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Objective: This investigation aimed to determine whether and to what extent there are transcriptional differences between period-
ontitis and peri-implantitis in the same susceptible host.
Background: As an immune-mediated inflammatory disease resulting in aggressive bone resorption around dental implants, peri-
implantitis constitutes a major threat to dental implants’ long-term success. Compared to periodontitis, its etiological molecular
mechanism remains elusive. Currently, there are few investigations on these two diseases at the transcriptional level within the same
basal environment.
Methods: Ligature-induced peri-implantitis and periodontitis were generated in the same mice. Gingival tissues of healthy, period-
ontitis, and peri-implantitis sites from the same oral cavity were collected and used for RNA sequencing. Differentially expressed
genes (DEGs) were screened between periodontitis/peri-implantitis and healthy sites. Enrichment analysis of DEGs was performed.
The comprehensive immune landscape was annotated by seq-ImmuCC. Hub genes from peri-implantitis-specific DEGs were filtered
using the STRING database and Cytoscape. Validation of the selected hub genes was performed on the GEO106090 dataset
(gingival tissues from six periodontitis patients, six peri-implantitis patients, and six healthy controls).
Results: The results indicated that peri-implantitis and periodontitis exhibited significantly distinct transcriptional signatures, with the
complement and coagulation cascade pathways and osteoclast differentiation predominating in peri-implantitis mucosa. Compared
with periodontitis, peri-implantitis sites exhibited elevated macrophage proportions and relatively enriched macrophage activation and
bone loss. Hub genes were selected, and IL1B, CCL3, and CLEC4E were significantly highly expressed in human peri-implantitis
mucosa.
Conclusion: The study suggests that the interplay between macrophages and bone resorption seems to be more robust than in
periodontitis. IL1B, CCL3, and CLEC4E may be considered promising therapeutic targets for peri-implantitis. These critical biological
processes and identified genes may contribute to the etiology of peri-implantitis, which is unique from periodontitis. This work may
make way for deeper exploration and contribute significantly to the treatment and prevention of peri-implantitis.
Keywords: peri-implantitis, periodontitis, transcriptome analysis, immune profiling, bioinformatics analysis

Introduction
Peri-implantitis is an immune-mediated inflammatory condition that manifests as soft tissue inflammation and accelerated
bone resorption surrounding dental implants, which compromises the long-term success and even ultimately the loss of
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implants.1,2 With approximately a quarter of all patients experiencing peri-implantitis and the growing number of dental
implants placed per year, peri-implantitis has sparked growing concern among researchers globally.3,4

Similar to periodontitis regarding clinical and radiographic signs in some ways, peri-implantitis is also treated with
mechanical and antimicrobial treatment approaches.5 Unfortunately, the current treatment of peri-implantitis yields
highly variable and unpredictable outcomes, with some interventions exhibiting a recurrence rate of up to 100% after
12 months.6–8 The lack of efficacy of conventional treatment approaches suggests that peri-implantitis may be different
from periodontitis in terms of pathogenesis to some extent, which is also supported by evidence from recent open-ended
investigations.9

Past studies focused on the different molecular mechanisms in peri-implantitis and periodontitis have revealed some
important differences from the histopathological and immunological aspects. Histopathological analysis revealed that
inflammatory regions are more prominent in peri-implantitis, with higher proportions of infiltrating leukocytes.10–12

Immunological studies regarding the proinflammatory cytokines of peri-implant crevicular fluid reported that IL-6, IL-
1β, and TNF-α can be used as biomarkers to distinguish peri-implantitis from periodontitis.13–15 It should be noted that the
histochemical staining/immunoassay used in the abovementioned research could only identify a very limited range of
known markers, which is inadequate to obtain entire thorough molecular profiles in the course of peri-implantitis. Given
that innate immunity systems respond to stimuli through sophisticated and coordinated gene expression programs that
include the transcription of various genes, the use of RNA sequencing (RNA-seq) technology in conjunction with unbiased
bioinformatics analysis undoubtedly offers a robust approach to deconstructing the molecular profiles of peri-implantitis.

