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Abstract

Aim: To analyze gene expression profiles in human tissue samples obtained from dental implant sites with

or without peri-implantitis.

M&M: Soft tissue biopsies obtained from patients presenting with 21 implants with severe peri-implantitis, and
21 adjacent reference implants with either healthy peri-implant tissues or peri-implant mucositis were

analyzed by spatial transcriptomics and RNA-sequencing.

Results: Spatial transcriptomics revealed a clear association between 12 distinct gene clusters and specific
tissue compartments in both groups of specimens. The strongest gene activity was found in epithelial and
infiltrated connective tissue areas and peri-implantitis sites showed higher levels of gene activity compared
to samples from reference sites. Among the most significantly differentially expressed genes, CXCL13 and
CXCLS5 were two of the most up-regulated ones. Numerous keratin-encoding genes were down-regulated
in peri-implantitis lesions when compared to reference implant sites. Pathways related to “B cell receptor
signaling”, “response to LPS”, and “neutrophil chemotaxis” were up-regulated in peri-implantitis
specimens compared to reference sites. On the contrary, pathways connected to “wound healing”,
“antimicrobial humoral response”, and “extracellular matrix organization were down-regulated.

Conclusions: Several biological pathways specific for the activation of the host response towards

bacterial insults were cleatly dysregulated in peri-implantitis when compared to reference implant sites.

Introduction

Along with the increase of the prevalence of individuals treated with dental implants in the last 10 years,
peri- implant diseases have become a major and growing problem in dentistry. If left untreated, peri-
implantitis can result in implant loss and thereby compromise the stability of the implant-supported
prostheses and the overall oral function. The consequences may lead to discomfort and a significant
economic and resource burden for the patient (Katlsson et al. 2022). Thus, investigations aiming at
unravelling the functional characteristics of the peri-implantitis lesion will provide further understanding of
the prevention and management of the disease.



The majority of studies analyzing human biopsies obtained from peri-implantitis lesions relied on
immunohistochemical methods. Overall, such findings revealed that peri-implantitis lesions were
characterized by large inflaimmatory cell infiltrates with high densities of plasma cells, B-cells and
neutrophils (Gualini & Berglundh, 2003; Berglundh et al., 2004; Carcuac & Berglundh, 2014; Galindo-
Moreno et al., 2017). In addition, the cellular infiltrate displayed a gradient-like distribution with higher
densities of cells towards the pocket epithelium, thereby illustrating an exacerbated host response in the
proximity to the bacterial insult (Dionigi et al., 2020). Despite the comprehensive data on phenotype markers
and relevant inflaimmatory mediators in the targeted tissues obtained in the immunohistochemical analyses,
the results were limited to the preselected set of antibodies that was used.

Reports on gene expression profiles in human peri-implantitis tissues identified several biological pathways
associated with the activation of the host response (Duarte et al., 2009; Becker et al., 2012; Mardegan et
al., 2017; Figueiredo et al., 2020; Giro et al., 2021; Martin et al., 2021; Kheder et al.,, 2023). Notably,
RNA/DNA amplification techniques (e.g., RT-qPCR), microarray methods and next-generation sequencing
techniques (e.g, RNA-sequencing) commonly involve tissue homogenization as a step in the sample
preparation for gene expression analysis. Homogenization is necessary to disrupt tissue structures and
release cellular contents, thereby making RNA or DNA accessible for further analysis. The processing of
tissue sample, however, results in a complete loss of the spatial information of gene expression within tissues.

The recently introduced “spatial transcriptomic” technique (Stdhl et al., 20106), appointed as “method of
the year” in 2020 (Marx, 2021), allows high-throughput gene expression analysis and large-scale data
visualization onto corresponding intact tissue sections, almost at the single-cell level. As the spatial context
is crucial for understanding tissue function and disease processes, this technique bridges the gap between
molecular biology and spatial tissue organization (Asp et al., 2020).

