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ARTICLE INFO ABSTRACT

Keywords: Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2) ravaged the world, and Coro-
Human coronaviruses navirus Disease 2019 (COVID-19) exhibited highly prevalent oral symptoms that had significantly
Oral cavity

impacted the lives of affected patients. However, the involvement of four human coronavirus
(HCoVs), namely SARS-CoV-2, SARS-CoV, MERS-CoV, and HCoV-229E, in oral cavity infections
remained poorly understood. We integrated single-cell RNA sequencing (scRNA-seq) data of

Proteases
Restriction factors

SARS-CoV-2
scRNA-seq seven human oral tissues through consistent normalization procedure, including minor salivary
Viral receptors gland (MSG), parotid gland (PG), tongue, gingiva, buccal, periodontium and pulp. The Seurat,

scDblFinder, Harmony, SingleR, Ucell and scCancer packages were comprehensively used for
analysis. We identified specific cell clusters and generated expression profiles of SARS-CoV-2 and
coronavirus-associated receptors and factors (SCARFs) in seven oral regions, providing direction
for predicting the tropism of four HCoVs for oral tissues, as well as for dental clinical treatment.
Based on our analysis, it appears that various SCARFs, including ACE2, ASGR1, KREMEN1, DPP4,
ANPEP, CD209, CLEC4G/M, TMPRSS family proteins (including TMPRSS2, TMPRSS4, and
TMPRSS11A), and FURIN, are expressed at low levels in the oral cavity. Conversely, BSG, CTSB,
and CTSL exhibit enrichment in oral tissues. Our study also demonstrates widespread expression
of restriction factors, particularly IFITM1-3 and LY6E, in oral cells. Additionally, some replica-
tion, assembly, and trafficking factors appear to exhibit broad oral tissues expression patterns.
Overall, the oral cavity could potentially serve as a high-risk site for SARS-CoV-2 infection, while
displaying a comparatively lower degree of susceptibility towards other HCoVs (including SARS-
CoV, MERS-CoV and HCoV-229E). Specifically, MSG, tongue, and gingiva represent potential sites
of vulnerability for four HCoVs infection, with the MSG exhibiting a particularly high
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susceptibility. However, the expression patterns of SCARFs in other oral sites demonstrate rela-
tively intricate and may only be specifically associated with SARS-CoV-2 infection. Our study
sheds light on the mechanisms of HCoVs infection in the oral cavity as well as gains insight into
the characteristics and distribution of possible HCoVs target cells in oral tissues, providing po-
tential therapeutic targets for HCoVs infection in the oral cavity.

1. Introduction

The emergence of the Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2) in 2019 triggered a global pandemic
known as Coronavirus Disease 2019 (COVID-19), which can be transmitted through various means including droplets, aerosols, and
contact with contaminated surfaces [1-4]. To date, a total of seven distinct human coronaviruses (HCoVs) had been characterized,
namely HCoV-229E, HCoV-0OC43, SARS-CoV, HCoV-NL63, HCoV-HKU1, Middle East Respiratory Syndrome Coronavirus (MERS-CoV),
and SARS-CoV-2 (in chronological order of their emergence). Notably, among these coronaviruses, SARS-CoV, MERS-CoV, and
SARS-CoV-2 were recognized as highly pathogenic coronaviruses [5]. The available clinical evidence had established that highly
pathogenic coronaviruses shared similar clinical manifestations, and patients typically exhibited symptoms such as fever, chills, cough,
myalgia, headache, and dyspnea. Severe cases may progress to acute respiratory distress syndrome (ARDS), resulting in multiple organ
dysfunction syndrome (MODS) and even death, primarily among the aged patients with underlying disease [1,6-9]. It was reported
that the mortality rates of SARS-CoV, MERS CoV, and SARS-CoV-2 were 9.6%, 34.4%, and 3.5%, respectively [5]. Nonetheless, the
remaining four HCoVs (HCoV-NL63, HCoV-229E, HCoV-OC43, and HCoV-HKU1) elicited only mild respiratory tract illness in
immunocompetent hosts [5]. With the advancement of the research regarding as SARS-CoV-2, the recent investigations reflected that
the oral symptoms in COVID-19 patients were the key indicator of viral infection [10,11]. Dysgeusia, xerostomia, and oral mucosal
lesions are the three oral symptoms of COVID-19 most frequently observed. There are a number of additional oral symptoms, such as
facial paralysis, trigeminal neuralgia, Melkersson-Rosenthal syndrome, macroglossia, anomalies of the temporomandibular joint, pain
and swelling of the masticatory muscles, etc., although these secondary symptoms have not been widely documented [10,12-14].
Despite not lethal, oral symptoms can have a substantial impact on a patient’s life quality and dental health. Recent evidence indicated
that SARS-CoV-2 was detected in the oral cavity, predominantly in squamous epithelium and minor salivary gland (lip), which means
that the oral cavity may play a potential role in virus invasion and transmission [15]. Unlike SARS-CoV-2 infection, other HCoVs
infection appeared to rarely give rise to oral symptoms. However, it is still unclear whether SARS-CoV-2 and other coronaviruses can
actively infect and replicate in the oral cavity, which is crucial to gain further insight into the potential risk of infection in the oral
cavity and the oral tropism of coronaviruses [16].