Published studies found that periodontitis and peri-implantitis display distinctive signatures of transcriptional gene
expression.16–18 However, different host environments were included in those studies to assess the differences between
the two analogous diseases with the impact of individual variation overlooked. Individual variation in the immune system
response appears to be preexisting, and it is likely that these differences contribute to differences in susceptibility to
inflammation,19,20 which makes it more challenging to analyze the fundamental pathogenesis of peri-implantitis. These
issues warrant further investigation of the two analogous diseases observed within the same oral cavity. In fact, dental
implants are regularly placed in patients with a history of periodontitis, and long-term studies indicate that the
coexistence of peri-implantitis and periodontitis is becoming more common clinically.21,22 There is a need to compare
their characteristics in one susceptible host with these two diseases.

Therefore, the study’s principal goal was to delineate the distinctions between peri-implantitis and periodontitis by
employing genome-wide mRNA expression profiling in the same mice by establishing ligature-induced experimental peri-
implantitis and periodontitis, thus providing novel information on the differences between the two diseases. The second aim
was to screen signatures that are unique to peri-implantitis through deeper bioinformatics analysis using genes expressed
exclusively in peri-implantitis. The results reported in the present study could lay the foundation for understanding the
pathogenesis of peri-implantitis and provide potential therapeutics for treating this disease.

Materials and Methods
Mouse Models
Five-week-old male wild-type C57BL/6J mice were obtained from Vital River Laboratory Animal Technology Co., Ltd.
(Beijing, China). The mice used during the research were maintained in pathogen-free facilities at Peking University’s
Health Science Center and were given an ad libitum regular diet. All experiments were conducted in accordance with
relevant provisions for the use of animals following the Animal Research: Reporting of In Vivo Experiments (ARRIVE)
guidelines. The RNASeqPower package in R was used to calculate the sample sizes and determine the statistical power
for our data.23 All animal care and experiments were conducted under the National Institutes of Health Guide for the
Care and Use of Laboratory Animals and were approved by the Peking University Health Science Center Ethics
Committee (Ethics number: LA2021495).

The complete procedures used were identical to those previously described with certain alterations (Figure 1A).24

In short, all mice were given general anesthesia, and the right maxillary first molars were extracted. After six weeks,
sequential 1.0-mm drill holes in extraction sockets were prepared with a micro hand drill (0.3 mm in diameter;
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D. P. Machining Inc., La Verne, CA, USA). The screw-shaped titanium implant (1 mm in length and 0.5 mm in
diameter; D. P. Machining Inc., La Verne, CA, USA) was screwed into the drill holes clockwise until torque could be
achieved. After four weeks of osseointegration, peri-implantitis and periodontitis were experimentally established. On
the right side of the maxilla, a 5–0 silk ligature was placed subgingivally around the implants and corresponding left
maxillary molars (Supplementary Figure 1). All mice were sacrificed two weeks after ligature placement using CO2

inhalation, and soft tissues were collected. The successful establishment of the models was confirmed by scanning
alveolar bone using microCT (Inveon MM Gantry-STD 3121, Siemens, Germany), The X-ray beam was set at 60 kVp
and 220 μA. All maxillae were scanned in the sagittal position at a voxel resolution of 18 μm (Supplementary
Figure 2).

Soft Tissue Collection and RNA Extraction
The soft tissues were cut in an imaginary line 1 mm around the implants and molars, and the soft tissues were peeled off
and stored at −80°C (Figure 1A). Soft tissues surrounding ligatured implants and corresponding ligatured molars were
regarded as peri-implantitis sites (PI) and periodontitis sites (P), respectively, while tissues around the third molars were

Figure 1 Comprehensive analysis of differentially expressed genes (DEGs). (A) At week 10, silk ligatures were placed around the maxillary left first molars and right
implants of mice. Soft tissues inside the yellow dotted line around the ligatured tooth (P), ligatured implant (PI) and third molar (H) sites were collected at week 12. (B)
Principal component analysis of the three groups. The higher the variation in gene expression patterns across samples was, the greater the distance among samples. (C)
Comparison of DEGs in each disease group versus the healthy control group using the MA plot. Red dots indicate significantly upregulated genes, green dots indicate
significantly downregulated genes, and gray dots represent nonsignificantly differentially expressed genes. (D) Venn diagram. DEGs were identified as having a q value
(adjusted p value) of ≤ 0.001 and |fold change| of ≥ 2.
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collected as healthy controls (H). Blinding was established by marking each tissue with letters and using the same letter
for each group. Except for the investigators who established the animal models and collected tissues, the investigators
responsible for extracting RNA and performing the analysis were kept blinded to the group assignments.

