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Background: Peri-implantitis, a major contributor to dental implant failure, lacks comprehensive insights into tissue-specific
heterogeneity as current researches predominantly focus on the whole peri-implant tissue rather than distinct molecular and
cellular dynamics in gingiva and alveolar bone microenvironments. Furthermore, ethical challenges hinder the acquisition of
healthy peri-implant tissues, limiting our understanding of peri-implantitis progression and the development of targeted therapies.
Methods: We established a controlled peri-implantitis model in beagle dogs, enabling ethical collection of healthy control tissues.
Single-cell RNA sequencing (scRNA-seq) transcriptomics profiling was conducted on gingiva and alveolar bone tissues from
diseased and healthy controls. Additionally, flow cytometry was utilized to further verify the identified subclusters and their
involvement in peri-implantitis.

Results: Single-cell transcriptomic profiling unveiled a pronounced expansion of inflammation-associated cellular subsets in both
gingival and alveolar bone microenvironments during peri-implantitis. Gingival tissues exhibited marked expansions in IL6"/
IL18BP™ endothelial cell and CXCL8™ fibroblast, whereas APOD™" fibroblast dominated in peri-implantitis bone tissues. Gene-level
profiling further identified upregulated pro-inflammatory chemokines (CXCL8, CXCL17, CCL24) within gingiva IL18BP™ endo-
thelial cells. Notably, we discovered a unique ligand-receptor interaction C3 (APOD™ fibroblast)-C3ARI (monocyte/macrophage)
in alveolar bone tissue, implicating complement-dependent signaling in immune crosstalk.

Conclusions: Our study provides the first comparative atlas of soft/hard tissue remodeling in peri-implantitis at single-cell
resolution. The expansion of IL6*/ILI8BP* endothelial cell and CXCL8™ fibroblast in gingiva, alongside APOD™ fibroblast-
driven C3—-C3ARI signaling in alveolar bone, highlights distinct microenvironmental reprogramming between soft and hard
tissues. These findings not only identify potential therapeutic targets but also validate the translational relevance of the canine
model for peri-implantitis research.
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1. Introduction

Peri-implantitis is a common complication characterized by
chronic inflammation of the peri-implant tissue. This disease
features irreversible and progressive degradation of gingival
and alveolar bone, ultimately leading to tooth loss [1, 2]. A

systematic review reported a weighted mean prevalence
of 22%, highlighting peri-implantitis as the leading cause of
tooth-implant surgery failure [2]. However, on the basis of the
current understanding, the treatment for this disease remains
limited to removing the biofilm, which usually results in
unsatisfactory outcomes [3-5]. A better understanding of
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the underlying cellular and molecular dynamics of the gingiva
and alveolar bone during peri-implantitis has broad implica-
tions for both biological understanding and therapeutic tar-
geting of the pathological peri-implantitis.

In order to overcome the challenges, studies have
highlighted the significant roles of both immune and non-
immune cells in tissue destruction [6, 7].T cells are crucial
for disease progression, and the present studies have revealed
increased expression of RORyT and FOXP3 in affected tis-
sues [8], indicating a role for TH17 and Treg cells in peri-
implantitis. Additionally, nonimmune cells such as fibro-
blasts have been shown to promote inflammation in peri-
implantitis through interactions with neutrophils [9]. More-
over, endothelial cells can regulate angiogenesis and vascu-
logenesis via vascular endothelial growth factors (VEGFs) to
influence immune cell migration [10]. However, most cur-
rent studies were based on entire peri-implant tissue, limiting
a thorough understanding of the heterogeneity of gingival
and alveolar bone tissues as well as the development of tar-
geted host therapy for peri-implantitis.

To date, the pathogenic molecular and cellular mechan-
isms involved in peri-implantitis remain incompletely
understood. The advent of single-cell RNA sequencing
(scRNA-seq) has provided insight into the transcriptome
of individual cell in tissues [7]. However, current researches
predominantly focus on the whole peri-implant tissue rather
than distinct molecular and cellular dynamics in the gingiva
and alveolar bone microenvironments separately. Further-
more, ethical challenges hinder the acquisition of healthy
peri-implant tissues, limiting our understanding of peri-
implantitis progression and the development of targeted
therapies. Herein, we utilized single-cell RNA sequencing
to investigate inflammation-associated cells in gingival and
alveolar bone tissues separately obtained from beagle dogs.
Additionally, all protocols of our study complied with the
Animal Research: Reporting of In Vivo Experiments
(ARRIVE) guidelines [11].