Identifying the oral tropism of coronaviruses necessitates a comprehensive understanding of their cell entry mechanism. The entry
of coronaviruses into host cells was predicated upon the interplay between the viral spike (S) protein and host viral receptors, in
conjunction with the enzymatic activity that cleaves the S protein, and transpired by means of either cell surface or endosomal entry
pathways [17]. SARS-CoV-2, SARS-CoV, and MERS-CoV possessed the capacity to exploit both the cell surface entry and endosomal
entry pathways [18,19]. Regardless of the entry pathway employed, angiotensin-converting enzyme 2 (ACE2) served as the primary
receptor for both SARS-CoV-2 and SARS-CoV [18,20], while DPP4 acted as the primary receptor for MERS-CoV [21]. Transmembrane
serine protease 2 (TMPRSS2) appeared to be one of the major proteases for cleaveing S protein for entry via the plasma membrane
[18], whereas Cathepsin B (CTSB)/Cathepsin L (CTSL) may perform the priming function during entry through the endosome [22-25].
However, other HCoVs, such as HCoV-229E, HCoV-0OC43, and HCoV-HKU1, appeared to demonstrate a greater propensity towards
utilizing the cell surface entry pathway [26-28]. HCoV-NL63, on the other hand, employed ACE2 as its primary receptor and primarily
enters cells via clathrin-mediated endocytosis [29]. In addition, FURIN appeared to enhance viral infectivity, with the FURIN cleavage
motif being identified in SARS-CoV-2, MERS-CoV, HCoV-OC43, and HCoV-HKU1 [17,25,30]. However, previous studies had indicated
that ACE2 expression is relatively low in various parts of the oral cavity [31,32]. Additionally, in a study conducted by Hoffmann et al.,
inhibition of TMPRSS2 using serine protease inhibitors was shown to only partially block SARS-CoV-2 entry into cells [18]. Indeed,
Basignin (BSG) had been identified as an alternative receptor for SARS-CoV-2 and SARS-CoV infection [33]. Furthermore, a multitude
of proteases such as TMPRSS4/11A [34,35], ADAM10/17 [36] had been established to cleave the S protein of HCoVs. Moreover, the
host restriction factors were also prominent modulators limiting virus infection [37]. In addition, certain cellular factors were
necessary for virus replication, assembly and trafficking [38]. Thus, considering the widespread oral manifestations of COVID-19 and
the intense infectivity of HCoVs, there may be other receptors to mediate the entry or replication process of HCoVs. However, there is
currently no comprehensive analysis of entry factors in the oral cavity to evaluate their quantity, proportion, and co-expression in
various regions of the oral cavity, as well as to further understand the role played by these factors in SARS-CoV-2 infected oral cavity
and SARS-CoV-2 pathogenesis in oral tissues. Further elucidation of viral factors expressed in the oral tissues or cell lines may provide
critical insights into predicting infection susceptibility across the oral cavity and inform the development of therapeutic interventions.

Singh et al. profiled 28 SARS-CoV-2 and coronavirus-associated receptors and factors (SCARFs) using single-cell transcriptomics
across various healthy human tissues to predict the tropism of human coronaviruses. Based on their research, we conducted an analysis
of 45 viral factors relevant to HCoVs to gain a more comprehensive understanding of the viral factors present in various parts of the oral
cavity and to investigate the potential for HCoVs to infect oral tissues. These viral factors include 27 genes proposed in Singh et al.’s
studies [39], as well as an additional 18 factors that we identified as reliable candidates based on the literature we reviewed (Addi-
tional file 1: Table S1). Specifically, we used publicly accessible single-cell RNA sequencing (scRNA-seq) datasets and our previously
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published scRNA-seq data through consistent normalization procedures to integrate and compare the expression levels and frequency
of SCARFs across different regions in the oral cavity, including minor salivary gland (MSG), parotid gland (PG), tongue, gingiva,
buccal, periodontium, and pulp, which are prone to COVID-19 oral symptoms and may be susceptible to HCoVs [40]. The objective of
the current research was to gain insight into the types and proportions of cells in oral tissues, the expression levels of SCARFs, and
potential HCoVs targets in oral tissues and cells.

2. Methods

2.1. Key resources table

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and Algorithms

Seurat (v4.0.1) [41] https://satijalab.org/seurat/

scDblFinder (v1.10.0) [42] https://github.com/plger/scDblFinder.
Harmony (v0.1.0) [43] https://github.com/immunogenomics/harmony
SingleR (v1.10.0) [44] https://github.com/dviraran/SingleR

Ucell (v2.1.2) [45] https://github.com/carmonalab/UCell
scCancer (v2.2.1) [46] http://lifeome.net/software/sccancer/

All analyses of scRNA-seq datasets were performed in R (R version 4.2.2) and significant level was set as 0.05. All significance tests
in this paper, unless otherwise stated, were assessed using the two-sided Wilcoxon rank-sum test.

