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ARTICLE INFO ABSTRACT

Keywords: Purpose: Concrete epidemiological evidence has suggested the mutually-contributing effect
Nonalcoholic fatty liver disease respectively between nonalcoholic fatty liver disease (NAFLD), type 2 diabetes mellitus (T2DM),
Periodontitis

and periodontitis (PD); however, their shared crosstalk mechanism remains an open issue.
Method: The NAFLD, PD, and T2DM-related datasets were obtained from the NCBI GEO re-
pository. Their common differentially expressed genes (DEGs) were identified and the functional
enrichment analysis performed by the DAVID platform determined relevant biological processes
and pathways. Then, the STRING database established a PPI network of such DEGs and topo-
logical analysis through Cytoscape 3.7.1 software along with the machine-learning analysis by the
least absolute shrinkage and selection operator (LASSO) algorithm screened out hub character-
istic genes. Their efficacy was validated by external datasets using the receiver operating char-
acteristic (ROC) curve, and gene expression and location of the most robust one was determined
using single-cell sequencing and immunohistochemical staining. Finally, the promising drugs
were predicted through the CTD database, and the CB-DOCK 2 and Pymol platform mimicked
molecular docking.

Result: Intersection of differentially expressed genes from three datasets identified 25 shared DEGs
of the three diseases, which were enriched in MHC II-mediated antigen presenting process. PPI
network and LASSO machine-learning analysis determined 4 feature genes, of which the MS4A6A
gene mainly expressed by macrophages was the hub gene and key immune cell type. Molecular
docking simulation chosen fenretinide as the most promising medicant for MS4A6A™"
macrophages.

Conclusion: MS4A6A™" macrophages were suggested to be important immune-related mediators in
the progression of NAFLD, PD, and T2DM pathologies.
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1. Introduction

Periodontitis (PD) is an oral disease which can result in the loss of tooth support tissues and eventually teeth that may be attributed
to anaerobic gram-negative bacteria-mediated microbial imbalance (chiefly the Porphyromonas gingivalis) and subsequent host immune
reactions [1,2]. Globally, it is estimated that up to 3.5 billion people (nearly half of the world’s population) have PD, and 1.1 billion
have severe degree, according to the Global Burden of Disease (GBD) Study 2019 [3]. Moreover, elevated circulating exotoxins, in-
flammatory cytokines, reactive oxygen species along with bacteremia that potentially originate from inflamed periodontal soft tissues
could enhance the susceptibility to and aggravate systemic disease, including type 2 diabetes mellitus (T2DM) and, in particular,
nonalcoholic fatty liver disease (NAFLD) [4-6], as

indicated by numerous epidemiological [7-9], experimental [10], and clinical works [11,12]. Long-lasting antibiotic use, however,
cannot effectively remove dental plaques or calculus, and mechanical debridement might fail to diminish pathogens residing in the
nondental biofilms (e.g., tongue mucosa, oral mucosa), ultimately leading to gingival recession or dentin hypersensitivity [13].

Being the most common metabolic disorder characterized by hyper-glycemia and insulin resistance [14], T2DM now affects more
than 0.5 billion people worldwide and

this count would reach 1.31 billion by 2050 if measures against T2DM were not taken.

[15]. The potent link between PD and T2DM lies in that PD is not only an established risk factor for (resulting in insulin resistance
and dysregulated blood glucose control), but also a complication of (contributing to the disruption of teeth supporting structures)
diabetes [16,17]. Moreover, T2DM is thought to accelerate NAFLD development, and

therefore, the prevalence of NAFLD is higher in patients with T2DM (about one-third have steatohepatitis) [18-21]. These results
indicate a mutually detrimental correlation between T2DM and NAFLD [18].

NAFLD refers to a pathologic liver status accompanied by excessive fat deposits

in at least 5 % of hepatocytes in individuals without alcoholism or the secondary cause

of hepatic steatosis, which is reported to affect 26.8 % of the population worldwide [22-24], and the morbidity from relevant
diseases until 2030 would double than that of today [25]. The pathology of NAFLD ranges from simple steatosis to more severe
nonalcoholic steatohepatitis (NASH) that would finally deteriorate into end-stage liver disease, including liver cirrhosis and hepa-
tocellular carcinoma [26]. It has been estimated that as many as 30 % of NAFLD patients suffer from NASH [27]. In turn, increased
prevalence and severe degrees of PD are indicated in NAFLD patients [6,28,29], and PD-related Porphyromonas gingivalis is more
frequently detected in saliva tissues of NAFLD patients [30]. Furthermore, 47.3-63.7 % of T2DM

patients were accompanied by NAFLD as insulin resistance-caused lipolysis results in

liver fatty acid accumulation, which overwhelms the organic metabolism capacity and

forms lipotoxic burden to mediate hepatocellular injuries and apoptosis [31,32].