2. Materials and Methods

2.1. Animals. The study involved four healthy, 1-year-old
male beagle dogs. The surgical procedures involved bilateral
extraction of the mandibular second, third, and fourth pre-
molars simultaneously under general anesthesia. Following a
12-week healing period, 24 dental implants (¢3.6 mm,
H7 mm, Dentium, Seoul, South Korea) were placed into
the edentulous sites. Each implant had a placement torque
of at least 35N-cm. After 1 week, cover screws (3.4 mm,
HO mm, Dentium, South Korea) were attached to the
implants. Abutments (¢4.5 mm, H3.5 mm, Dentium, South
Korea) were connected 8 weeks postimplantation [12]. All
methods and protocols were authorized by the Institutional
Animal Care and Use Committee at Sun Yat-sen University
(Approval No. SYSU-IACUC-2022-000486).

2.2. Induction of Peri-Implantitis and Sample Collection.
After installation of the healing abutment, 30 silk ligatures
were placed below the healing abutment of the left-side
implants of each beagle dog to induce inflammation through
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plaque accumulation, whereas the right side did not receive
ligatures. The control side underwent daily oral hygiene with
0.12% chlorhexidine gluconate. Ligature retention and
implant stability were manually assessed every 48 h. After
an 8-week observation period, the animals were sacrificed
via intracardiac injection of 10% potassium chloride
(0.5 mL/kg). Mandibles were surgically excised, and gingival
tissues and alveolar bone samples were collected separately
for downstream analyses. One mandible was collected for
micro-CT analysis to confirm the success of the model con-
struction. The other mandibles were used to obtain the peri-
implant tissues including gingival and alveolar bone tissues
from the location of third and fourth premolars of canines
for single-cell suspensions and the remaining peri-implants
tissues were harvested for the further flow cytometry. Peri-
implantitis samples were selected based on clinically evident
inflammation (bleeding on probing positive, probing depth
>5mm). Gingival tissues were harvested by elevating full-
thickness flaps and collecting 4 mm-wide circumferential
biopsies from the implant—gingiva interface. Alveolar bone
tissues were obtained from a cylindrical area with a 1-mm
radius around the implant surface and extending 4 mm in
length from the top of the bone level with a caries scoop
following complete removal of the gingival.

2.3. Computed Tomography Analysis. Micro Computed
Tomography (Inveon, Siemens, Germany; 80kV, 500 A,
1500 ms exposure time) was used to image the surrounding
tissues of the implants in both sides. alveolar bone loss was
quantified via three-dimensional reconstruction. The alveo-
lar bone height was measured in the lingual and palatal
regions, and the four regions measured yielded an average
amount of bone loss [12].

2.4. Single-Cell RNA Sequencing and Analysis

2.4.1. Sample Preparation. To prepare single-cell suspen-
sions, alveolar bone was cut into small pieces (<1 mm?),
and gingival tissue was minced and digested separately
with collagenase type I (Gibco) and dispase II (Sigma) as
previously described [13]. Red blood cells were subjected to
lysis using 1 mL of Red Cell Lysis Solution (Biosharp, China).
The cells were subsequently centrifuged and resuspended in
1% BSA solution. Following resuspension, the cells were
passed through a 40-pm filter (Biosharp), washed, and
counted with a Countess 3 Automatic cell counter (Thermo
Fisher, USA).

2.4.2. 10 x Genomics Library Construction. Single-cell RNA
sequencing libraries were prepared via the Chromium
Single-Cell 3’ Reagent Kit v3 (10X Genomics) according to
the manufacturer’s instructions. Briefly, ~35,000 cells/FACS-
sorted cells were washed and resuspended to a concentration
of 700-1200 cells/uL (viability >85%) as described in a pre-
vious study [14]. After the reverse transcription step, bar-
coded cDNA was purified with Dynabeads, followed by PCR
amplification. For gene expression library construction,
50 ng of amplified cDNA was fragmented and end-repaired,
double-sized with SPRIselect beads, and sequenced on a
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NovaSeq platform (Illumina) to generate 150 bp paired-end
reads.

2.4.3. Mapping and QC Filtering. Raw sequencing reads were
first demultiplexed and mapped to the reference genome
using Cell Ranger (v3.0.0). Subsequent analyses were per-
formed in R (v4.2.2) with the Seurat package (v4.3.0). For
quality control, cells with >20% mitochondrial gene expres-
sion were discarded. We also excluded cells with insufficient
transcript detection (<350 genes for healthy samples or
<250 genes for diseased samples) as well as those with
unusually high gene counts (>6500 for healthy and peri-
odontitis samples or >6000 for peri-implantitis) as described
in a previous study [9].

2.4.4. Dimension Reduction and Unsupervised Clustering. To
mitigate the effects of cell cycle heterogeneity on cell cluster-
ing, G2M and S phase scores were calculated via the function
CellCycleScoring [15]. G2M and S phase scores were used to
“regress out” heterogeneity due to the cell cycle via Scale-
Data. We conducted the principal component analysis
(PCA) on highly variable genes (HVGs) to reduce the
dimensionality of the data. The top 40 principal components
were selected for unsupervised clustering of single cells. Non-
linear dimensional reduction (uniform manifold approxima-
tion and projection [UMAP]) was then used to visualize the
clustering results (resolution = 0.6).