Thus, the aim of the present study was to detect differences in gene expression profiles in human tissue

samples obtained from dental implant sites with or without peri-implantitis using a novel approach

integrating spatial transcriptomic and RINA-sequencing techniques.

Material & Methods

Study population

Ten patients scheduled for the surgical treatment of peri-implantitis-affected dental implants were
consecutively recruited from the Specialist Clinic of Periodontics in Gothenburg, Public Dental Services,
Region Vastra Gotaland, Sweden. The study protocol was approved by the Swedish Ethical Review
Authority (Dnr 2021- 00508). To be included in the study, patients had to present with =1 implants with
severe peti- implantitis, and

21 adjacent reference implants with either healthy peri-implant tissues or peri-implant mucositis. Peri-
implantitis was defined as peti-implant probing pocket depth (PPD) of =7 mm, bleeding and/or
suppuration on probing (BoP/SoP) and radiographically confirmed bone levels of 23 mm. Peri-implant
mucositis was distinguished from peri-implantitis by PPD =5 mm and bone levels of <3 mm.

Exclusion criteria comprised: patients that received previous peri-implant surgical interventions at diseased
implant sites, use of systemic/local antibiotics in the last 6 months and presence of systemic conditions
affecting peri-implant tissues and/or impeding the surgical intervention (e.g., uncontrolled diabetes,



immunosuppressive medication). Patients were excluded if peri-implantitis and reference implant sites

differed in terms of time of implant installation and/or implant system.

Before enrolment, the study design and purpose were explained in detail to all subjects. Upon acceptance,
patients signed an informed consent. Oral hygiene instructions and a professional supra-gingival cleaning
session were given to all patients before the surgical treatment. Details on patient characteristics and clinical
measures obtained prior to the surgical interventions are summarized in Supplementary Table 1 and

Supplementary Table 2.

Biopsy retrieval

Following local anesthesia, biopsies were dissected prior to flap elevation following two parallel incisions (3-
5 mm apart) extending from the soft tissue margin to the bone crest from peri-implantitis and reference
implant sites. A perpendicular incision was placed at a distance of about 4-5 mm from the implant
body. After dissection, the biopsies were copiously rinsed with saline, mounted in plastic cassettes (Tissue-
Tek Paraform Sectionable Cassette System; Sakura Finetek Europe, Netherlands) and placed in 4% buffered
formalin for 48 hours. Samples were stored in 70% ethanol, kept at 4°C, subsequently dehydrated in
increasing grades of ethanol and embedded in paraffin until further processing (Formalin-Fixed
Paraffin-Embedded; “FFPE samples”).

After flap elevation, at the same “FFPE sample” collection sites, a small additional peri-implant connective
tissue portion (about 1-2 mm’) was dissected both at peti-implantitis and reference implants. Samples
were rinsed with saline, placed in Eppendorf tubes, immersed in RNAlater (AMBION, Inc., Austin, Texas,
USA) at 4°C for 48 hours and stored at -80°C until further processing (“RNA-seq samples”).

Spatial transcriptomics

Five-mm-thick sections were produced in a microtome from 4 “FFPE samples” (2 paired samples
obtained in 2 patients) and prepared according to the Visium CytAssist Spatial Gene Expression
for FFPE-Tissue

Preparation Guide (CG000518, 10X Genomics, Pleasanton, CA, USA) in collaboration with the Scilife
Laboratory (National Genomics Infrastructure, Karolinska Institute and Stockholm University, Sweden).
The four samples presented with DV200 values =270% and, hence, fulfilled criteria for further processing
and analysis.

Sections were mounted on standard glass slides, dewaxed, stained with hematoxylin & eosin and imaged
with a V200 Slide Scanner Olympus Microscope (Evident, Japan). Decrosslinking and tissue
permeabilization were performed with a thermocycler at 95°C for 1 hour. Visium CytAssist Spatial Gene
Expression v2 slides (6.5mm) were loaded into the Visium CytAssist instrument and placed into close
proximity to the glass slides holding the tissue sections. Reverse transcription was performed 77 situ with the
probes attached on the Visium CytAssist slides functioning as primers, resulting in complementary DNA
(cDNA) coupled to the barcoded probes on the array. The tissue samples were enzymatically digested with
the CytAssist Enabled RNA Digestion & Tissue Removal and removed from the glass slides. The probes
on the Visium CytAssist slide were cleaved and the barcoded cDNA was collected. Libraries were generated
and sequenced.