TRIzol® reagent (Invitrogen, Rockville, MD, USA) was used to extract total RNA from soft tissues (n = 3 mice)
according to the manufacturer’s instructions. The quality of the RNA was then evaluated using an Agilent 2100
Bioanalyzer (Santa Clara, CA) and quantified using an ND-2000 system (NanoDrop Technologies, USA). Each sample
had an RNA integrity value ≥ 7.5, optical density 260/280 ≥ 1.8, and optical density 260/230 ≥ 2.0.

Transcriptome Analysis
The Illumina TruSeqTM RNA Sample Preparation Kit (San Diego, CA) was used to create the RNA-seq transcriptome
library using 1 μg of total RNA. On an Illumina platform, sequencing was performed (NovaSeq 6000 sequencer, 150
paired-end reads). Each sample contained 41–45 million clean reads and Q30 > 94% (Supplementary Table 1). The clean
reads were separately aligned to the mouse reference genome (GRCm38.p6, http://asia.ensembl.org/Mus_musculus/Info/
Index). The Majorbio I-Sanger Cloud Platform was used to upload and process the sequencing data (www.i-sanger.com).
The RNA-seq data obtained by this research are available in the publicly accessible Gene Expression Omnibus (GEO)
database (http://www.ncbi.nlm.nih.gov/geo) under the accession number GSE186882.

Identification of Differentially Expressed Genes
DEseq2 (Ver. 1.2) was used to identify differentially expressed genes (DEGs), and genes with q value (adjusted p value)
≤ 0.001 and |fold change| ≥ 2 were considered significantly different in expression. Pairwise comparisons were made
between the healthy gingival controls and two disease phenotypes (P versus H, PI versus H).

Bioinformatics Analysis
A Venn diagram and principal component analysis were performed using R software. We used Gene Ontology (GO;
www.geneontology.org) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses to identify the
biological functions of the DEGs with a Bonferroni-corrected P value ≤ 0.001.

Gene set enrichment analysis (GSEA) was applied to validate whether the particular signature was considerably
enriched at the top or bottom of the predefined gene set. We downloaded GSEA software (Ver. 4, software.broadinstitute.
org/gsea/index.jsp/) and predesigned the gene sets of interest, including the “macrophage activation” and “bone loss”
gene sets (Supplementary Table 2). The list of genes with differential expression between peri-implantitis/periodontitis
and healthy controls was input into the software with 1000 permutations, and gene sets were regarded as highly enriched
when the false discovery rate (FDR) q-value was < 0.05.

In addition to obtaining the comprehensive landscape of the immune microenvironment and identifying the distinct
signatures of immune cell proportions in both phenotypes, seq-ImmuCC (http://218.4.234.74:3200/immune/) was applied
to normalize and process the raw RNA-seq read counts.25 It can determine the relative percentage of main immune cell
types by using the deconvolution model, which relies on a presumed linear connection between mixed expression profiles
in tissue samples and isolated cell type expression profiles to estimate the comparative fraction of main immune cell
types.

Core Gene Selection and Reanalysis
The STRING online database (https://string-db.org/) was utilized to forecast the protein–protein interaction (PPI)
network, which could help to clarify the distinct mechanism of the initiation and course within peri-implantitis.26 The
PPI network of DEGs exclusively expressed in peri-implantitis was evaluated, and interactions with an overall score >
0.7 were considered statistically significant. For ranking nodes in a PPI network, cytoHubba, a plug-in for Cytoscape,
was used to perform topological analysis methods.27 Four centrality indexes, including the maximal clique centrality
(MCC), the maximum neighborhood component (MNC), the edge percolated component (EPC), and the degree, were
chosen to filter the top 20 genes. A total of seven overlapping hub genes among these top genes were screened according
to these four methods.
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GEO serves as a public repository of high-throughput functional genomics expression data. Here, the GSE106090
dataset from GEO was acquired to validate the expression levels of seven hub genes associated with peri-implantitis.
GSE106090 consisted of 18 human soft tissue samples and was divided into three groups, namely, the peri-implantitis,
periodontitis, and healthy control groups, with six samples in each group. Core genes were identified when P < 0.05 and
fold change > 1.5. Three core genes were identified.