Prior studies provide preliminary evidence supporting potential linkages between.

NAFLD and PD, NAFLD and T2DM, along with PD and T2DM respectively, through

abundant in vitro/in vivo experiments [33-35]. The inter-organ crosstalk, which refers to interactions between organs and tissues
upon pathophysiological situations through

secreted exosomes (containing proteins, lipids and small noncoding RNAs), circulated proteins, lipids and even certain metabolites
in an endocrine/paracrine way, has been wildly investigated as an important pathway to learn about their pathogenesis [36,37].
Nevertheless, the specific characteristics of dysregulated immune cells associated with NAFLD, T2DM, and PD remain unresolved.
Recently, the rapid development of high-throughput RNA sequencing technologies and bioinformatic analyses methods facilitate
deeper insights into the pathogenesis from a transcriptomic level of human samples rather than animal or cell samples [38].
Furthermore, machine-learning algorithms help screen out features biomarkers along with single-cell RNA sequencing technique
contributed to early and accurate detection/validation of specific cell phenotypes in complicated pathologies [39]. Given that upon
chronic inflammatory status, circulating monocytes may infiltrate and accumulate in inflamed

tissue sites to initiate or even aggravate disease severity [40], we assumed that this cell type could also play a significant role in
PD-NAFLD-T2DM conditions.

2. Materials and methods
2.1. Data collection and preprocessing

As of October 2023, the Gene Expression Omnibus (GEO) database (https://ww

w.ncbi.nlm.nih.gov/geo) was searched using keywords: “periodontitis”, “nonalcoholic fatty liver disease” to acquire targeted
microarray datasets [41]. For PD, the GSE10334, and GSE16134 datasets were chosen for data mining and data validation, respec-
tively. For NAFLD, the GSE164760 and GSE63067 datasets were chosen. Moreover, T2DM-related datasets were downloaded from the
GSE76895 and GSE76894 datasets of non-diabetic or not islets. Then, each probe was matched with and replaced by one specific gene
symbol using the platform annotated files and if multiple probes corresponded to one gene in a sample, the averages of the expression
values were adopted. Probe sets without corresponding gene symbols were removed. The array data expression matrix was normalized
by robust multichip average (RMA) when necessary. The output gene matrix consisted of rows named as gene symbols and columns
named as sample serial numbers.

From the above datasets, the PD and healthy samples were collected based on the

defined instructions. The NASH samples are acquired from individuals of the NAFLD datasets with a definite diagnosis of NASH. In
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T2DM, we selected pancreatic islet from human donors. All datasets used in this study belong to “Homo sapiens” and their details are
listed in Table .1.

2.2. Differentially expressed genes (DEGs) analysis

With P value < 0.05 and “Foldchange” > “1.2”, the DEGs were recognized by the.

“Limma” algorithm in PD-related GSE10334 and GSE16134 dataset; NAFLD-related GSE164760, GSE63067 dataset along with
T2DM-related GSE76895 and GSE76894

dataset. Then the results of these datasets were intersected to acquire the shared DEGs of these three diseases. The “ggplot” R
package depicted DEGs in volcano plots along

with the “pheatmap” R package visualized changes in the expression values of the top.

Fifty genes in different samples by heatmaps [42,43].

2.3. Functional and pathway enrichment analysis

Functional enrichment analysis was performed via using the DAVID (version 6.8, https://david.ncifcrf.gov/) database, which
provides a deeper and more comprehensive

understanding of the biological functions and pathways implicated by cross-talk genes.

The Gene Ontology (GO) enrichment analysis includes three parts: Biological Process: (BP), Molecular Function: (MF), Cellular
Component: (CC). The Kyoto Encyclopedia

of Genes and Genomes (KEGG) and REACTOME pathway enrichment analysis were

used to identify all pathways. P value < 0.05 is set as the cutoff value.