The final libraries comprised standard Illumina paired-end constructs. Once quantified and normalized,



the libraries were denatured and diluted, as recommended for Illumina  sequencing
platforms. All samples were sequenced on NovaSeq6000 (NovaSeq Control Software 1.8.0/RTA v3.4.4)
with a 151nt(Readl)-19nt(Index1)-10nt(Index2)-151nt(Read2) setup using NovaSeqXp' workflow in 'S4'
mode flowcell. Raw sequencing data were demultiplexed and converted to FastQ. The Bcl to FastQ
conversion was performed using bel2fastq_v2.20.0.422 from the CASAVA software suite. The quality scale
used was Sanger / phred33 / Illumina 1.8+. Standardized bioinformatics quality control checks were
performed including yield, sequence read quality and cross-sample contamination checking (ISO/IEC
17025). Libraries were sequenced with depths =114 Mreads/sample [114.24-167.74] and presented with a
>87% aggregated percentage of bases quality score >30. Image alignment, demultiplexing on spatial
barcodes and basic Visium quality checks were performed using Space Ranger and Loupe Browser
(10xGenomics).

Data analysis was performed in collaboration with the CORE Facility — Bioinformatics of the Sahlgrenska
Academy, University of Gothenburg, Sweden. Filtered gene spot matrix and high-resolution fiducial
aligned images were used for downstream data analysis in Seurat (version 4.9.9.9045). Each sample
was filtered according to the following protocol: cells were filtered if the percentage of mitochondrial genes
was higher than 20% and if the number of unique molecular identifier (UMI) counts per spot was less than
130. Samples were individually normalized and variance-stabilized using regularized negative binomial
regression with the R package SCTransform (version 0.3.5) where the percentage of mitochondrial
expression was regressed out and the number of variable genes was set to 6000 out of 18000 total available
genes. The number of variable genes was further used to create anchors for integration between samples in
order to reduce batch affect and resolve for possible differences in sample tissue quality. Then PCA
npcs=10, FindNeighbors, Clustering with resolution set to 0.6 and UMAP dimensionality reduction using
10 dimensions were used to identify 12 stable clusters across peri- implantitis and reference implant samples.
Identifying differentially expressed markers for disease-specific clusters compared to reference was done
using the FindMarker’ function from Seurat. Genes were considered differentially expressed with adjusted
2 values <0.05. Log-fold change was used to identify the magnitude of change in gene expression between
groups. Threshold levels of LogFC=2 and Log,FC=-2 were applied to identify the most significantly
differentially expressed genes.

RNA-sequencing

The “RNA-seq” samples (n=20, 10 pairs) were treated with the RNeasy Plus Micro Kit (Quiagen, Germany)
for the extraction of total RNA following the manufacturer's instructions. The extracted total RNA content
was cluted in 14 ul of RNAse-free water and stored at -80°C. Total RNA integrity and size distribution
were checked with the Agilent Tapestation 4200 system. All samples passed the quality check with
optimized concentrations of total RNA [range 34-463 ng/pL] and RIN scores > 5 [range 5-9)].

The “Illumina Stranded mRNA Prep Ligation” protocol was used for library preparation by experts from
the CORE Facility — Genomics of the Sahlgrenska Academy at University of Gothenburg, Sweden. After
11 PCR cycles and purification of the adapter-ligated fragments with magnetic beads, the libraries were
normalized down to 1 nM, pooled together, diluted to 0.5 nM and standard run on a S2 flowcell on the
NovaSeq 6000 (Illumina). Libraries were sequenced with an average depth of approximately 59.3 (+11.4)
Mreads/sample.