2.2. Buccal tissue

The data obtained from our previously published research was subjected to standardization and normalization through imple-
mentation of the Seurat (v4.0.1) package [40]. The scDblFinder (v1.10.0) package was applied to eliminate doublets, and the harmony
(v0.1.0) package was utilized to integrate samples and reduce batch effects. Cell clusters annotations were performed through utili-
zation of the singleR (v1.10.0) tool, in conjunction with our own query of marker genes. SCARFs were evaluated using the Ucell
(v2.1.2) tool. A comprehensive list of genes and literature sources employed in this research is presented in Additional file 1: Table S1.

2.3. Tongue

We utilized scRNA-seq data from GSE172577 for our analysis in tongue cells. The scCancer package (v2.2.1) was employed with
standard procedures and default parameters to perform cell quality control and distinguish between malignant and non-malignant
cells. Non-malignant cells identified through this process were then imported into Seurat (v4.0.1) for downstream analysis. The
scDblFinder (v1.10.0) package was employed to remove doublets, and the harmony (v0.1.0) package was utilized to integrate samples
and mitigate batch effects. Cell cluster annotations were performed using the singleR (v1.10.0) tool, complemented by our own query
of marker genes. We evaluated SCARFs using the Ucell (v2.1.2) tool. Detailed information on the genes and literature sources utilized
in this study can be found in Additional file 1: Table S1.

2.4. Pulp and periodontium

ScRNA-seq data from GSE161267 for our analysis in pulp and periodontium. The scRNA-seq data underwent standardization and
normalization via utilization of the Seurat (v4.0.1) package. The scDblFinder (v1.10.0) package was utilized to eliminate doublets,
while cells that exhibited a percentage of mitochondrial genes (percent.mit) exceeding 15.53%, RNA counts (nCount_RNA) falling
below 288 or exceeding 8160, as well as number of measured genes (nFeature_RNA) falling below 223 or exceeding 2585 were
removed. The batch effects were alleviated through integration of samples using the harmony (v0.1.0) package. Cell cluster anno-
tations were conducted by employing the singleR (v1.10.0) tool, supplemented by our own query of marker genes. The scoring of
SCARFs was assessed using the Ucell (v2.1.2) tool. A comprehensive list of genes and literature sources used in this study is provided in
Additional file 1: Table S1.

2.5. Parotid gland

For our analysis in parotid gland, we employed scRNA-seq data from GSE188478. We standardized and normalized the scRNA-seq
data using the Seurat (v4.0.1) package. The scDblFinder (v1.10.0) package was employed to eradicate doublets, and cells that
demonstrated a proportion of mitochondrial genes (percent.mit) exceeding 14.3%, RNA counts (nCount_RNA) less than 535 or greater
than 8436, and a measured number of genes (nFeature_RNA) less than 311 or greater than 2108 were excluded from further analysis.
Batch effects were mitigated by integrating samples using the harmony (v0.1.0) package. Cell cluster annotations were performed
using the singleR (v1.10.0) tool, accompanied by our own inquiry of marker genes. The scoring of SCARFs was evaluated by means of
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the Ucell (v2.1.2) tool. A detailed account of the genes and literature sources employed in this study is presented in Additional file 1:
Table S1.

2.6. Gingiva and minor salivary gland (MSG)

The scRNA-seq data pertaining to gingival and minor salivary gland from healthy donors was retrieved from the COVID-19 Cell
Atlas website [47]. The website had conducted quality control and cell annotation on the data, and we utilized the quality control and
annotation results directly in our analysis of scRNA-seq. The scRNA-seq data was transformed into Seurat objects and batch effects
were removed by integrating samples using the harmony (v0.1.0) package in R (R version 4.2.2). The assessment of SCARFs was
performed utilizing the Ucell (v2.1.2) tool. A comprehensive inventory of the genes and literature sources utilized in the study has been
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Fig. 1. The analytical process of SCARFs in our research. Our data was acquired from a combination of public databases and prior investigations
[40]. Drawing upon previous studies [39] and introducing additional candidates that we deemed trustworthy, we categorized SCARFs into distinct
classifications such as confirmed receptors, potential receptors, confirmed entry protease, potential entry protease, replication factors, trafficking
and assembly factors and interactors (cofactors), as well as restriction factors. To gain further insight into the expression patterns of SCARFs, we
subjected the acquired scRNA-seq data to a clustering analysis based on the markers we queried (figure was created with Biorender.com).
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presented in Additional file 1: Table S1.