2.4. Protein-protein interaction (PPI) network construction, hub module and gene identification

The DEGs were imported into the STRING database (http://www.string-db.org/):

to build a PPI network, presenting direct and indirect protein-protein interactions. The

minimum combined score >0.4 was chosen to build a PPI network and the Cytoscape

software (version 3.7.1) visualized the result. Topological analysis of the network was

analyzed by the maximal clique centrality (MCC) algorithm of the CytoHubba plug-in

and the CytoNCA plug-in of Cytoscape [44]. The shared top 10 DEGs were thought to be the most important genes for constructing
the hub cluster network.

2.5. Identification of hub cross-talk genes by machine-learning analysis

To identify hub feature genes shared by the diseases, the least absolute shrinkage

and selection operator (LASSO) algorithm was utilized [45], which was characterized by penalty regression that can identify
feature genes from high-dimensional data with the “cv. glmnet” function of the “glmnet” R package, with a minimal lambda as optimal
[46]. The penalized term was selected by 10-fold cross-validation. This algorithm evaluated the strongest association with outcomes in
various factors without being influenced by confounding factors [47]. In addition, to examine the diagnostic and discriminative value
of the genes, the receiver operating characteristic (ROC) curves were established with the area under the ROC curve (AUC) being
assessed.

2.6. Single-cell RNA sequencing data and immunohistochemical analysis

The immunohistochemical slices data of the MS4A6A protein in multiple organs were obtained from the human protein atlas (HPA)

Table 1
Detailed information of PD, NAFLD, and T2DM-related datasets.
Disease D Dataset num. Source Platform Case Control
NAFLD 1 GSE164760 liver tissues GPL13667 n=74 n=6
2 GSE63067 liver GPL570 n=9 n=7
tissues
T2DM 1 GSE76894 pancreas islets GPL570 n=19 n=_84
2 GSE76895 pancreas islets GPL570 n=36 n =32
PD 1 GSE10334 gingival GPL570 n =183 n =64
tissues
2 GSE16134 gingival GPL570 n =241 n =69

tissues

4PD, periodontitis; NAFLD, nonalcoholic fatty liver disease; T2DM, type 2 diabetes mellitus; num., number. All RNA-sequencing data used in this
study were acquired from human samples.
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Table 2
DEGs of PD, NAFLD, and T2DM-related datasets.
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Up-regulated genes

Down-regulated genes

20 genes 5 genes
CYTIP/PLAC8/LY96/FCER1G/LAPTMS5/PTPRC/HLA-DMA/Clorf162/HLA-DMB/TLR1/CYP1B1/PPP1R3B/ STARD10/MBNL1-AS1/PTPN3/
MS4A6A/MS4A7/IKZF1/TSPAN12/MAMDC4/ANGPT2/KCNAB2/PIK3R5 LACTB2/SERTAD4

*DEGs, differentially expressed genes; NAFLD, nonalcoholic fatty liver disease; PD, periodontitis; T2DM, type 2 diabetes mellitus.

Table 3
Molecular docking simulation results.

Molecules Binding energy Binding amino acid residue

Fenretinide —6.9 kcal/mol ALA67 SER80 LEU83 ASN84 ALA86 PHE89 ILE90 PHE93 PHE94

Sulforaphane —3.6 kcal/mol ASP35 LYS38 LYS39 LEU41 HIS42 ILE45 SER102 THR105 GLU106 LEU109 ARG207 GLN210
Taurine —3.6 kcal/mol LEU41 HIS42 ILE45 SER102 THR105 GLU106 LEU109 ARG207 GLN210 ASP214

database (https://www.proteinatlas.org/). Single-cell RNA sequencing analysis of the MS4A6A gene was performed the DISCO
database (https://www.immunesinglecell.org/) [48], providing MS4A6A gene expression data of in various tissues from single-cell
level. The cell cluster results were displayed using uniform manifold approximation and projection (UMAP). The annotation of the

specific cell types relied on the expression of known canonical markers.