2.4.5. Differential Gene Expression Analysis. To identify dif-
ferentially expressed genes (DEGs) in each cluster, Find
AllMarkers with the Wilcoxon rank-sum test algorithm and
Benjamini-Hochberg correction were performed to reduce
the bias caused by multiple tests with the following thresholds:
[log, (fold change) | >2.0 and adjusted p value <0.05. The
following configurations were set as previous study [9]. We
used the EnhancedVolcano R package to visualize the DEGs
between peri-implantitis canines and healthy controls.

2.4.6. Enriching Pathway Analysis. GO and KEGG enrich-
ment analyses of the DEG sets were performed using the
GO-seq R and KOBAS packages, respectively. GO and
KEGG terms with adjusted p values < 0.05 were considered
statistically significant.

2.4.7. Cell Communication Analysis. We applied via the Cell-
PhoneDB, a public repository of ligands and receptors and
their interactions. Membrane-secreted and peripheral pro-
teins of the cluster at different time points are annotated.
Significant interaction means and cell communication signif-
icance (adjusted p value < 0.05) were calculated on the basis
of the interaction and the normalized cell matrix achieved by
Seurat normalization.

2.5. Flow Cytometry. Single-cell suspensions were washed
twice with the ice-cold flow cytometry (FACS) buffer (2%
FBS+1mM EDTA in PBS) and incubated with blocking
buffer (1:100, 564765, BD Bioscience) for 15 min at 4°C.
For cell surface antigen staining, single-cell suspensions
were stained with CD45 (553081, BD Bioscience) and
CD11b (101236, BioLegend) in the dark for 1 h on ice and

then washed two to three times with FACS buffer. For intra-
cellular cytokine detection, the cells were fixed and permea-
bilized with fixation/permeabilization buffer (BD Bioscience)
according to the manufacturer’s protocol. Cells were then
stained with CD3 (553066, BD Bioscience), B220 (561881,
BD Biosciences), and Ly6G (551461, BD Bioscience) antibo-
dies. Data analysis was performed by using Flow]Jo software
(Tree Star, Ashland, OR, USA).

2.6. Statistical Analysis. Data analysis and visualization were
performed with Prism (GraphPad). The p values were calcu-
lated using the unpaired two-tailed student’s t test or
one-way ANOVA followed by Tukey-Kramer multiple-
comparisons test. p values<0.05 were considered
statistically significant and are displayed as follows: ns, no
significant, p >0.05: *p <0.05; **p <0.01: **p <0.001
and **p <0.0001. Data were expressed as mean &= SEM.

3. Results

3.1. Single-Cell RNA Sequencing Performed Separately on
Gingival and Alveolar Bone Tissues From Both Healthy
Samples and Those With Peri-Implantitis. To observe the
heterogeneity between alveolar bone and gingival tissues
under peri-implantitis versus healthy samples, we performed
scRNA-seq on these tissues (Figure la). After standard data
processing and quality filtering (Supporting Information 1:
Figure Sla), we obtained single-cell transcriptomes from a
total of 35,039 single cells. UMAP clustering identified 13
distinct cellular compartments, annotated through canonical
marker gene expression (Figure 1b,d and Supporting Infor-
mation 1: Figure S1b).

We next compared the proportion and quantity across
tissue types (Figure 1c and Supporting Information 1: Figure
Slc), revealing part of parallel inflammatory dynamics in
both tissues during peri-implantitis. Immune cells, such as
plasma cells, monocyte/macrophage (Mon/Mac) and cycling
B cell were significantly increased in both peri-implantitis
bone (PB) and peri-implantitis gingival (PG) tissues, with
plasma cell showing the most substantial increase. Con-
versely, B cell and lymphatic endothelial cell (LEC) decreased
in the PB and PG, consistent with previously reported [7, 16].
As for nonimmune cells, we observed an increase of fibro-
blast (Fib) in both tissues. In contrast, the proportions of
neutrophil (Neu), mast cell and endothelial cell (Endo)
decreased in alveolar bone tissues but increased in gingiva,
whereas the proportions of T cell increased in alveolar bone
tissue but decreased in gingival tissue (Supporting Informa-
tion 1: Figure S1d).