2.7. Integration of scRNA-seq data from different sites of oral cavity
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The scRNA-seq data from diverse sites of oral cavity were integrated by utilizing the harmony (v0.1.0) package, in order to conduct
heterogeneity analysis of cells from distinct parts of oral cavity. SCARFs were scored using the Ucell (v2.1.2) tool. A comprehensive list
of the genes and literature sources utilized in the study has been provided in Additional file 1: Table S1.
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Fig. 2. The scRNA-seq analysis of the expression of SCARFs in oral tissues. A: Uniform Manifold Approximation and Projection (UMAP) was used to
visualize the clustering of six distinct oral tissue types, including minor salivary glands (MSG), parotid glands (PG), tongue, gingiva, buccal mucosa,
periodontium, and pulp. Each cluster is represented by a unique color that corresponds to a specific tissue type. B: The cell clusters in the oral cavity
are identified by Uniform Manifold Approximation and Projection (UMAP). Cell types identified include fibroblasts, CD8" T cells, CD4" T cells,
serous epithelial cells, mucous epithelial cells, epithelial cells, Schwann cells, ductal epithelial cells, mast cells, lymphatic cells, macrophages, gdT
cells, endothelial cells, smooth muscle cells, epithelial2 cells, and B cells. Each cluster is represented by a unique color that corresponds to a specific
cell type. C: Dot plot of gene expression profiles of the 45 SCARFs in each oral tissues. Each dot on the plot reflects the mean expression intensity of
the corresponding cell, with yellow and purple denoting low and high expression levels, respectively. The size of each dot varies proportionally with
the proportion of cells expressing the SCARFs of interest in the given sample. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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2.8. Calculation of double-positive cells

For each sample, the number of positive cells for a gene was calculated when the count was higher than 0. P value for the percentage
of positive cells was estimated using one-sided fisher’s exact test and further adjusted for multiple hypotheses using Bonferroni
correction. The percentage of positive cells for a gene in a cell type was compared against the percentage of positive cells for the gene in
all the remaining cells. We calculated the overall percentage of positive cells (for a gene or gene pairs) by pooling all the samples
together to reduce the effect of drop-out events in scRNA-seq. The code for calculating the number of double-positive cells is available
at GitHub website [48].

3. Results
3.1. SCARFs curation

ACE2 and TMPRSS2 were well-established factors known to play a crucial role in facilitating SARS-CoV-2 (as well as SARS-CoV)
entry into host cells, but recent research had uncovered additional factors that are essential for the virus’s entry and transmission [17].
Below, we listed a series of factors known as SARS-CoV-2 and coronavirus-associated receptors and factors (SCARFs) in previous study
[39] that were essential for SARS-CoV-2 as well as other HCoVs infection and transmission (Additional file 1: Table S1). We have
enumerated experimentally validated alternative receptors for SARS-CoV-2, such as BSG, ASGR1, KREMEN]1, and ITGB2 [33,49,50].
We have additionally enlisted candidate receptors for SARS-CoV-2 that have been previously confirmed for SARS-CoV, MERS-CoV, or
HCoV-229E, which include DPP4, ANPEP, CD209, and CLEC4G/M [21,51-53]. Furthermore, our investigation encompassed an ex-
amination of several proteases mediating coronavirus entry into host cells, potentially including SARS-CoV-2, such as CTSB, CTSL,
FURIN, ADAM10/17, and others [17,22-25,30,36]. We also looked at candidate restriction factors (RFs) that inhibit viral entry
through interacting with the HCoVs receptor or the spike protein and limit the replication of HCoVs, which are served as protective
mechanisms against HCoVs infection, such as IFITM family proteins (IFITM1-3), Ly6E, mucins (MUC1 and MUC4), CD44, APOE, and
DAXX [54-58]. Lastly, we identified factors that may contribute to viral replication, assembly, and trafficking, and that can interact
with SARS-CoV-2 protein, such as TOP3B, ZCRB1, AP2 complex (AP2M1 and AP2A2), CHMP2A, Rho-GTPase complex (RABIA,
RAB10, RAB14, and RHOA), TAPT1, NRP1, etc. [38,59,60]. To facilitate analysis, we have categorized the SCARFs related to
SARS-CoV-2 into below groups: confirmed receptors, potential receptors, confirmed entry proteases, potential entry proteases,
replication factors, trafficking and assembly factors and interactors (cofactors), as well as restriction factors (Fig. 1 and Additional file
1: Table S1). Totally, we enlisted 45 reliable SCARFs seeking to gain insight into the pathogenicity and potential tropism of
SARS-CoV-2 in the oral cavity.