PD

GSE10334

Gene location
Gene correlation

PPl network
construction

Immunohistoch
emical staining

Fig. 1. The flowchart of the study design

*PD, periodontitis; NAFLD, nonalcoholic fatty liver disease; T2DM, type 2 diabetes
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mellitus; DEGs, differentially expressed genes; LASSO, least absolute shrinkage and selection operator; ROC, receiver operating characteristic curve.
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Fig. 2. Identification of DEGs in PD, NAFLD, and T2DM-related datasets

(A) Gene expression profiles in NAFLD-related GSE63067 and GSE164760 datasets.

(B) Gene expression profiles in PD-related GSE10334 and GSE16134 datasets. (C)

Gene expression profiles in T2DM-related GSE76894 and GSE76895 datasets. (D)

Heatmaps showing the top fifty DEGs in the GSE63067 and GSE164760 datasets.

(E) Heatmaps of the top fifty DEGs in the GSE10334 and GSE16134 datasets. (F)

The heatmaps of the top fifty DEGs in the GSE76894 and GSE776895 datasets. (G) A

Venn diagram showing 20 shared upregulated DEGs by GSE76895, GSE10334, and

GSE164760 datasets. (H) A Venny diagram exhibiting 5 shared downregulated DEGs

by GSE76895, GSE10334, and GSE164760 datasets. In A-C, the X-axis refers to log,

|Foldchange| and the Y-axis represents -log;o(p value). The blue and red dots represent downregulated and upregulated DEGs, respectively. In D-F,
the diagrams showing the results of a Two-way hierarchical clustering of all samples and the top fifty DEGs in each dataset. PD, periodontitis;
NAFLD, nonalcoholic fatty liver disease; T2DM, type 2 diabetes mellitus; DEGs, differentially expressed genes.

2.7. Molecular docking simulation

The Comparative Toxicogenomics Database (CTD; https://ctdbase.org/) of Gene-

Drug interaction data were used to predict potential therapeutic drugs.

The PDB structure file of the MS4A6A protein was downloaded from AlphaFold

Protein Structure Database (https://alphafold.ebi.ac.uk/). The sdf structure file of those
predicted small therapeutic molecules was acquired from the PubChem database. The
molecular docking simulation was finished using CB-DOCK2 database for automated
protein-ligand blind docking [49]. Finally, the Ligplot and PyMOL software visualized
the intermolecular binding patterns in two-dimensional and three-dimensional graphs,
respectively.

2.8. Statistical analysis

R software version 4.2.1, GraphPad Prism version 9.4.0 (GraphPad Software, San Diego, CA, USA), and SPSS Version 26.0 (IBM
Corporation, Armonk, NY, USA) were adopted to perform statistical analysis. The differences between the groups were

tested using Wilcoxon’s test (P value < 0.05). The spearman’s method was adopted to

analyze correlation between the core genes and immune cells. In addition, the receiver

operating characteristic (ROC) curves were analyzed using the “pROC” R package. The significance level is denoted by *P value <
0.05, **P value < 0.01, ***P value < 0.001, and ****P value < 0.0001.

The workflow chart (Fig. 1) depicts the overall study design.

3. Results
3.1. Identification of shared DEGs of PD, NAFLD, and T2DM

The differential analysis screened out 4317 DEGs, including 2139 up-regulated.

DEGs and 2178 down-regulated DEGs related to NAFLD, in the GSE164760 dataset. In addition, a total of 808 up-regulated with
383 down-regulated DEGs were screened

out in the GSE63067 dataset. For PD, the differential analysis identified totally 1687

up-regulated DEGs and 2622 down-regulated DEGs in the GSE10334 dataset, along

with 1822 up-regulated and 2067 down-regulated DEGs in the GSE16134 dataset.

Moreover, there were 1170 T2DM-related DEGs including 651 up-regulated and.

519 down-regulated in the GSE76895 dataset, along with 2322 genes in the GSE7689.

4 dataset. The volcano plots (Fig. 2A-C) exhibit the gene expression patterns of the.

NAFLD, PD, and T2DM-related datasets and the heatmaps (Fig. 2D-F) display the

distribution patterns of the most prominent DEGs. The Venny diagrams (Fig. 2G-H)

intersect a total of 20 up-regulated and 5 down-regulated genes in the above discovery

datasets regarding to these three pathologies (Table 2).

3.2. Functional enrichment analysis

To reveal potential biological functions of the above shared DEGs, we performed.