In general, both tissue types exhibited severe inflamma-
tory responses verified by flow cytometry (Figure le),
whereas the immune activation patterns diverged signifi-
cantly between bone and gingival microenvironments. Alve-
olar bone tissues presented a more pronounced increase in
nonimmune cells, particularly fibroblast, whereas gingival
tissue exhibited a more pronounced increase in immune
cells, particularly neutrophil and plasma cell (Supporting
Information 1: Figure Sle).
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FiGure 1: Overview of the 35,039 single cells from bone and gingiva tissues in peri-implantitis and healthy control separately. (a) Study
overview: cell suspension was prepared from peri-implantitis groups (imflamed) and healthy controls (healthy) of beagle dogs. The picture
shows the position of the biopsies we obtained. Next, we performed the single-cell RNA sequencing and verified by flow cytometry.
(b) Uniform Manifold Approximation and Projection (UMAP) of the 35039 cells, colored by cell-type annotation from left to right: healthy
bone (HB), peri-implantitis bone (PB), healthy gingiva (HG) peri-implantitis gingiva (PG). Epi, epithelial cells; Endo, endothelial cells; Fib,
fibroblast cells; Neu, neutrophils; LEC, lymphatic endothelial cells; Mon/mac, monocytes/macrophages; SMC, smooth muscle cells.
(c) Proportion of each cluster of HB, PB, HG, PG. (d) Dot plot depicting the expression of cluster-defining genes and percentage of cells
expressing each gene for the 13 clusters, respectively. Expression values are normalized and scaled averages. avg.exp, average expression; %.
exp, percentage expression. (e) The upper panels depict a representative flow-cytometry scatterplots of alveolar bone tissue, while the lower
depict the flow-cytometry scatterplots of the gingival tissue. Cells were gated from single/live and stained with CD45 (n = 3/group, error bars

represent SEM, *p <0.05 as determined by unpaired two-tailed Student’s ¢ test).

3.2. The Diverse Functions of Fibroblasts Have Been Revealed
and Are Particularly Associated With Inflammation. Given
the dramatic expansion of fibroblast in both tissues under
inflammatory conditions, we next focused on the functional
heterogeneity of the subclusters (Figure 2a).

Five distinct subclusters were identified, exhibiting
tissue-specific distribution patterns yet consistent activation
trends from health to disease state (Figure 2b,c and Support-
ing Information 2: Figure S2a).

APOD" fibroblasts were highly enriched in PB and char-
acterized by features of skeletal system development and cell
differentiation (Figure 2e). Further DEG analysis revealed
that the expression of osteogenesis-related genes was upre-
gulated in PB [17-21] (Supporting Information 2: Figure
S2b), suggesting a potential role in mediating the imbalance
between bone formation and resorption during severe peri-
implantitis. Moreover, it also demonstrated B cell activation

in PB, explaining the significant increase of the subcluster
under peri-implantitis.

PG were dominated by CXCL8™ fibroblasts, which exhib-
ited enhanced immune response signatures and endothelial
interaction potential (Figure 2d), while they were virtually
undetectable in alveolar bone. Known for recruiting immune
cells [22, 23], CXCL8 has been linked not only to immune
activity but also to angiogenesis in some deseases [24-26],
suggesting a key role for CXCL8" fibroblast in mediating
inflammation and vascular growth specifically in disease-
affected gingival tissue.

Notably, a shared feature of both tissues was the abun-
dance of SEN™ fibroblast. Interestingly, this subcluster co-
expressed classical fibroblast markers and epithelial markers
(KRT16, KRT4) (Supporting Information 2: Figure S2c),
potentially representing a transitional cell type during epi-
thelial mesenchymal transition (EMT) in peri-implantitis.
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FiGURE 2: Distinct subclusters of the fibroblast. (a) UMAP of fibroblast cells as in Figure 1a, annotated and colored by the sample type of origin
(HB, PB, HG, PG) and subclustering. (b) Proportion of each cluster in HB, PB, HG, PG. (c) Dot plot depicting the expression of cluster-
defining genes and percentage of cells expressing each gene for the five subclusters of fibroblast respectively. Expression values are normalized
and scaled averages. (d) Gene enrichment analysis of CXCL8" Fib associated with genes upregulated between HG versus PG. (e) Gene
enrichment analysis of APOD" Fib associated with genes upregulated between HB versus PB. (f) Gene enrichment analysis of SEN* Fib
associated with genes upregulated between HB + HG versus PB + PG. (g) Volcano plot depicting the increased expression of SEN and GPX2
in PG. Red points represent the genes with FDR < 0.1, log, (fold change) > 2.0 and adjusted p value < 0.05 in PG.

Further DEG analysis supported this hypothesis, with ele-
vated expression of EMT markers (SFN, GPX2) & nbsp [27,
28], and enrichment of cell-cell adhesion and EMT-related
pathways (Figure 2g,f).

Periodontal ligament fibroblast (PLF), identified by extra-
cellular matrix marker ASPN [29], were notably reduced in
diseased tissues. PLF has been suggested to be a source of
osteoblast for the remodeling of alveolar bone [30]. This decline
suggests an imbalance in osteogenic function during inflamma-
tion, which aligns with the pathogenesis of peri-implantitis.

Opverall, our data reveal a complex landscape of fibroblast
diversity between gingival and alveolar bone tissues,
highlighting inflammation responses, osteogenesis, and vas-
culature development.