Data analysis was performed in collaboration with the CORE Facility — Bioinformatics of the Sahlgrenska
Academy, University of Gothenburg, Sweden. First, the quality of the reads was examined using



fastqc/0.11.9 (Andrews S., 2010) and the resulting quality reports were summarized using MultiQC/1.9
(Etwels et al., 2016). The reads wete quality filtered using Trim Galore/0.4.0 (Krueger et al., 2021) while
adapters were removed using Cutadapt/1.9 (Martin M., 2011). The quality-filtered reads were aligned
towards the human reference genome GRCh38.109 using STAR/2.7.10b (Dobin et al,, 2012). Infer
experiment within RSeQC/5.0.1 (Wang et al., 2012) was used to evaluate the strandness of the data.
Featurecounts within the subread/2.0.4 package (Liao et al., 2014) was used to gather the gene counts. The
differential expression analysis was run in the R/4.1.3 package (R Core Team, 2022) DESeq2/1.34.0 (Love
et al., 2014). Genes were considered differentially expressed with adjusted p values <0.05. Log-fold change
was used to identify the magnitude of change in gene expression between groups. Threshold levels of
LogFC=1 and LogFC=-1 were applied to identify the most significantly differentially expressed genes.
The package pheatmap/1.0.12 (Kolde et al, 2019) was used to generate the heatmaps.
ClusterProfiler/4.2.2 (Wu et al., 2021) was used to petrform the overrepresentation analysis for Gene
Ontology (Ashburner et al., 2011) and Reactome (Jassal et al., 2020).



Results

Spatial transcriptomics

In total, the spatial transcriptomic analysis identified 4298 differentially expressed genes (DEGs) when
looking at the entire SCTransformed dataset in Seurat (adjusted p values <0.05) comparing peri-
implantitis versus reference implant sections. Among those, 3949 genes were down-regulated, and 349 genes

were up-regulated.

Results on the amounts of transcripts detected in each spot and their localization within the two pairs of
tissue samples are presented in Fig. 1. It was demonstrated that the oral and the pocket epithelium as
well as the infiltrated connective tissue (ICT) areas in both peri-implantitis and reference implant sites
presented with the highest gene activity in comparison to non-infiltrated connective tissue (INCT)
portions. In addition, peri- implantitis sites showed overall higher degrees of gene activity when compared

to reference implant sites.

The “Uniform manifold approximation and projection” (UMAP) dimensionality reduction technique was
used to visualize and analyze high-dimensional spatial transcriptomic data in a two-dimensional space.
Twelve distinct clusters of gene expression signatures were identified, and results are illustrated in ig. 2a
and Iig. 2b. The UMAP visualization revealed stronger gene expression patterns in peri-implantitis sites
for all clusters except for cluster 9.

The identified clusters were color-coded and visualized according to their spatial coordinates onto
the hematoxylin & eosin-stained images, as represented in Fig. 3a and Fig. 3b. A clear association was
observed between clusters and specific regions in the samples in both groups. Thus, clusters 2, 5, 7 and 12
were distinctly located within the ICT compartment and clusters 6, 8, 10 and 11 matched epithelial tissues.
While clusters 0 and 9 were confined to the NCT area, no specific tissue areas were identified for clusters 1,
3 and 4.

The differential gene expression analysis of the 4 clusters specific for the ICT areas revealed 188 up- regulated
and 1247 down-regulated genes in peri-implantitis specimens versus samples from reference implant sites.
The 12 most highly up- and the 31 most highly down-regulated genes observed in the ICT clusters (after
filtering with a threshold Log, fold change 22 or =-2) are reported in Table 1. One up-regulated and 9 down-

regulated genes, highlighted in red color in the table, were consistently expressed among the 4 clusters.
The spatial distribution of the most highly up-regulated genes in peri-implantitis tissues is visualized in Fig.
4,

Gene ontology (GO) enrichment analysis was performed to explore the biological processes involved in

each of the 4 clusters that were specific for the ICT compartment (Supplementary Fig. la and

Supplementary Fig. 1b). Pathways related to “B cell receptor signaling”, “epidermal cell differentiation”,

“response to LPS”, “humoral immune response” and “neutrophil chemotaxis” were all found to be up-

regulated in peri-implantitis specimens compared to reference implant sites. On the contrary, pathways

connected to “wound healing”, “antimicrobial humoral response”, “regulation of angiogenesis”,
» o« »

“extracellular matrix organization”, “connective tissue development”, “collagen fibril organization” and

“regulation of epithelial/endothelial cell apoptotic process” were downregulated.