DO, GO, KEGG, and REACTOME enrichment analysis. The DO result demonstrated

the correlations with “periodontal disease”, “primary bacterial infectious disease”, and.
“diabetes mellitus” (Fig. 3A). In addition, GO analysis showed enriched biological

process (BP), cellular component (CC), and molecular function (MF) terms regarding:
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shared DEGs built by the STRING database, which displayed the connections between 13 genes, with the threshold set as > 0.400 (F) The Circos
track plot showing the locations of the hub module genes on chromosomes. (G) The correlations of the 13 genes in PD, NAFLD, and T2DM. The blue
color indicates a positive correlation and the red color indicates the opposite. DEGs, differentially expressed genes; PD, periodontitis; NAFLD,
Eonalcoholic fatty liver disease; T2DM, type 2 diabetes mellitus.

» G

“positive regulation of tumor necrosis factor production”, “toll-like receptor signaling
pathway”, “MHC class II protein complex assembly”, “myeloid leukocyte activation”,
“antigen processing and presentation of exogenous peptide antigen via MHC class II”,
and “antigen processing and presentation of peptide or polysaccharide antigen via MH.
C class II” for BP, “MHC class II protein complex” for CC, along with “MHC class II
protein complex binding” and “toll-like receptor binding” for MF (Fig. 3B-C). The.
KEGG and REACTOME pathway enrichment analyses demonstrated the involvement
of “antigen processing and presentation”, “diseases associated with the TLR signaling
cascade”, and TLR2/4 signaling-related pathways (Fig. 3D). Such results indicated

the prominent enrichment of various immuno-inflammatory pathways, particularly the.
MHC class II protein-mediated antigen processing/presentation pathway, and Toll-like.
(TLR) signaling pathways. These findings demonstrated that their underlying linkages
were primarily caused by immunological responses.

3.3. PPI network construction and hub gene identification

The PPI network was built to show interactions between DEGs (Fig. 3E), and.
Cytoscape 3.7.1 was used for visualization. The “MCC” algorithm of the CytoHubba
plugin and the CytoNCA plugin of Cytoscape 3.7.1 selected out potentially significant
cross-talk genes, such as MS4A6A, MS4A7, and Clorf162 (Fig. 4A). These shared
genes were expressed by dendritic cells (red color), or immune organs, including bone
marrow (blue color) and spleen (green color) that answered for generating and storing
immune cells (Fig. 4B). In addition, in Fig. 3F the Circos track plot showed the
location of such shared genes on chromosomes, which provided insights into potential
intersected genetic regions of these three diseases. The coloring scheme indicated the
the majority of positive correlations among the 10 shared genes as for their expression levels, with blue indicating positive cor-
relations and red indicating the opposite trend (Fig. 3G).

3.4. Selecting characteristic genes through machine-learning analysis

The LASSO-Cox machine learning algorithm was adopted to screen out potential

feature genes shared by NAFLD, T2DM, and PD. The results are depicted in Fig. 4

C, with the overlapping genes listed as LY96, TLR1, CYTIP, and MS4A6A. Besides,

Fig. 4D prominently demonstrates a higher expression level of such 4 hub genes in

upon diseased conditions than in healthy people. Subsequently, the diagnostic efficacy

of these biomarkers was analyzed, and the ROC curves showed that the area under the

curve (AUC) of LY96, TLR1, CYTIP, and MS4A6A in discovery datasets Fig. 5A,

respectively. We validated the results in external datasets GSE16134 (PD), GSE63067.

(NAFLD), and GSE76894 (T2DM) (Fig. 5B). However, the ROC curves indicated

that TLR1 and LY96 had the lowest discriminatory powers in NAFLD (AUC = 0.606)

and T2DM (AUC = 0.555), possibly attributed to their not being prominently different

levels in distinct groups. The CYTIP gene was not matched in the other T2DM dataset.

Therefore, the MS4A6A gene was deemed as the most important characteristic marker upon the pathologies simultaneously. More
importantly, further analysis demonstrated

that MS4A6A mRNA expression level was positively associated with: Fasting glucose

levels in T2DM patients; NAS score of NAFLD patients; Pro-inflammatory cytokines.

(i.e., CXCL8) levels in PD patients (Fig. 5C), meaning that MS4A6A mRNA level

was positively associated with the severity of PD, NAFLD, and T2DM. Overall, these.

4 hub genes were mainly enriched in macrophages, supporting their great significance

in disease progression.