3.2. The expression profile of SCARFs in oral cavity

To enhance our understanding of the potential pathogenicity of HCoVs in the oral cavity, we utilized scRNA-seq data from seven
human oral tissues to divide them into seven clusters based on the expression levels of specific markers. These clusters include the
minor salivary gland (MSG), parotid gland (PG), tongue, gingiva, buccal, periodontium, and pulp. The red dots represent MSG, which
is a mucous gland located in the submucosal layer of various regions of the oral cavity, including the labial gland, buccal gland, palatal
gland, and lingual gland, mainly composed of acini and ducts. The brown dots represent PG, which is the largest salivary gland in the
oral cavity, located below the anterior part of the external auditory canal and on the surface of the posterior part of the masseter
muscle. It is mainly composed of acini and ducts. The dark green dots represent the tongue, which is located at the bottom of the oral
cavity and can be divided into three parts: the base, the body and the tip. It is composed of the surface mucosa and the deep tongue
muscles. The light green dots represent gingiva, which refers to the light red structure that is closely attached to the neck of the tooth
and adjacent alveolar bone, composed of multiple layers of flat epithelium and lamina propria. The blue dots represent buccal tissue,
which forms the mucosa of the outer wall of the oral vestibule and has barrier function, sensory function, temperature regulation, and
secretion function. The purple dots represent periodontal tissue, which refers to the tissue located around the teeth, including alveolar
bone, gingiva, and periodontal ligament. The rose red dots represent the pulp, which is located inside the pulp cavity of the tooth and
mainly contains nerves, blood vessels, lymph nodes, and connective tissue, as well as odontogenic cells arranged around the pulp
(Fig. 2A). Subsequently, we used these scRNA-seq profiles to identify 16 distinct cell clusters within the oral cavity, which consist of
five epithelial cell clusters, seven immune cell clusters, and four connective tissue cell clusters (Fig. 2B).

To investigate the oral tissues tropism of HCoVs, we analyzed and compared the expression levels of SCARFs across seven oral tissue
types (Fig. 2C). The results showed that ACE2 was expressed only in MSG (0.52%), tongue (0.58%), and gingiva (0.18%). Similarly,
TMPRSS2 was expressed in MSG (14.15%), gingiva (0.21%), pulp (0.02%), periodontium (1.50%), and tongue (1.12%), with very low
levels in PG and buccal (Fig. 2C and Additional file 2: Table S2). Overall, we observed modest levels of expression of ACE2 and
TMPRSS2 across all oral tissues, suggesting that other factors might be involved in the oral tropism of SARS-CoV-2. The expression of
other coronavirus receptors, such as DPP4 and ANPEP, was found to be infrequent in oral tissues (Fig. 2C and Additional file 2:
Table S2).

Interestingly, our results demonstrated that other potential receptors and proteases such as BSG, ITGB2, CTSB, and CTSL were more
extensively expressed (Fig. 2C and Additional file 2: Table S2). FURIN, a protease known to enhance viral tropism and pathogenicity,
was moderately expressed in MSG (13.81%) and tongue (13.20%), which may be related to COVID-19 symptoms such as xerostomia
and gustatory dysfunction [10,30,61] (Fig. 2C and Additional file 2: Table S2). Nevertheless, the transcription levels of additional
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Fig. 3. The scRNA-seq analysis of the expression of SCARFs in MSG and PG. A: The UMAP visualization presents specific cell types in the MSG,
including epithelial, Epi:mucous, Epi:serous, Epi:duct, myoepi, lonocytes, endothelial, pericyte, fibroblasts, smooth muscle, mononuclear phagocyte
system (MPS), B cell, plasma, T cell, mast, and glia. Each color encodes a distinct cell cluster. B: The dot plot exhibits the expression levels of SCARFs
in specific cell clusters in the MSG. The color of each dot denotes the average expression intensity of the corresponding cell, ranging from low
(yellow) to high (purple) expression levels. The size of each dot is proportional to the percentage of cells expressing SCARFs specified in the given
sample. C: Unsupervised analysis identified cells expressing BSG, ITGB2, DPP4, TMPRSS2, CTSB, CTSL, and FURIN across the MSG’s UMAP. Cells
are depicted using a color scale that denotes their expression levels, varying from low (grey) to high (red) expression levels. D: The heatmap depicts
the proportion of double positive cells for different receptor-protease combinations across the 16 specific cell types in the MSG. The color scale
represents the expression intensity of each cell type, ranging from low (yellow) to high (dark purple). The stars symbolize the adjusted p value
obtained by performing the Fisher’s exact test adjusted by the Bonferroni correction. E: The UMAP visualization portrays specific cell types in the
PG, such as serous acinar cell, ductal epithelial cell, fibroblast, T cell, B cell, NK cell, and monocyte. Each color corresponds to a particular cell type.
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F: The dot plot displays the expression levels of COVID-19 genes in specific cell types annotated by marker genes in the PG. The color of each dot
indicates the average expression intensity of the corresponding cell, ranging from low (yellow) to high (purple) expression levels. The size of each
dot is proportional to the percentage of cells expressing SCARFs specified in the given sample. (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the Web version of this article.)

potential proteases, such the TMPRSS family proteins (TMPRSS4 and TMPRSS11A) and the ADAM family proteins (ADAM10 and
ADAM17), were limited in oral tissues (Fig. 2C and Additional file 2: Table S2). We also found several factors ZCRB1, AP2A2, CHMP2A,
and Rho-GTPase complex (RAB1A, RAB10, RAB14, and RHOA), involved in viral replication, assembly, and trafficking to be expressed
in oral tissues, indicating that all oral tissues may potentially assist in viral propagation (Fig. 2C and Additional file 2: Table S2).
However, the expression levels of these factors were low in PG (Fig. 2C and Additional file 2: Table S2). The expression of co-factors
interacting with SARS-CoV-2 proteins was also modest across most oral tissues, with the exception of NANS, which was highly
expressed in MSG (41.28%), suggesting a potentially greater susceptibility to SARS-CoV-2 infection [62] (Fig. 2C and Additional file 2:
Table S2). Additionally, our findings indicated that oral tissues express a complex pattern of restriction factors (RFs), with IFITM1-3
and LY6E primarily expressed in pulp, periodontium, buccal, gingiva, and tongue (Fig. 2C and Additional file 2: Table S2). Several RFs,
except for CD44, were limitedly expressed in PG and MSG (Fig. 2C and Additional file 2: Table S2). Thus, oral tissues exhibit a
complicated pattern of SCARFs expression.