RNA-sequencing




The RNA-sequencing analysis revealed 2878 significantly up- and 2263 down-regulated genes (adjusted p values
<0.05) in peri-implantitis versus reference implant samples. The 20 most highly up- and down-regulated
genes are reported in Table 2. The hierarchical clustering of the 20 genes (teported with EnsemblID)
with the strongest gene-expression levels (Logp fold change) are shown in the heatmap in Ilig. 5a. The

volcano plot in Fig. 5b illustrates the significantly (adjusted p values <0.05) up- and down- regulated genes
(red color) after filtering application (LogoFC =1 or =-1).

Gene ontology (GO) and Reactome enrichment analyses were performed to explore biological functions
(Supplementary Fig. 2). The most up-regulated GO functions in peri-implantitis samples were associated
with the “immune response regulating-signaling”, “histone modification” and “activation of immune
response” pathways when compared to reference implant samples. The most up-regulated Reactome
pathways in peri- implantitis samples were connected to the “RHO GTPase cycle”, the “neutrophil
degranulation” and the “extracellular matrix organization” pathways.

Discussion

The present study evaluated differences in gene expression profiles in human tissue samples obtained
from peri-implantitis and reference implant sites by integrating spatial transcriptomic and RNA-sequencing
data. The analysis revealed clear associations between distinct gene clusters and specific tissue
compartments in both groups of specimens. In addition, peri-implantitis sites showed higher levels of
gene activity compared to samples from reference implant sites. Gene-set enrichment analysis revealed
that several important biological pathways (e.g., “regulation of antimicrobial host response”, “collagen fibril
organization” and “regulation of angiogenesis”) were severely dysregulated in peri-implantitis lesions when

compared to reference implant sites.

The strategy of using paired specimens tepresenting destructive and non-destructive peri-implant lesions
from the same patients in the present study effectively reduced biological variability and technical variation
among samples. As a result, we identified twelve distinct clusters of gene expression signatures and a strong
association between clusters and tissue-specific areas was observed. A similar approach was employed by
a recent study that compared soft tissue samples obtained from peri-implantitis, periodontitis and healthy
gingival tissues by using RNA-sequencing and RT-qPCR (Oh et al. 2023).

By superimposing the gene clusters distribution on matching histological sections, our analysis revealed
that the position of 4 distinct gene clusters coincided with the infiltrated connective tissue (ICT)
compartment. Additional filtering procedures resulted in the detection of 13 up-regulated and 31 down-
regulated genes in the ICT of peri-implantitis when compared with the ICT of reference implant sites.
Furthermore, the Gene Ontology and Reactome enrichment analyses showed that the up-regulated genes
were associated with several biological pathways specific for the activation of the host response towards
bacterial insults.

Interestingly, two of the most up-regulated genes in the present study were the C-X-C motif chemokine
ligand 13 (CXCL13; found in cluster 5 from spatial transcriptomic results) and the C-X-C motif chemokine
ligand 5 (CXCLS5; from RNA-seq results). While CXCL13 is also known as “B lymphocyte chemoattractant”
and plays a role in B cell activation and organization (Nakajima et al., 2008), CXCL5 participates in the
regulation of neutrophil chemotaxis and in the activation of angiogenesis processes and is also known as



“epithelial-derived neutrophil-activating peptide 78”7 (Barros & Offenbacher, 2014). In a study on gene
expression profiles using RNA-sequencing and gene-set enrichment analysis, Kheder et al., (2023) reported
that genes encoding for IL1B, CDK3, IL27 and CD86 were up-regulated in sites with severe peri- implantitis
(termed “failed implants”) as opposed to healthy gingival tissues at teeth. The validity of the results
presented in the study by Kheder et al. (2023) in regard to data reported in the current investigation is
unclear, as no comparisons were made on gene expression profiles between peri- implantitis and reference

implant sites.