A summary of the three core genes interacting networks was created using GeneMANIA (http://genemania.org/) to
concurrently identify genes with functionalities comparable to those of the target genes and anticipate gene functions
simultaneously.28 The visualization of functions was achieved by the ClueGO plug-in for Cytoscape.

Statistical Analysis
The statistically analyzed data are presented as the mean ± standard error of the mean (SEM). Statistical analysis was
performed using GraphPad (GraphPad Software Inc.). Bioinformatics analysis was performed using R 3.6. The statistical
analysis of RNA-seq data is described above.

Results
Transcriptome Profiling
Significant DEGs were identified with a significance threshold of |fold change| ≥ 2 and q value ≤ 0.001. Identification of
DEGs revealed different gene expression modulations of periodontitis and peri-implantitis in the same basal background.
Figure 1C illustrates that 539 genes were upregulated and 1808 genes were downregulated when periodontitis was
compared with the healthy control group (P versus H comparison). Comparing peri-implantitis patients with healthy
controls (PI versus H comparison) revealed 755 upregulated genes and 1312 downregulated genes. Detailed information
on the significant DEGs is provided in Supplementary Tables 3 and 4.

Principal component analysis was performed to determine if the expression profiles obtained for groups represented
a distinct molecular signature suggestive of peri-implantitis/periodontitis, as illustrated in Figure 1B. Principal component 1
(PC1), which accounted for 54.16% of the variance, distinctly separated the periodontitis/peri-implantitis groups from the
healthy control group. PC2, which accounted for 12.02% of the variance, separated the peri-implantitis group from the
periodontitis group. The results showed a clear separation of the three groups in the present study.

Given the similar inflammatory phenotypes of periodontitis and peri-implantitis, we evaluated the overlapping DEGs
between the two entities. Venn diagrams revealed several overlapping and exclusive DEGs in each disease group versus
the healthy control group. A total of 402 upregulated and 1138 downregulated DEGs in both P versus H and PI versus
H were involved during disease progression (Figure 1D). The results suggested that the gene modulation of gingival
inflammation around two distinct structures of teeth and implants was similar to a large degree but still had certain
separate properties.

RNA-seq generates much more information than can be used for deeper explorations. To identify key pathologic
mechanisms of peri-implantitis compared with periodontitis, the overlapping and exclusive DEGs annotated by the GO
and KEGG databases were examined.

Investigation of the DEGs and Pathways Shared in Both Diseases
To determine the mechanisms in response to ligature in peri-implantitis and periodontitis, the overlapping DEGs (402
upregulated and 1138 downregulated DEGs) were selected for GO and KEGG enrichment analyses. As illustrated in
Figure 2A, the findings suggested that the shared DEGs in the two entities were predominantly enriched in pathways that
were mostly associated with the inflammatory process. In particular, these genes were enriched in hematopoietic cell
lineage, immune cell activation, cytokine–cytokine receptor interaction, and chemokine signaling pathway, which were
highly identical to the clinical processes of periodontitis and peri-implantitis.
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Investigation of the Exclusive DEGs and Pathways in Peri-Implantitis and Periodontitis
To determine the distinct pathologic mechanisms in both analogous diseases, we further explored the exclusive DEGs
within the two entities. The Venn diagram of both entities’ upregulated and downregulated DEGs revealed that 137 and
353 upregulated DEGs and 670 and 174 downregulated DEGs were specifically expressed in the peri-implantitis and
periodontitis groups, respectively, compared to the healthy control group (Figure 1D). More specific upregulated DEGs
(353) were identified in the PI versus H comparison, while the number of specific downregulated DEGs (670) was
drastically reduced in the P versus H comparison. To identify the function of these exclusive DEGs, these specific
upregulated and downregulated DEGs were analyzed by GO and KEGG data enrichment analyses separately
(Figure 2B).