3.3. Endothelial Cells Exhibit a Close Relationship With Both
Innate and Adaptive Immunity. Recent studies have con-
firmed the important roles of endothelial cells in coordinat-
ing inflammatory responses [10, 31]. Considering their
potential role in shaping the local inflammatory microenvi-
ronment, we further investigated the endothelial cell com-
partment. (Figure 3a—c and Supporting Information 3:
Figure S3a,c).

Among the endothelial subclusters, SERPINE1" endo-
thelial cells were significantly expanded in PG. These cells
are characterized by high expression of SERPINEI, a plas-
minogen activator inhibitor known to regulate inflammation
and angiogenesis [32]. Prior studies indicated that endothe-
lial cells in other tissues can express SERPINEI in response to
endotoxins, contributing to a prothrombotic state by reduc-
ing fibrin degradation [33, 34]. Therefore, we speculate that
the upregulation of this subcluster may leads to local micro-
thrombosis and necrosis in the gingival, ultimately exacer-
bating the inflammatory response.

IL18BP* endothelial cells were also increased in the PG.
Gene enrichment analysis revealed their role in promoting
chemotaxis and the migration of immune cells, especially
those involved in the innate immune response (Figure 3d).
Several DEGs, including CXCL8, CXCL17, CCL24, CCL20,
CCR1, and CCRI0, were also increased in the PG, consistent
with the immune-recruiting function. (Supporting Informa-
tion 3: Figure S3b).

GO analysis revealed that IL6" endothelial cells were also
linked to immune functions, with a gene signature of
response to lipopolysaccharide and regulation of the adaptive
immune response. Although the proportion of IL6"
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Ficure 3: Distinct subclusters of the endothelial cell. (a) UMAP of 2790 endothelial cells as in Figure 1a, annotated and colored by the sample
type of origin (HG, PG) and subclustering. Endo : Endothelial. (b) Proportion of each cluster in HB, PB, HG, PG. (c) Dot plot depicting the
expression of cluster-defining genes and percentage of cells expressing each gene for the six subclusters of endothelial cells, respectively.
Expression values are normalized and scaled averages. (d) Gene enrichment analysis of ILI8BP* endothelial associated with genes upregu-
lated between HG versus PG. (e) Gene enrichment analysis of IL6* endothelial associated with genes upregulated between HG versus PG.
(f) Gene enrichment analysis of SEMAG3™ endothelial associated with genes upregulated between HG versus PG. (g) Violin plot showing the
expression of CXCL12 in each subcluster. Differentially expressed gene criteria included FDR < 0.1 and adjusted p value < 0.05. (h) Volcano
plot depicting DEGs of IL6" Endothelial between HG and PG. Red points represent genes with FDR < 0.1, log, (fold change) > 2.0 and

adjusted p value <0.05 in PG.

endothelial cell decreased in the inflammatory state, we
found that the expression of inflammation-associated genes
were upregulated in the PG (Figure 3h), consisting with GO
analysis [35-37] (Figure 3e).

Additionally, SEMAG3™ endothelial cells displayed a
gene signature consistent with the function of mesenchymal
stem cells, including blood vessel morphogenesis and endo-
thelial cell differentiation (Figure 3f). This subcluster also
expressed high level of CXCLI12 (Figure 3g), a marker for
perivascular mesenchymal stem cells [38]. Given that vascu-
larization and vasodilatation increasing during inflammation
[39], the modest increase in SEMAG3* endothelial cells
observed in peri-implantitis suggests their involvement in
inflammation-driven vascular remodeling.

Overall, the gene expression profile of endothelial cells
involves not only the matrix organization but also immune
processes through direct chemotaxis and the recruitment of
immune cells, as well as indirectly through angiogenesis,
including endothelial cell migration and proliferation.

3.4. The Immune Landscapes of Alveolar Bone and Gingival
Tissues From Peri-Implantitis Canines Showed Heterogeneity.
Peri-implant inflammation is a common complication after
implantation, mainly manifested as chronic inflammation of
the peri-implant tissue [40, 41]. To better understand the
immune dynamics underlying this condition, we next aimed
to characterize immune cells in both tissues at the single-cell

level. While the same immune cell subclusters were identified
in both tissues, their proportions varied significantly.

In the gingiva, T cell predominated in the HG but did not
increase in the PG, possibly due to a sharp increase in mye-
loid cells (Supporting Information 4: Figure S4a). In contrast,
alveolar bone tissues exhibited an increase trend, as con-
firmed by flow cytometry. (Figure 4a,d). Myeloid cell popu-
lations were most abundant in HB, with expansion in
gingival tissues but a decrease in alveolar bone tissue (Sup-
porting Information 4: Figure S4a). However, flow cytometry
revealed an increase in both tissues (Figure 4c,f), reflecting a
potential limitation of this method in capturing myeloid
transcriptomes [7]. Notably, B and plasma cells, particularly
the latter, were significantly expanded in peri-implantitis
across both tissues, which was consistent with previous stud-
ies and corroborated by the flow cytometry results [42] (Sup-
porting Information 4: Figure S4a and Figure 4b,e).