In summary, SCARFs including the receptor, protease, replication, assembly, and trafficking, as well as the cofactor NANS of SARS-
CoV-2, were expressed at higher levels in MSG, while restriction factors (except CD44) were expressed at lower levels in MSG.
Therefore, MSG exhibited a higher affinity for SARS-CoV-2, and we speculated that it may be one of the main targets of SARS-CoV-2
infection in the oral cavity. Additionally, our findings indicated that oral tissues exhibited low susceptibility to other HCoVs. Moreover,
the expression patterns of SCARFs in other tissues, such as pulp, periodontium, buccal, gingiva, and tongue, were more complex, and
further investigation was needed to explore the virus’s infectivity and replication ability in these tissues. This observation aligned with
the infrequent development of parotitis among COVID-19 patients [10].

3.3. Minor salivary gland and parotid gland

3.3.1. Minor salivary gland (MSG)

We analyzed the scRNA-seq datasets for MSG derived from healthy donors collected by COVID-19 Cell Atlas website [47], and 16
cell types were identified. These cell types included epithelial, mucous epithelial cell (Epi:mucous), serous epithelial cell (Epi:serous),
ductal epithelial cell (Epi:duct) and myoepi, all of which belong to the epithelial compartment. Additionally, ionocytes, which were
first discovered in the lung by Montoro and Plasschaert et al., were found in MSG and may play a role in maintaining physiological
saliva ion homeostasis [63,64]. Endothelial, pericyte, fibroblasts, smooth muscle, and glia cells were identified in the connective tissue
compartment, although these appeared to be only a small fraction of MSG. Five distinct populations of immune cells were identified,
including the mononuclear phagocyte system (MPS), B cell, plasma, T cell and mast cells (Fig. 3A). These findings indicated the
intricate composition of MSG.

We found that ACE2 and TMPRSS2 were mainly detected in epithelial, mucous epithelial cell, serous epithelial cell and ductal
epithelial cell (Fig. 3B and C and Additional file 3: Table S3), consistent with the research by Huang et al. [16]. However,
low-frequency co-expression of ACE2 and TMPRSS2 was observed in epithelial clusters, leading us to investigate the expression of
alternative/putative receptors and potential proteases among the 16 MSG cell types (Fig. 3A-C and Additional file 3: Table S3). Dot
plot and uniform manifold approximation and projections (UMAPs) of SCARFs expression indicated that BSG, CTSB and CTSL
exhibited extensive expression patterns across MSG cells. However, the expression levels of other alternative/putative receptors and
potential proteases, including ASGR1, KREMEN1, DPP4, ANPEP, CD209, FURIN, TMPRSS4, ADAM10 and ADAM17, are relatively
lower. ITGB2, also known as lymphocyte function-associated antigen 1 (LFA-1), displayed tissue-specific expression patterns and was
enriched in immune cells, with the highest expression in MPS (Fig. 3B and C and Additional file 3: Table S3). Interestingly, the re-
ceptors and proteases mentioned above were generally expressed at low levels in B cells, T cells, plasma, mast, and glia (Fig. 3B and C
and Additional file 3: Table S3). Additionally, most MSG cells expressed some amount of replication, assembly, and trafficking factors
as well as cofactors, indicating their potential contribution to viral replication, assembly, and trafficking and to promoting viral
infection by cofactors (Fig. 3B and Additional file 3: Table S3). We observed that most MSG cells, except for B cells, T cells, mast cells,
and glia, co-expressed receptors and proteases, particularly mucous epithelial cell, serous epithelial cell and ductal epithelial cell.
Furthermore, BSGTCTSB™ cells and BSGTCTSL™ cells were the predominant double-positive cells, likely due to the relatively higher
expression levels of BSG, CTSB, and CTSL in MSG cells. Notably, only MPS exhibited significant ITGBTCTSB*, ITGB2"CTSL", and
ITGB2"FURIN™, possibly ascribed to ITGB2 tissue-specific expression in immune cells (Fig. 3D).

Our study suggested that epithelial cells in MSG, especially mucous epithelial cell, serous epithelial cell, ductal epithelial cell and
MPS, have a higher potential risk of SARS-CoV-2 infection. As the main function of MSG epithelial cells is to secrete and excrete saliva,
damage to these epithelial cells may lead to saliva secretion and excretion disorders, which may explain the high incidence of
xerostomia in COVID-19 patients [10,14,16,65].