Figure 2 GO and KEGG database enrichment analyses were used to determine the key pathways of the DEGs in peri-implantitis. (A) GO and KEGG enrichment analyses of
the 1540 overlapping genes in both entities. (B) GO and KEGG enrichment analyses of the 1807 and 527 DEGs specific to periodontitis and peri-implantitis, respectively.
Red dots represent the enriched items of the upregulated DEGs, and green dots represent the enriched items of the downregulated DEGs. Terms were considered enriched
when p ≤ 0.001.
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In the GO analysis, the exclusive DEGs in the P versus H comparison were mainly enriched in pathways involved in
cell adhesion and differentiation; in comparison, the exclusive DEGs in the PI versus H comparison were mainly
concentrated in the response to stimulus (detection of external biotic stimulus, cellular response to molecule of bacterial
origin), abnormal immune cell activation (neutrophil migration, granulocyte migration, positive regulation of chemo-
taxis), regulation of reactive oxygen species (ROS) (positive regulation of ROS metabolic process, regulation of ROS
metabolic process), and regulation of bone mineralization.

The KEGG analysis indicated that the specific upregulated DEGs in PI versus H and downregulated DEGs in P versus
H were enriched in multiple pathways, while no pathway was enriched with the specific downregulated DEGs in PI
versus H and upregulated DEGs in P versus H. The exclusively upregulated DEGs of the PI versus H comparison were
mainly enriched in pathways associated with immune-mediated inflammation activation and imbalance (complement and
coagulation cascades, lysosome, and TNF signaling pathway) and cell proliferation, adhesion, and migration (cytokine–
cytokine receptor interaction, osteoclast differentiation, glycosaminoglycan biosynthesis, and C-type lectin receptor
signaling pathway). In contrast, these pathways were not enriched in the P versus H comparison. The exclusively
downregulated DEGs in the P versus H comparison were mainly enriched in pathways involved in hematopoietic cell
lineage, B-cell receptor signaling and natural killer cell–mediated cytotoxicity.

Given that enhanced immune-mediated inflammatory signatures were observed in the GO and KEGG analyses of the
PI versus H comparison, further exploration was focused on inflammation caused by abnormal immune cell activation.

Macrophage Compositions are Promoted in Peri-Implantitis Sites
Seq-ImmuCC was then applied to generate the relative abundance of the major immune subset population. As illustrated
in Figure 3A, plotting the 10 kinds of mainly expressed immune cells showed that monocytes and macrophages were
activated in different proportions in both diseases. The recruitment of monocytes was higher in the P group, while the
activation of macrophages was much stronger in the PI group. In addition, other cell types did not change among
different sites.

Given the close link between macrophages and bone remodeling, we further predesigned two gene sets to examine
changes in macrophages and bone remodeling through GSEA, designated “macrophage activation” and “bone loss”. The
two gene sets were significantly enriched in soft tissues in the PI versus H comparison, while both showed no significant
difference in the P versus H comparison (Figure 3B). These data demonstrated that the activation of macrophages and
bone resorption in the peri-implantitis site were considerably enhanced.

Identification of Core Genes in Inflammation Signaling
DEGs may not be indicative of their importance to the phenotype on their own, but they may instead reflect the indirect
interaction with a gene network. Thus, to explore the possible target core genes in peri-implantitis, the STRING database
was used to anticipate potential associations among the upregulated and downregulated DEGs specifically expressed in
the PI versus H comparison. The PPI network consisting of 170 nodes and 188 edges is shown in Figure 4. Furthermore,
the top 20 genes were obtained by using four algorithms (MCC, MNC, degree, and EPC) in cytoHubba. Seven
overlapping hub genes were selected for further analysis, namely, Il1b, Tlr2, Ccl3, Ccl4, Irg1, Clec4e, and Cd80
(Table 1).

Reanalysis of the Seven Selected Hub Genes
GSE106090, containing information on human gingival samples, was used to further validate the expression of these
seven selected hub genes from RNA-seq (Figure 5). Irg1 is more commonly known as Acod1 (aconitate decarboxylase 1)
in human databases. GSE106090 verified that the expression of six of the seven selected genes was significantly higher in
both diseases than in healthy gingival samples (H). Moreover, soft tissues derived from peri-implantitis (PI) exhibited
higher expression levels of IL1B, CCL3, and CLEC4E than periodontitis (P) tissues, implying that these three genes
could be key regulators in peri-implantitis. To explore the biological processes of IL1B, CCL3 and CLEC4E, the
GeneMANIA algorithm was employed to construct gene association networks among these core genes and their 20
related genes (Figure 6A). In addition, the exploration of their biological functions is shown in Figure 6B, indicating that
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the core genes were mainly involved in the chemotaxis and migration of immune cells, including cytokine-mediated
signaling pathways, cytokine binding, and immune receptor activity.