Several of the observed down-regulated pathways in the current study were associated with keratin genes.
While the underlying mechanisms behind this observation are not fully understood, findings made in
pre-clinical studies and in analysis of human biopsy material need to be considered. One of the main
characteristics of peri- implantitis lesions, which also is a distinct difference to periodontitis lesions around
teeth, is the lack of an epithelial lining in the apical part of the tissue in the pocket area facing the implant.
Consequently, the apical portion of the peri-implantitis lesion is left uncovered and in direct contact with
the bacterial biofilm residing on the implant surface (Lindhe et al., 1992; Carcuac et al., 2013, Carcuac &
Berglundh 2014). In addition, while keratin genes are primarily expressed by epithelial cells, other cells,
e.g., immune cells, fibroblasts, and endothelial cells, may also express keratin genes as a host defense
mechanism in inflammation (Traweek et al.,

1993; Katagata et al. 2002). The findings of the present study corroborate this concept, as several pathways
related to “wound healing”, “regulation of anglogenesis”, “extra-cellular matrix organization” and
“collagen fibril organization” were down-regulated in peri-implantitis sites when compared with
reference implant specimens.

The spatial transcriptomic analysis in the present study also revealed that the strongest gene activity was
found in epithelial and infiltrated connective tissue areas. This finding is explained by the higher cellular
densities in epithelial and infiltrated connective tissue areas than in non-infiltrated connective tissue
compartments. In addition, inflammation is often associated with an up-regulation of cells of the immune
response, which leads to increased expressions of genes related to immune signaling and activation of
inflammatory mediators. Similar results were reported by Lundmark et al. (2018) who employed spatial
transcriptomics to evaluate gene expression profiles in periodontitis and healthy gingival tissues in
humans. The authors reported on higher amounts of transcripts per spot in epithelial and infiltrated
connective tissue areas than in connective tissue portions with no signs of inflammatory cell infiltration.

In conclusion, peri-implantitis lesions revealed higher levels of gene activity when compared to reference
implant sites. The integration of next-generation sequencing techniques allowed the observation of several
dysregulated genes in inflamed diseased sites. The possibility to visualize clusters of gene signatures within
tissue sections offered by the spatial transcriptomic method, provided the opportunity to restrict
gene expression analysis only to clusters of interest. In addition, the risk for dilution of results was
diminished as tissue samples could be analyzed in their entirety without the need for sample
homogenization. Similarly, the choice of analyzing with RNA-sequencing tissue portions restricted to the
connective tissue directly facing the implants resulted in high levels of agreement with data obtained from
spatial transcriptomics. The most obvious drawback of employing such novel techniques in the present
study, resided in the substantial investment of both financial and time resources. This is reflected by the
limited number of samples that were analyzed in the present study. Further improvement of the new

technologies, however, may result in faster processing and diminished costs.
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Figure 1. Visualization of gene activity in peri-implantitis and reference implant samples by spatial transcriptomic analysis. The
implant-tissue interface is found on the right side in all samples.
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Figure 2. The 12 identified clusters of gene expression profiles found in peri-implantitis and reference implant specimens by

spatial transcriptomic analysis. a) Merged data; b) Data in each patient.
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Figure 3.

a) H&E micrographs of peri-implantitis and reference implant specimens. Magnification 5x.

b) Visualization of the 12 distinct clusters of gene expression profiles onto matching H&E sections. The implant-tissue interface is
found on the right side in all samples.