In addition, the expression of the MS4A6A gene in gingival, liver, and pancreatic

tissues were analyzed by immunohistochemical staining as well as its cellular location

by single-cell RNA sequencing analysis. As demonstrated in Fig. 6A-B; Fig. S1,

the expression of MS4A6A in these tissues was largely by macrophages.
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PPI network. Red indicates the expression by antigen-presenting cells; Blue refers to expression by bone marrow; Green indicates expression by the
spleen. (C) Identification of the key feature genes of PD, NAFLD, and T2DM by the LASSO machine-learning algorithm. (D) Boxplots comparing the
expression levels of these 4 preliminarily identified hub feature genes shared by PD, NAFLD, and T2DM, which showed lower expression levels of
these 4 genes in pathologies in comparison to in healthy status. PD, periodontitis; NAFLD, nonalcoholic fatty liver disease; T2DM,

E}rpe 2 diabetes mellitus; LASSO, least absolute shrinkage and selection operator.

3.5. Predicting therapeutic agents and molecular docking simulation

The CTD database predicted correlations between the MS4A6A gene and disease,
demonstrating its close association with glucose dysregulation, liver lipid metabolism
abnormalities, and gingival inflammation (Fig. S2). In addition, the CTD database
predicted potential therapeutic agents, including astemizole, fenretinide, gardiquimod,
oxaliplatin, sulforaphane, taurine, and topotecan. Given that astemizole may well lead
to severe cardiovascular side effects, oxaliplatin and topotecan were chemotherapeutic
agents not fitting for daily use in noncancer patients, and that gardiquimod was not in
the market, fenretinide, sulforaphane, and taurine were chosen as potential therapeutic
small molecules (Figure.S3; Table 3).

We then performed a molecular docking simulation, and the results suggested an
intimate binding between MS4AG6A and fenretinide at a binding score of —6.9 kcal/mol.
The molecular structures of fenretinide and MS4A6A were visualized in cartoon form,
with corresponding 2D graphs showing hydrophobic contacts between fenretinide and
six amino acid residues (Phe89, Asn84, Leu83, Phe93, Phe94, and 11e90) of MS4A6A,
and with 3D graphs indicating hydrogen-bond interactions by yellow dotted lines. The
same process was also carried out regarding to sulforaphane and taurine whereas their
intermolecular binding capacity was not as good. Therefore, fenretinide was chosen to
be the most promising small molecule for therapy based on molecular docking results,
which supported its relatively-intimate binding with the MS4A6A protein (Fig. 7).

4. Discussion

Our study for the first time used systemic biological methods to indicate MS4A6A™ macrophages as a potentially-shared immu-
nological therapy target under PD, NAFLD, and T2DM pathologies. Currently, the unprecedentedly-high prevalence of metabolic
syndrome has led to heavy social burden and economic loss globally [50], and therefore calls for more efforts to investigate their
potential connections. Recent advances in characterizing molecular and cellular heterogeneity from a single-cell level helps us better
understand activities of immune-related genes/cells in chronic inflammatory pathologies.

Chronic inflammation is a main feature of PD, NAFLD, and T2DM [51]. Correlated subclinical endotoxemia along with activated
mononuclear cells (including an array of antigen-presenting cells, e.g., macrophages) in circulation that progressively migrated into
the affected sites have been proven to underlie such pathologies [52]. As a main type of innate immune cells, resident macrophages and
peripheral monocyte-derived ones recruited from circulation are critical to deteriorating or eliminating infection [53]. The activated
macrophages are divided into the contradictory M1 (proinflammatory), and M2 (immune-modulatory) subtypes on the basis of their
cell surface biomarkers [54]. GO and KEGG/REACTOME analyses highly enriched MHC-II-mediated antigen processing/presentation
process, which could then trigger T lymphocytes activation via stimulating T cell receptors [55]. T cell activation is a significant
process in such transition from acute inflammatory response to chronic inflammation [56], which is exactly the condition of these
three pathologies.