Discussion
The pathophysiology of peri-implantitis is not entirely understood, and numerous obstacles and uncertainties hinder
further exploration, particularly in comparison with periodontitis. RNA-seq technology offers apparent advantages in
regard to elucidating the potential mechanisms underlying complicated diseases.29 There are many challenges and
complexities in peri-implantitis pathology. RNA-seq technology allows an accurate comparison of the pathology of
these diseases due to the high resolution and high data throughput. To the best of our knowledge, this research presents
the first RNA-seq experiment incorporating experimental peri-implantitis and periodontitis in the same host environment

Figure 3 Immune content and gene set enrichment analyses of molecular signatures of interest. (A) The immune cell subpopulations and relative proportions were
characterized by Seq-ImmuCC. Data are the means ± SEMs (n = 3 mice). *p < 0.05, one-way ANOVA followed by Tukey’s test. (B) Gene sets of “macrophage activation” and
“bone loss” enriched in each comparison of each disease group versus the healthy control group. Gene sets were regarded as significantly enriched when the false discovery
rate (FDR) q-value was < 0.05.
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to compare these two diseases to date. Our study aimed to uncover key pathways and molecules linked with peri-
implantitis and potential therapeutic targets for peri-implantitis at the molecular level.

The current study identified 1540 shared DEGs in pathologic events of periodontitis and peri-implantitis. In addition, 527
DEGs (353 upregulated and 174 downregulated DEGs) were specifically expressed in peri-implantitis, and 807 DEGs (137
upregulated and 670 downregulated DEGs) were specifically expressed in periodontitis. The results revealed that the gene
modulation of gingival inflammation around teeth and implants was largely similar but had certain distinct characteristics.
These distinct molecular signatures emphasize that these two disease entities should be viewed as distinct disease events.

Accordingly, the following pathway analysis suggested that the 1540 shared DEGs of peri-implantitis/periodontitis
were mainly enriched in pathways associated with cell activities such as proliferation, adhesion, migration, differentia-
tion, and apoptosis. These results showed a high degree of consistency with prior research, indicating that regenerative
processes such as proliferative and apoptotic processes, along with defensive and immunological pathways, could play
a crucial part in inflammation.16,18 It is important to note that the similarities of pathways within peri-implantitis and
periodontitis appear to be greater than the previous study’s overlap, further explaining why peri-implantitis and period-
ontitis are often summarized into one group.16,18

Interestingly, among the enrichment analyses of the exclusive DEGs, the pathways involved in the response to
stimulus, immune-mediated inflammation activation, regulation of ROS, and regulation of bone remodeling represented
the most prominent pathways in peri-implantitis. These pathways were significantly upregulated in peri-implantitis, but
no change or opposite regulation patterns were observed in the periodontitis setting, which suggested that these pathways

Figure 4 The interaction of specific DEGs in the PI versus H comparison was visualized in the PPI network complex with a correlation coefficient > 0.7, nodes: proteins,
edges: interaction of the proteins. The color of the dot represents the number of interacting proteins (light to dark red represents the number of interacting proteins that
have increased), and the thickness of the line displays the correlation coefficient between proteins (the closer the correlation is to 1, the thicker the line is, and the more
vital the protein interaction is).
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may be the key mechanism of peri-implantitis. The host response to stimulation seems to be more robust in peri-
implantitis soft tissues. Indeed, the degree of immune cell invasion appeared to be stronger in peri-implantitis, whereas
lesions within the connective tissue compartment were well restrained in periodontitis.30–32 This could be explained by
the anatomical variations between periodontal and peri-implant soft tissues. Due to the decreased cellularity and
vascularity of peri-implant connective tissue, implants may be more vulnerable to pathogenic stimuli and disease
initiation. Furthermore, prior research has revealed that soft tissues around peri-implantitis have a more prominent
inflammatory microenvironment, which includes macrophage activation and migration, as well as the production of
proinflammatory and bone remodeling-related cytokines and oxidative stress. Inflammatory microenvironment-mediated
oxidative stress is characterized by the overproduction of ROS, which triggers severe inflammation and extended tissue
destruction.33 Previous studies have indicated the vital role of ROS in peri-implantitis and periodontitis. Interestingly, GO
analysis of the exclusive DEGs revealed the positive regulation of ROS as the prominent signaling pathway that was
upregulated in peri-implantitis compared to periodontitis, which suggests higher ROS activity in peri-implantitis.34 In