3.3.2. Parotid gland (PG)
We further analyzed the expression levels of SCARFs in the parotid gland (PG). The PG was annotated into 7 cell clusters including 4
immune cell clusters, 1 connective tissue cell cluster and 2 epithelial cell clusters (Fig. 3E). Most SCARFs, including ACE2, DPP4,
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ANPEP, CD209, CLEL4G/M and TMPPRSS family proteins (TMPRSS2, TMPRSS4, and TMPRSS11A), were weakly expressed in PG
(Fig. 2C and Additional file 2: Table S2). Therefore, we selected several highly expressed and representative factors for analysis,
including BSG, ITGB2, CTSB, CTSL, FURIN, IFITM2 and CD44 (Fig. 3F). The results suggested that ductal epithelial cells exhibited the
highest BSG expression, followed by fibroblasts (Fig. 3F and Additional file 4: Table S4). The expression of ITGB2 confined primarily to
immune cell populations including T cell (24.20%), B cell (23.50%), NK cell (34.36%) and monocyte (30.43%) (Fig. 3F and Additional
file 4: Table S4). Furthermore, CTSB and FURIN showed the highest expression in ductal epithelial cells, while CTSL expression was
remarkably higher in fibroblasts (Fig. 3F and Additional file 4: Table S4). Additionally, the restriction factor IFITM2 was enriched in
fibroblast and immune cell clusters, and CD44 was widely expressed in PG cells (Fig. 3F and Additional file 4: Table S4). Taken
together, it appears that the majority of factors are expressed at low levels in the PG.
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Fig. 4. The scRNA-seq analysis of the expression of SCARFs in tongue. A: The UMAP exhibits the specific cell clusters in the tongue, including
Epithelial, epithelial2, fibroblast, endothelial, MPS, T cell:CD4™, T cell:CD8", NK cell, B cell:Memory, B cell:plasma, mast, and gdT. Each color
encodes a distinct cell cluster. B: The violin plot displays the expression levels of SCARFs in specific cell types of the tongue. Each color corresponds
to a particular SCARFs type. C: The presented heatmap showcases transcript levels of SCARFs across specific cell clusters in the tongue. The color
gradient spans from blue to red, signifying low to high transcript levels. D: The dot plot illustrates the expression of SCARFs in specific cell types
annotated in the tongue. The color of each dot indicates the average expression intensity of the corresponding cell, ranging from low (dark blue) to
high (Deep red) expression levels. The size of each dot is proportional to the percentage of cells expressing SCARFs specified in the given sample. E:
The heatmap depicts the proportion of double positive cells for different receptor-protease combinations across the 12 specific cell clusters in the
tongue. The color scale ranges from light yellow to deep purple, corresponding to low to high proportions of double positive cells. The stars denote
the adjusted p value obtained by the Fisher’s exact test adjusted by the Bonferroni correction, indicating the statistical significance of the observed
differences between the cell populations. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version
of this article.)
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3.4. Tongue

UMAPs demonstrated distinct clusters of tongue, including epithelial cell (epithelial 1 and epithelial_2), fibroblast, endothelial,
MPS, CD4" T cell, CD8" T cell, NK cell, Memory B cell, plasma, mast and gdT (Fig. 4A).

The visualized expression maps for SCARFs showed that the receptors and proteases as well as replication, assembly and transport
factors were primarily distributed in epithelial 1, epithelial 2, fibroblast, endothelial and MPS clusters (Fig. 4B-D). Normalized
expression matrices for SCARFs demonstrated that ACE2 and TMPRSS family proteins (TMPRSS2, TMPRSS4 and TMPRSS11A) were
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Fig. 5. The scRNA-seq analysis of the expression of SCARFs in gingiva. A: The UMAP exhibits the specific cell clusters in the gingiva, including
epithelial, epithelial2, endothelial, fibroblast, smooth muscle, macrophage, dendritic cells (DC), B cell, T cell, NK cell, T/NK cycling, lymphatic,
mast, Merkel and melanocyte. Each color encodes a distinct cell cluster. B: The dot plot illustrates the expression of SCARFs in specific cell types
annotated in the gingiva. Each dot on the plot reflects the mean expression intensity of the corresponding cell, with yellow and purple denoting low
and high expression levels, respectively. The size of each dot varies proportionally with the proportion of cells expressing the SCARFs of interest in
the given sample. C: Unsupervised identification of cells expressing BSG, DPP4, ANPEP, CTSB, CTSL, TMPRSS2 and FURIN across the tongue’s
UMAP. Cells are colored according to their expression levels, ranging from grey (low expression) to red (high expression). D: Violin plot showing
BSG, ITGB2, CTSB and CTSL expression in 15 specific cell clusters in gingiva. Each color encodes a distinct cell cluster. Stars represent the adjusted p
value obtained by Kruskal-Wallis test. E: Boxplots illustrating the percentages of BSG'CTSB*, BSG'CTSL™, ITGB2"CTSB" and ITGB2"CTSL" cells in
15 specific cell clusters in the gingiva. Stars represent the adjusted p value obtained by Kruskal-Wallis test. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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highly enriched in epithelial clusters (Fig. 4C). The fibroblast cell clusters exhibited the highest levels of DPP4 expression, while MPS
cell clusters demonstrated a noticeable expression of ANPEP. Moreover, we validated that BSG was broadly expressed in tongue cell
clusters, particularly in epithelial 2 (80.76%) and epithelial 1 (68.92%), while proteases CTSB and CTSL expression were evident
across epithelial 1, epithelial 2, fibroblast, endothelial and MPS (Fig. 4C and D and Additional file 5: Table S5). Additionally, RFs were
broadly expressed in tongue cell clusters at significant transcript levels (Fig. 4B-D and Additional file 6: Table S6).

