
https://doi.org/10.1007/s12038-013-9377-9
https://doi.org/10.1016/j.immuni.2011.05.006
https://doi.org/10.1016/j.immuni.2011.05.006
https://doi.org/10.1016/j.exger.2015.05.012
https://doi.org/10.1016/j.tranon.2021.101042
https://doi.org/10.1002/jcb.24756
https://doi.org/10.1002/jcb.24756
https://doi.org/10.1007/s00198-012-2035-5
https://doi.org/10.1530/jme-14-0226
https://doi.org/10.3389/fimmu.2024.1438998
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Analysis of immunogenic cell death in periodontitis based on scRNA-seq and bulk RNA-seq data
	1 Introduction
	2 Materials and methods
	2.1 Data acquisition
	2.2 scRNA sequencing data processing
	2.3 Cell-cell communication analysis
	2.4 Identification of DEGs
	2.5 Gene ontology and Kyoto encyclopedia of genes and genomes analyses
	2.6 Immunoinfiltration analysis
	2.7 Establishment of a prediction model
	2.8 Candidate biomarker expression levels and diagnostic value
	2.9 Gene set enrichment analysis and interaction network of model genes
	2.10 Identification of ICD-related subtypes
	2.11 Cell culture and treatments
	2.12 Enzyme linked immunosorbent assay
	2.13 ATP quantification
	2.14 Collection of tissue samples
	2.15 RNA extraction and quantitative real-time PCR
	2.16 Immunofluorescence assay
	2.17 Immunohistochemistry
	2.18 Statistical analysis

	3 Results
	3.1 scRNA-seq data processing
	3.2 Identification of the major cells in which ICD occurs
	3.3 Identification of ICD-related DEGs
	3.4 Immune infiltration analysis
	3.5 Disease prediction model results
	3.6 Interaction analysis and enrichment analysis of model genes
	3.7 Construction of the ICD subtype of periodontitis
	3.8 Experimental verification of ICD-related hub genes

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