Table 1 Comparison of Hub Genes for Specifically Expressed Genes in PI versus H Ranked in
the cytoHubba Plugin of Cytoscape

Catalog Rank Methods in cytoHubba

MCC MNC Degree EPC

Gene top 20 Il1b Tlr2 Il1b Il1b

Tlr2 Il1b Tlr2 Tlr2

Ccl3 Ccl3 Ccl3 Ccl3

Ccl4 Ccl4 Ccl4 Ccl4

Irg1 Irg1 Vegfa Irg1

Vegfa Clec4e Cd68 Clec4e

Clec4e Gsta3 Fcgr3 Cxcr2

Cyp2e1 A4galt Hgf Cd68

Cd68 Gla Cyp2e1 Cd80

Cxcr2 Adcy4 Clec4e Fcgr3

Fcgr3 Adcy5 Tgfb3 Vegfa

Gsta3 Cyp2e1 Eng Nlrp3

Hgf Lmod1 Thbs1 Clec4n

Myh11 Myh11 Ngfr Clec7a

Cd80 Cxcr2 Myh11 Hgf

A4galt Cd80 Irg1 Osm

Gla Clec7a Trem2 Ptgs2

Tgfb3 Gstm1 Cd80 Ccr1

Eng Hexa Osm Fpr1

Adcy4 Il1rn Nlrp3 Ms4a6d

Note: The bolded genes represent the overlapping hub genes that were ranked in the top 20 by four different
approaches in cytoHubba.
Abbreviations: MCC, maximum clique centrality; MNC, maximum neighborhood component; Degree, degree of
connection between nodes; EPC, edge percolated component.
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Figure 5 Validation of hub genes in the Gene Expression Omnibus (GSE106090) dataset. Bold gene symbols are the core genes characterized by p < 0.05 and fold change >
1.5. Data are the means ± SEMs (n = 6 individuals), one-way ANOVA followed by Tukey’s test.

Figure 6 Biological processes of selected core genes in peri-implantitis. (A) The network of three selected core genes and relevant genes built by GeneMANIA, where lines
are color-coded based on the identities of the network names. (B) The biological process of core genes and relevant genes analyzed through ClueGO. The network of
biological process terms is represented as pie charts, where pies are color-coded based on the identities of the terms.
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particular, increasing evidence has demonstrated that scavenging ROS can inhibit osteoclastogenesis and that alveolar
bone resorption is suppressed by ROS scavengers through local injection,35–38 confirming that ROS participate in bone
remodeling by enhancing osteoclast capacity. In agreement, the osteoclast differentiation pathway was relatively
upregulated in peri-implantitis, which might explain the accelerated rate of bone resorption in clinical peri-implantitis
lesions. Even when both disease entities begin at the same time, more bone loss occurs around implants than around
natural teeth, implying a faster progression in peri-implantitis.39,40