Given the central role of T and B cells in chronic inflam-
mation [43—45], we next characterized the T cell populations
and identified 10 subclusters (Figure 5a,b). T_naive declined
in both the PG and PB, indicating a T cell-activated state.
However, T cell subclusters displayed different trends within
alveolar bone and gingival tissues. In alveolar bone tissue,
almost all the T cell subclusters presented a proportional
increase, mainly in T_IL2 and T_FOS, in addition to
T_cyto, Th17, ILC2, and NK cells, which indicated a state
of T cell activation and tissue destruction. Moreover,
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Ficure 4: Flow cytometry was used to verify the changes in immune cells. (a—c) Representative flow-cytometry scatter plots from an
independent HG, PG, HB, PB cohort. Cells were gated from single/live and stained with CD45/CD3 (a), CD45/B220 (b), and CDI11b/
Ly6G (c). (d-f) Bar graphs demonstrate percentage of expression of CD45"CD3*(d), CD45"B220%(e), and CD11b*Ly6G*(f) (n = 3/group,
error bars represent SEM, *p <0.05, **p <0.01, **p <0.001, ****p <0.0001 as determined by unpaired two-tailed student’s # test).
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FiGURE 5: Distinct subclusters of the immune cell clusters. (a) UMAP of T cells shown in Figure 1a, annotated and colored by the sample type
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in both tissues under peri-implantitis.

although the number of Treg increased, the Th17/Treg ratio
still increased in the inflammatory state. In gingival tissue,
T_SLPI showed a predominant increase, along with Th17,
NK, and ILC2s. In contrast, Tth cells were decreased
(Figure 5c).

The alterations in the proportions of T cell subclusters
reflected an inflammatory state in both alveolar bone and
gingival tissues, and gene enrichment analysis confirmed
this phenomenon. Various signaling pathways, including
cytokine signaling in the immune system, neutrophil degran-
ulation, the IL-17 signaling pathway, the MAPK signaling
pathway, and the NOD-like receptor signaling pathway
were were upregulated in the inflamed groups across most
T cell subclusters (Figure 5f and Supporting Information 4:
Figure S4d). These findings underscore the pivotal role of
T cells in driving peri-implantitis through diverse inflamma-
tory pathways.

Finally, we identified two B cell subclusters, activated B
cell and naive B cell (Figure 5d,e). A general decline in B cell
numbers was observed, likely due to their differentiation into
plasma cells, which were markedly increased under peri-
implantitis in both tissues (Figure 1c). The plasma cell-based
state suggests that the activation of B cells in peri-implantitis
is quite intense, which is consistent with previous studies
[42]. Further differential expression analysis of B cells
revealed an enrichment of the metal ion response pathway
in activated B cells in alveolar bone tissue, suggesting that
metal ions impact disease via activated B cells (Supporting
Information 4: Figure S4c). The extreme condition of the oral
environment makes even a stable titanium (Ti) implant
undergo corrosion and release metal particles into the

surrounding microenvironments, compromising tissue
integrity and impairing osseointegration. Previous studies
showed that the release of Ti particles commences immedi-
ately following dental implant insertion [46], with high levels
of Ti particles negatively impacting osteoblastogenesis while
promoting osteoclast and inflammatory cell activation
[47-49]. Our findings reveal that activated B cells in bone
tissues upregulate metal ion-responsive pathways, potentially
linking Ti particle exposure to osteoclast dysfunction
through the stimulation of osteoblast precursors by NF-kB
ligand (RANKL), a cytokine essential for osteoclast
differentiation.

3.5. Cell-Cell Communication in Peri-Implantitis Canines
and Healthy Controls in the Microenvironments of Alveolar
Bone and Gingival Tissues. On the basis of the above results,
we conclude that peri-implantitis involves different complex
interactions between immune and nonimmune cells in both
tissues. To further investigate these interactions, we employed
CellPhoneDB to profile cell communication, with a focus on
potential immune—nonimmune interactions.

In both alveolar bone and gingival tissues, the cell-cell
interaction landscape was dominated by endothelial cells and
fibroblasts (Figure 6a). On the basis of the subclusters related
to inflammation that we observed, we further calculated the
interaction strengths of ligand-receptor (L-R) pairs in our
scRNA-seq dataset and identified interaction pairs display-
ing significant cell population specificity between nonim-
mune cells and immune cells.