Cluster 2 Cluster 5 Cluster 7

g CHI3L1 IGLC7 CXCL13 MMP3 MMP1 G0S2 CHI3L2 CXCL8

E
e ~
- 2 S e Y T He R S T oo
c 2 - - = = = = = m = - - - - -
T 2 . - k .- 1 B
o =

g

= = = -

~ B - - - - -
B &
Q@
5 1
o 2

£

4

Figure 4. Visualization of the most up-regulated DEGs in clusters 2, 5 and 7 in peri-implantitis and reference implant specimens.
The implant-tissue interface is found on the right side in all samples.
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Table 1 - DEGs identified by spatial transcriptomics in clusters specific for the ICT in peri-implantitis versus reference implant specimens

Cluster 2

Cluster 7

Gene symbol

Up-regulated genes

CHI3LT
1GLCT

Chitinase-3-like protein 1

Immunoglobulin lambda constant 7

Down-regulated genes

KRT13
KRTBA
KRT6E
KRT1

KRT14
KRT6C
KRT7

KRT16

Dsp

Gene symbol

Keratin 13
Keratin 6A
Keratin 68
Keratin 1
Keratin 14
Keratin 6C
Keratin 7
Keratin 16
Desmoplakin

Keratin 5

Gene name

Up-regulated genes

MMP3

MMP1

CHI3LL

OS2

CHI3LZ

[=at:]

DERL3

XCLe

TDOZ
PIM2

Matrix Metallopeptidase 3

Matrix Metallopeptidase 1
Chitinase-3-like protein 1

G0/G1 Switch 2

Chitinase-3-like protein 2

C-X%-C Matif Chemokine Ligand 8
Der1-Like Domain Family, Member 3
C-X%-C Matif Chemokine Ligand &
Tryptophan 2,3-Dioxygenase

Serine/Threonine-Pratein Kinase Pim-2

Down-regulated genes

COMP
APOD
P

P
ITGBLL
oMD
COL14A1
THSD4
KRT1
ABizap
CFD

Cartilage Oligomeric Matrix Protein

Apolipaprotein D

Praline & Arginine Rich End Leucine Rich Repeat Protein
Integrin Subunit Beta Like 1

Osteomodulin

Collagen Type XIV Alpha 1 Chain

Thrambospandin Type 1 Domain Cantaining 4

Keratin 1

ABI Family Member 3 Binding Protein

Complement Factor B

Log2 fold
change

219
3.06

475

-4.32
-4.28
-3.91
-3.89
-3.56
-3.54
-3.27
-3.25
323

Adjusted
p-value

5.53E-07
0.0326

1.076-06
1.80E-12
1.00E-21
7.44E-09
3.26E-06
7.15617
262611
2.24E-06
8.73E-16

7.12E-05

Adjusted
p-value

2.08E-11
2.40E-13
6.50E-12
8.63E-07
213605
0.000129
118612
0.0013
6.21E-05

125612

187635
1.156-38
7.11E-36
1.56E-37

6.776-28

3.04E-18

122613

Cluster 5

Cluster 12

Gene symbol

Up-regulated genes

Gene name

oxeLs C-X-€ Motif Chemokine Ligand 13
Down-regulated genes
KRT14 Keratin 14
KRT16 Keratin 16
KRTS Keratin 5
KRT6A Keratin 6A
KRTEB Keratin 68
KRTEC Keratin 6C
SPRR1B Small Proline Rich Protein 18
KRT17 Keratin 17
L¥6D Lymphoeyte Antigen 6 Family Member D
PI3 Peptidase Inhibitor 3
Gene symbol Gene name

Up-regulated genes

Down-regulated genes
PRSS12 Serine Pratease 12
FABP4 Fatty Acid Binding Protein 4
PODXL Podacalyxin Like
TIMP3 Tissue Inhibitor Of Metalloproteinases 3
APOD Apolipoprotein D
ECSCR Endothelial Cell Surface Expressed Chemataxis And Apopt
5013 SRY-Box Transcription Factor 13
PCDH1B Protocadherin 18
comp Cartilage Oligomeric Matrix Protein
€D200 D200 Molecule