Conventional immunohistochemistry/immunofluorescence analysis is bound to have difficulty annotating the global
immune landscape due to its technical sensitivity and the limited number of mature immune markers for staining. Thus,
we used the RNA-seq-based approach seq-ImmuCC to deduce the precise annotation of the comprehensive immune
landscape. The data showed that the immune landscape of peri-implantitis tends to show more macrophages and fewer
monocytes than that of periodontitis. Consistent with our data, histopathological studies of human biopsy material from
periodontitis and peri-implantitis indicated that peri-implantitis lesions were much wider and featured significantly more
macrophages in terms of area proportions, numbers, and densities than periodontitis lesions.10–12 Compelling evidence
indicates that the interplay between alveolar bone and macrophages in the microenvironment might be a key process in
distinguishing peri-implantitis from periodontitis.41 A recent study examined how bone stromal cells regulate immune
cell populations by performing single-cell RNA-seq of mouse alveolar bone and found that macrophages are the largest
subpopulation that interacts with bone stromal cells, thereby regulating the remodeling of alveolar bone.42 Previous
research has shown that titanium implants or byproducts, as foreign bodies, can activate macrophages, boosting the
secretion of proinflammatory cytokines. Some of these cytokines could aid in prolonging the lifespan of leucocytes at the
site of inflammation, affecting peri-implant bone immunity.9,43,44 As an example, IL-1β, G-CSF and tumor necrosis
factor are released by macrophages and can enhance bone resorption. The comprehensive immune landscape profile and
GSEA detected the robust activation of macrophages and bone loss. These findings suggest that peri-implantitis may
elicit a more enhanced host response and extensive infiltration of macrophages and osteoclastogenesis than periodontitis
within the same susceptible host environment.

After further analysis and validation of the exclusive DEGs of peri-implantitis, three core genes, IL1B, CCL3 and
CLEC4E, were filtered out, which could be the key regulatory factors in peri-implantitis. Upon reviewing the published
literature, these core genes were discovered to have a wide range of functions in immune cell chemotaxis and migration.
IL1B, as a classical proinflammatory cytokine-coding gene, is one of the most extensively studied immunologic
indicators for peri-implantitis. Mounting evidence has supported that IL1B could be a potential biomarker of peri-
implantitis owing to its close relationship with the development of peri-implantitis.14,45–47 The production of IL1B may
stimulate osteoclast differentiation via a RANKL-independent mechanism in activated macrophages. Thus, proinflam-
matory cytokines are effective stimulators of osteoclast-mediated bone resorption in inflammatory bone disorders,
possibly explaining the increased bone resorption observed in peri-implantitis. As evidenced above, it has been proposed
that IL1B might be an effective therapeutic target in peri-implantitis. Likewise, in patient samples, it was verified that
CCL3 expression was considerably higher in peri-implantitis. CCL3 is a gene that encodes a chemotactic (stimulation of
cell migration) protein that plays a critical function in inflammation and enhanced osteoclast activation.48,49 The
increased CCL3 protein level is related to greater severity in chronic periodontitis.50 Although the specific role of
CCL3 in peri-implantitis remains unknown,51,52 together, these findings may explain the enhanced bone loss activity in
peri-implantitis. What excited the authors was ClEC4E, coding the macrophage-inducible C-type lectin in macrophages,
which is a critical transmembrane pattern recognition receptor capable of sensing a diverse array of sugar-containing
ligands produced by pathogens.53 The majority of investigations have concentrated exclusively on the roles of Toll-like
receptors in macrophage pathogen detection during periodontal infections. Recent investigations, however, have indi-
cated that ClEC4E is a key receptor for sensing and modulating macrophage responses to the major periodontal pathogen
Tannerella forsythia, which is also emerging as a pathogen in peri-implantitis.46,54 This is consistent with the current
result that macrophages are dominant in peri-implantitis. Considering that the core genes identified reflect characteristics
that distinguish peri-implantitis from periodontitis, they may provide a possible therapeutic target for peri-implantitis.
Understandably, given that our findings are based on transcriptome data, rigorous validation of individual protein levels
and experiments examining their putative function are needed to elucidate the clinical significance of our findings. In
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summary, soft tissues around implants likely trigger more enhanced host immune responses, such as dominant infiltration
of macrophages, to promote osteoclastogenesis than those in periodontitis. Further studies in clinical cohorts and animal
models are needed to delineate the interplay between macrophages and bone loss in the pathogenesis of peri-implantitis.
Moreover, the placement of implants may alter the gene expression profile in soft tissue to some extent. An animal model
combining healthy teeth, healthy implants, periodontitis and peri-implantitis may be introduced to perform deeper
analysis. Importantly, our results suggest that IL1B, CCL3, and CLEC4E could serve as promising therapeutic targets
for peri-implantitis. If further intervention studies corroborate the vital role and therapeutic effect of these core genes,
they may contribute to the prevention and treatment of peri-implantitis.
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