In the PG group, the endothelial cells presented notably
elevated levels of NOTCH ligands, with corresponding
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FiGure 6: Cell-cell communication of the subclusters within the HG, PG, HB, and PB. (a) Overview of the cell—cell interaction heatmaps of
HB, PB, HG, and PG. (b) Dot plot showing the interactions between endothelial cells and immune cells in gingival tissue. (c) Dot plot
showing the interactions between fibroblasts and immune cells in gingival tissue.

receptors expressed by immune cells (Figure 6b and Support-
ing Information 5: Figure S5b). In addition to the expression
of certain chemokines, the WNT signaling pathway is upre-
gulated in fibroblasts during inflammatory states (Figure 6¢
and Supporting Information 5: Figure S5¢). In alveolar bone
tissues, we have focused mainly on the interactions between
fibroblasts and immune cells. More L-R pairs associated with
monocyte and macrophage adhesion and chemotaxis were
observed in the inflammatory state, indicating that innate
immunity plays a pivotal role in alveolar bone tissue (Sup-
porting Information 5: Figure S5a). This upregulation implies
the critical involvement of these pathways in the deterioration
of peri-implantitis, highlighting the importance of under-
standing their interplay in the pathogenesis of different
tissues.

Moreover, we identified a unique fibroblast-myeloid L-R
pair: C3—C3ARI. Violin plots revealed that C3 was specifi-
cally expressed in APOD™ fibroblast, while C3AR1 was pre-
dominantly expressed in Mon/Mac (Supporting Information
5: Figure S5d), indicating that the fibroblast-Mon/Mac inter-
action through C3—-C3ARI signaling is highly related to
pathology. Previous studies showed that the cleavage product
C3a of complement component C3 supports the recruitment
of macrophages [50, 51]. Therefore, we hypothesize that the
APOD™ fibroblast subcluster may recruit macrophages
through the C3-C3AR1 L-R pair under inflammatory con-
ditions, thereby modulating the inflammatory process.

4. Discussion

In our study, we provided an unbiased transcriptome-wide
perspective profiling of a total of 35039 single cells from

canine gingival and alveolar bone tissues via scRNA-seq,
focusing on the changes of cell types, gene expression, and
ligand-receptor pairs in different tissues during the inflam-
matory process. These findings advance our understanding
of the inflammatory process of peri-implantitis, enabling the
development of specific targeted therapeutic strategies
against abnormally expressed key genes, functionally aber-
rant cell subsets and L-R pairs.

Here, we initially obtained samples from beagle dogs,
aiming to acquire healthy controls from authentic peri-
implant tissue instead of nonimplant sites. The differences
between the implants used in small animal models and those
used in clinical make large animals a better option for study-
ing peri-implant diseases [52, 53]. Compared with other spe-
cies, the canine model is a preferred large-animal model for
studying peri-implant disease, given its higher incidence of
natural periodontal disease and similarities to human peri-
odontitis lesions [54].

Our findings demonstrated that among the fibroblast
populations, CXCL8" fibroblasts, SFN* fibroblasts and
APOD" fibroblasts were more common in peri-implantitis
canines than in healthy controls. These fibroblasts exhibited
immune-related functions. CXCLS8 is a strong chemokine for
neutrophil, lymphocyte, and monocyte recruitment [22, 23],
and a high concentration of CXCL8 was reported to be asso-
ciated with strong angiogenesis [24]. Our study revealed that
angiogenesis and the response to chronic inflammation may
be mediated by CXCL8" fibroblasts, which are specific to
gingival tissue in peri-implantitis. Additionally, SFN* Fib
subcluster was found to be highly expressed in inflammatory
state and to be actively involved in cell-cell adhesion and
EMT in both gingival and alveolar bone tissues, as indicated
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by GO analysis. Type 2 EMT is linked with tissue repair
responses such as fibrosis, and the involvement of numerous
molecules and cells in EMT during wound healing highlights
the complexity of tissue repair mechanisms [55]. These find-
ings raise new possibilities for the disease progression of
peri-implantitis.

For the endothelial population, we identified two subclus-
ters highly associated with inflammation, including IL18BP™
endothelial cells and IL6" endothelial cells. ILI8BP* endothe-
lial cells exhibited stronger chemotactic properties, likely
enhancing immune cell migration, particularly in humoral
immunity. In contrast, IL6" endothelial cells presented gene
patterns related to the lipopolysaccharide response and adap-
tive immunity regulation. Researches have indicated that
endothelial cells have various immune functions, such as
cytokine secretion and immune modulation, indicating that
they are integral immune players [56—58]. Our findings sup-
port the view that IL18BP* endothelial and IL6* endothelial
cells may significantly contribute to immune system function.

Immune cells were observed with a particular focus on T
cells and B cells. The increase of the proportion of these
lymphocytes showed a character of adaptive immune
response in peri-implantitis. Interestingly, GO analysis
revealed that the response to metal ions was particularly
enriched in activated B cells in alveolar bone tissue, which
suggests that the influence on peri-implantitis via metal ions
was induced by activated B cells. Multiple studies have
focused on the influence of metal on the deterioration of
peri-implantitis [47, 59, 60], and our study further support
the hypothesis that metal ions may have an impact on the
immune system and ultimately lead to alveolar bone loss.