Log2 fold
change

633
541
5.03
493
-4.91
-4.25
-4.04
-4.00
381
368

Log2 fold
change

-3.54

313
a1
305
-3.00
-2.89
2n
267

263

151E-12

0.00271
9.9€-07

0.00317
745E-06
9.95E-08
5.86E-09
4.63E-07
6.38E-06
1.66E-06
6.74E-10

3.9BE-05
4.38E-08
0.00181
257606
1.49E-06
2.06E-09
3.13E-05
333E05
0.0481

138E-08



Table 2 - The 20 most up- or down-regulated genes identified by RNA-sequencing in peri-implantitis versus reference implant specimens

Ensemble ID

Up-regulated genes

ENSG00000163735
ENSG00000095059
ENSG00000095059
ENSG00000163421
ENSG00000261594
ENSG00000140451
ENSG00000119535
ENSG00000149968
ENSG00000108342
ENSG00000108342

Down-regulated genes

ENSG00000123975
ENSG00000123975
ENSG00000173338
ENSG00000173338
ENSG00000126233
ENSG00000163331
ENSG00000167900
ENSG00000065621
ENSG00000186832
ENSG00000178934

Gene symbol

CXCLS
DHPS
T™CC2
PROK2
TPBGL
PIF1
CSF3R
MMP3
CSF3
ZSWIM1

CKS2
DLK2
KCNK7
UBFD1
SLURP1
DAPL1
TK1
GSTO2
KRT16
LGALS7

Gene name

C-X-C motif chemokine ligand 5

deoxyhypusine synthase

transmembrane and coiled-coil domain family 2
prokineticin 2

trophoblast glycoprotein like

PIF1 5'-to-3' DNA helicase

colony stimulating factor 3 receptor

matrix metallopeptidase 3

colony stimulating factor 3

zinc finger SWIM-type containing 1

CDC28 protein kinase regulatory subunit 2
delta like non-canonical Notch ligand 2
potassium two pore domain channel subfamily
ubiquitin family domain containing 1

secreted LY6/PLAUR domain containing 1
death associated protein like 1

thymidine kinase 1

glutathione S-transferase omega 2

keratin 16

galectin 7

Log2 fold

3.73
3.05
1.14
2.39
1.83
2.15
2.11
2.32
2.48
1.78

-0.96
-1.68
-1.97
-0.40
-1.45
-1.84
-1.16
-1.54
-1.83
-1.77

Adjusted
p-value

3.55E-12
3.17E-08
1.75E-06
1.75E-06
1.75E-06
5.70E-06
1.336-05
1.33€-05
1.33€-05
1.90E-05

6.04E-05

8.66E-05

8.66E-05
0.00013626
0.00015198
0.00016741
0.00018242
0.00019747
0.00021115
0.00029184



Appendix — Supplementary material

Supplementary Table 1. Patient characteristics

Spatial transcriptomics

e mean / % sd
Age 77.0 7.07
Gender
Female 100%
Smoking
No 100%
Diabetes
Yes 50%
glt‘:;l?equaming mean/ % sd
Age 73.8 11.97
Gender
Female 100%
Smoking
No 90%
Diabetes
Yes 20%

Supplementary table 2. Clinical measurements

Peri-implantitis Reference implant
mean / % sd mean / % sd
Spatial transcriptomics n=2 n=2
Probing pocket depth (mm) 8.0 0.0 4.0 1.41
Radiographic bone level (mm) 4.6 1.46 0.9 0.28
Bleeding on probing (%) 100% 50%
Suppuration on probing (%) 50% 0%
RNA-sequencing n=10 n=10
Probing pocket depth (mm) 7.6 0.70 3.7 0.82
Radiographic bone level (mm) 4.4 0.81 1.3 0.83
Bleeding on probing (%) 100% 50%
Suppuration on probing (%) 50% 0%
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Supplementary Figure 1. Gene Ontology enrichment analysis from spa/al transcriptomic data. a) Up-regulation. b)Down-

regulation.
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