Also, trajectory analysis of single-cell RNA sequencing data further demonstrated that the proliferative differentiation of macro-
phages originated from the MHC-II clusters and expressed more genes for antigen processing and presentation [57]. In the present
work, we recognized the MS4A6A gene as the final potential biomarker of the disease development after rigorous filtration and
validation by external datasets. MS4A6A belongs to the human MS4A family, of which the 18 members are encoded by a genomic locus
on chromosome 11q12, and differentially expressed by specific subsets of leukocytes [58]. In Homo sapiens, MS4A6A is specifically
enriched in monocytes and macrophages at high levels, particularly in alternatively activated macrophages where they cooperate with
the protein partner MS4A4A to regulate the activities of pattern recognition receptors in type I immunity, as a classical
monocyte-specific cluster of MS4A proteins [59]. Other evidence indicated that macrophages rather than dendritic cells solely express
MS4A6A in human beings [60]. In microglia (which is a population of central nervous system (CNS)-resident macrophages [61]),
MS4AG6A is an important gene for immune activation, which demonstrated enhanced chromatin accessibility of a distal open chromatin
region along with increased transcription upon infectious stimulation or increased risk of Alzheimer’s disease [62,63]. In hypersen-
sitivity pneumonitis, the high MS4A6A™ subgroup was significantly infiltrated and contributed to severe fibrotic progression, which
displayed more M1 and M2 macrophages signature genes along with exaggerated inflammatory response signatures compared to
others [64], such as inducing myeloid leukocyte migration and attracting chemotaxis infiltration [65]. Such a seemingly contradictory
positive association between M1 and M2 polarization markers expression level as well as a mixed state of M1 and M2 phenotypes at
single-cell level of macrophages was increasingly validated [66,67], indicating that conventional classification of macrophages into
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Fig. 5. Validation of the efficacy of 4 hub feature genes

(A) The ROC curves showing the diagnostic efficacy of these 4 genes in GSE164760,

GSE10334, and GSE76895 datasets. (B) The ROC curves and violin plots showing

the diagnostic efficacy and the expression level of the hub feature genes in GSE63067,

GSE16134, and GSE76894 datasets, except for the CYTIP gene that is not matched in

the GSE76894 validation dataset. (C) The correlations between the expression level of

the MS4A6A gene and disease severity markers of PD, NAFLD, and T2DM. (CXCL8

for PD; NAS score for NAFLD; fasting glucose level for T2DM). PD, periodontitis; NAFLD, nonalcoholic fatty liver disease; T2DM, type 2 diabetes.
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MS4A6A gene in macrophages. The orange color refers to its expression level and the
darker the orange color is, the higher expression level of the MS4A6A gene. NAFLD,
nonalcoholic fatty liver disease; T2DM, type 2 diabetes mellitus; PD, periodontitis.
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mutually-exclusive M1/M2 phenotypes was unable to reflect their broad variations and continuous spectrum of transcriptomic status
upon dynamically complicated disease conditions [68]. Therefore, increased MS4A6A gene expression in macrophages might be one of
the most significant factors governing such transition in tissue inflammation status.

As for PD, M1-type macrophages migrate to sites of acute inflammatory through

diapedesis to generate pro-inflammatory cytokines in the early phase [69], while a higher level of accumulated and activated
M2-phenotype macrophages was detected in chronic and severe inflammation [70,71]. Such enhanced M2-phenotypes of macro-
phages also detected in inflammation rather than resolution phases of PD may be attributed to impaired immune response due to
obesity (obesity is largely found in NAFLD/T2DM patients as discussed before) [52], which could inhibit the polarization of macro-
phages to the M1-phenotype that have an enhanced ability to eliminate pathogens and infections, and the resultant increased
M2-phenotype macrophages led to a delayed and impaired response to periodontal infections [72]. Our results indicated a simulta-
neous upregulation of both M2-type and M1-type macrophages in the PD microenvironment, which could be accounted for by the
above-discussed mechanism, mechanical force’s regulation of macrophages in the tissue remodeling stage, and continuous phenotype
alteration of M1/M2-type macrophages that were not mutually-exclusive [52,73]. This assumption was supported by the other work
using non-human primate models and found changes in gene expression profiles for M2 macrophages in

addition to substantial M1 polarization-related gene expression alterations [74]. Single-cell sequencing analysis also indicated
upregulated pro-inflammatory and anti-inflammatory marker expression in PD macrophages upon T2DM, conforming to the properties
of MS4A6A™ macrophages [75].