Cell-cell communication further revealed strong interac-
tions between nonimmune and immune cells. Tissue-specific
heterogeneity was evident, with endothelial and immune
cells active in the NOTCH pathway in the gingival, whereas
fibroblasts dominated the WNT pathway, which is typical of
inflammation [61-63]. In alveolar bone, innate immune cells
such as monocytes and macrophages have a significant
impact. This highlights the importance of cell communica-
tion in understanding peri-implant inflammation and points
to potential targeted therapies for peri-implantitis. In addi-
tion, we also found a unique L-R pair in alveolar bone tissue:
C3 (APOD™ fibroblasts)-C3ARI (monocytes/macrophages).
These results further substantiate our hypothesis that there
could be an increased interaction between inflammation-
promoting fibroblasts and the monocytes/macrophages sub-
type in peri-implantitis.

Despite the notable advantages of using canines as the
animal model in this study, it is important to acknowledge
the inherent limitations relative to human peri-implantitis.
Specifically, the experimental model of peri-implantitis in
our study was only induced by mechanical stimulation, in
the absence of the causative pathogens present in naturally
occurring human peri-implantitis.

In our study, we discovered an increase in inflammation-
associated subclusters in both gingival and alveolar bone
tissues affected by peri-implantitis, indicating an intense
inflammatory reaction. This study highlighted the roles of

17

IL18BP™ endothelial, IL6" endothelial, CXCL8" fibroblast,
APOD" fibroblast and SFN* fibroblasts, as well as their
interactions with immune cells. These distinct cell types
and communications in gingival and alveolar bone tissues
in peri-implantitis were illuminated, providing novel insights
into tissue-specific differences. Further research is needed to
clarify the specific functions of these cells and the key path-
ways involved in disease progression and treatment in
human peri-implantitis tissues.

5. Conclusions

Our study delineates tissue-specific inflammatory landscapes
of canine peri-implantitis at single-cell resolution. The
expansion of IL6*/IL18BP* endothelial cells and CXCL8"
fibroblasts in gingiva, alongside APOD™ fibroblast-driven
C3-C3ARI signaling in alveolar bone, highlights distinct
microenvironmental reprogramming between soft and
hard tissues. These findings not only identify potential ther-
apeutic targets but also validate the translational relevance of
the canine model for peri-implantitis research.
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Supporting Information 1. Figure S1 related to Figure 1. (a)
Violin plots showing the number of features, RNA counts and
percentage of mitochondrial transcripts found in HB, PB, HG,
PG samples prior to quality control. (b) UMAPs are the same
as those in Figure 1b but are colored according to the expres-
sion of key cell-type markers. Log, Exp: Log, expression. (c)
Absolute proportions of the clusters of HB, PB, HG, and PG.
(c) The proportion changes in each cluster from the healthy
state to the inflammatory state. (d) Left: Proportion of each
cluster of HB, PB. Right: Proportion of each cluster of HG,
PG. (e) Left: The UMAPs as in Figure 1b but colored by
immune cells and nonimmune cells. Right: The proportion
of immune cells and nonimmune cells in HG, PG, HB, and PB.

Supporting Information 2. Figure S2 related to Figure 2. (a)
Absolute proportions of the clusters of HB, PB, HG, and PG
in the fibroblast population. (b) Volcano plot depicting the
increased expression of osteogenesis-related genes in the PB
of APOD"Fib. Red points represent genes with FDR <0.1,
log, (fold change) > 2.0 and adjusted p value <0.05 in PB.
Blue points represent genes with FDR < 0.1, log, (fold
change) < —2.0 and adjusted p value < 0.05 in PB. (¢) Violin
plot showing the genes highly expressed in SEN*Fib.

Supporting Information 3. Figure S3 related to Figure 3. (a)
UMAP of endothelial cells as in Figure 1a, annotated and col-
ored by the sample type of origin (HB, PB) and subclustering.
(b) Volcano plot depicting the increased expression of cytokine
genes in the PG of IL1I8BP* endothelial cells. Red points repre-
sent genes with log, (fold change) > 2.0 and adjusted p value
<0.05 in the PG. (c) Absolute proportion of the clusters of HB,
PB, HG, and PG in the endothelial population.

Supporting Information 4. Figure S4 related to Figure 5. (a)
Proportion of T cells, B cells/plasma and myeloid cells in the
HB, PB, HG, and PG. (b) Upper panel: Proportion of the sub-
clusters of B cells. Lower panel: Absolute proportion of the
subclusters of B cells. (c) Enrichment gene analysis of activated
B cells in HB versus PB. (d) Heatmap showing the pathways
downregulated in all the T cell subclusters in both tissues.

Supporting Information 5. Figure S5 related to Figure 6. (a)
Dot plot showing the interactions between fibroblasts and
immune cells in bone tissue. (b) Dot plot showing the interac-
tions between endothelial cells and immune cells in gingival
tissue. (c) Dot plots showing the interactions between fibroblasts
and immune cells in gingival tissue. (d) Violin plots showing the
expression of C3 and C3AR1 in fibroblasts and immune cells.
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