Given that nearly 20 % of NASH patients progress to hepatic cirrhosis and eventually hepatocellular carcinoma [76]. It is therefore
important to inhibit liver fibrosis progression in NASH stage as there are no available therapies for cirrhosis [77]. Previous studies have
demonstrated that increased polarization of liver macrophages toward the M2-phenotype in the progression from NAFLD to NASH in
patients and that NAFLD mice lacking M2-type macrophages had prominently attenuated hepatic inflammation and steatosis [78,79].
Our immune infiltration results also indicated a higher level of M2-type macrophages in NASH samples, and the main expression of
MS4A6A biomarker by specific cycling macrophages. The great significance of high heterogeneity and the plasticity of macrophages’
subpopulations in NASH progression has been emphasized in previous works, such as the TREM2"/CD9" macrophages and CCR2 bone
marrow-derived macrophages [80]. Macrophages are considered to be key players in NAFLD and increase in liver periportal region as
an early-stage histological hallmark [81]. In addition, the presence of porphyromonas gingivalis-derived lipopolysaccharide leads to the
immuno-tolerant phenotype of macrophages in NAFLD [82].

Compared to type 1 diabetes mellitus, the predominant immune cell type causing

islet inflammation in T2DM is macrophages [40], which accumulate and are featured by prominent MHCII expression [36]. Recent
studies have also pointed out a mixed continuum of M1/M2 polarization phenotypes in macrophages in T2DM islet inflammation than
a simple polarization toward the M1 or M2 state [36]. Coincidentally, the MS4A6A gene was identified as a robust contributor to the
aggravation of diabetic nephropathy [83,84].

Such a consistent systemic response toward tissue macrophage phenotypes indicated an important role of MS4A6A™" macrophages
in mediating and favoring their

immunological similarities. Other works supported this notion by indicating that local

immune cell alterations could regulate circulating immune cells, therefore intervening

with other disease [85]. For example, macrophages can function as the most robust innate immune cells connecting PD and
Alzheimer’s disease [86]. Modulating certain molecular receptors in macrophages helps ameliorate hepatic steatosis and insulin
resistance [87,88]. In addition, developing drugs for macrophages has been proven to be an effective way to alleviate the disease
severity of NAFLD upon T2DM [89]. Our work concluded fenretinide (FEN) as a potential therapeutic reagent upon NAFLD, T2DM and
PD conditions. As a synthetic derivative of retinoic acid, fenretinide treatment could repress lipid-induced reductions in
insulin-stimulated glucose uptake by restoring ceramide and retinol homeostasis in vivo, which ultimately protected insulin signaling
to reduce liver triglycerides accumulation, liver steatosis degree, and improve glucose homeostasis [90,91]. Besides, multiple studies
have proven that such

effects are mediated by its inhibition of macrophages’ pro-inflammtory activities, like

targeting macrophagic 17 $-HSD7 to ameliorate NAFLD [92], reducing macrophages-

derived inflammatory mediators [93], and regulating polarization of macrophages [94].

Furthermore, a work showed its inhibition of Aggregatibacter actinomycetemcomitans.

(specific pathogen for aggressive PD)-caused ceramide synthesis in macrophages [95].

The above-mentioned capacities of FEN on regulating cellular biosynthesis processes, macrophages, the pathogens for aggressive
periodontitis, along with its high-affinity with MS4A6A receptor proteins imply its potentials in alleviating these inflammatory dis-
eases through multiple pathways.

In summary, unsimilar to prior studies focusing on a single disease, our study for

the first-time integrated patients’ transcriptome data of PD, NAFLD, and T2DM at the

same time, and provided robust pathologic mediators for intervention upon such three

interrelated pathologies. Nevertheless, little is known about the biological functions of MS4A6A™ macrophages in these situations
and targeting MS4A6A proteins expressed by macrophages remains an outstanding problem [96].

5. Limitations
The work contains certain limitations. For example, it would be better to perform in vivo experiments to further verify the
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relationship between MS4A6A™ macrophages

and these three pathologies. Besides, the predicted therapeutic reagent FEN requires further efforts to investigate its real efficacy. In
addition, the fact that macrophages are highly-heterogeneous and plastic, as well as targeting tissue-specific subsets of macrophages to
reshape their functions, warrant more future exploration.

6. Conclusion

Our work revealed that MS4A6A™ macrophages could be the central mediators of.
PD, NAFLD and T2DM progression, indicating FEN as a potential therapeutic drug.
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