To more precisely characterize the permissiveness of different tongue cell clusters to SARS-CoV-2 infection, we analyzed the co-
expression of alternative receptor-potential proteases in 12 cell clusters, including BSG-CTSB, BSG-CTSL, BSG-FURIN, ITGB2-CTSB,
ITGB2-CTSL and ITGB2-FURIN. Our analysis showed that BSG-CTSB had a high percentage of double-positive expression in epithe-
lial 1, epithelial 2, fibroblast, endothelial and MPS (35.8%-61.7%), the same pattern applies to BSG-CTSL (28.4%-35.3%). ITGB2-
CTSB was proportionally higher in MPS cells (47.0%), the same pattern applies to ITGB2-CTSL (36.7%) (Fig. 4E and Additional file
7: Table S7).

Our results showed that epithelial 1, epithelial 2, fibroblast, endothelial, and MPS cell clusters had been identified as potentially
highly susceptible to SARS-CoV-2 infection. Additionally, fibroblast cell clusters may exhibit a heightened vulnerability to MERS-CoV
infection, while MPS cell clusters may be particularly susceptible to HCoV-229E infection.

3.5. Gingiva

Using published scRNA-seq datasets from COVID-19 Cell Atlas website [47], we generated an UMAP for 15 cell clusters in gingiva:
epithelial 1, epithelial2, endothelial, fibroblast, smooth muscle, macrophage, dendritic cell (DC), B cell, T cell, NK cell, T/NK cycling,
lymphatic, mast cell, Merkel and melanocyte (Fig. 5A).

Our analysis of SCARFs expression identified that ACE2 and TMPRSS2 were only expressed in epitheliall clusters, weakly, which
was accordant with Huang et al. [16] (Fig. 5B and Additional file 8: Table S8). BSG was generally detected in gingiva cell populations,
while ITGB2 enriched in immune cells, especially in macrophage (Fig. 5B-D and Additional file 8: Table S8). Moreover, the expression
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Fig. 6. The scRNA-seq analysis of the expression of SCARFs in buccal tissue. A: The UMAP visualization portrays specific cell types in the buccal,
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color encodes a distinct cell cluster. B: Violin plot showing BSG, ITGB2, CTSB and CTSL expression 12 in specific cell clusters in the buccal. Each
color encodes a distinct cell cluster. Stars represent the adjusted p value obtained by Kruskal-Wallis test. C: Boxplots illustrating the percentages of
BSG'CTSB*, BSG'CTSL", ITGB2"CTSB™ and ITGB2"CTSL" cells in 12 in specific cell clusters in the buccal. Stars represent the adjusted p value
obtained by Kruskal-Wallis test. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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of ANPEP was evident in DC as well as fibroblast clusters, and the expression of DPP4 was comparatively elevated in DC. (Fig. 5B and C
and Additional file 8: Table S8). Turning to proteases, CTSB was also exhibited broad expression patterns across gingiva cells, while the
expression of CTSL was only apparently in several cell clusters including endothelial, fibroblast, macrophage, lymphatic and mela-
nocyte (Fig. 5B-D and Additional file 8: Table S8). Similarly, replication, assembly and trafficking factors were frequently expressed in
gingiva cells, whereas the expression of cofactors are sporicidal (Fig. 5B and Additional file 8: Table S8). In addition, the RFs ITITM2-3,
LYG6E, and CD44 were widespread and demonstrated relatively higher transcript levels, which may operate as a defense mechanism for
the gingiva against HCoVs infection (Fig. 5B and Additional file 8: Table S8).

Our analysis of double positive receptor-protease cells in gingiva showed that the proportion of BSGCTSB™ cells and BSG"CTSL"
cells were prominent in epitheliall and endothelial clusters, and the percentage of BSG'CTSB™ cells in epitheliall clusters was
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Fig. 7. The scRNA-seq analysis of the expression of SCARFs in pulp and periodontium. A: The UMAP visualization presents specific cell types in pulp
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cell and B cell. B: The dot plot exhibits the expression levels of SCARFs in specific cell types annotated in pulp and periodontium. The color of each
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BSG'CTSB* and BSG'CTSL™ cells in the pulp and periodontium. The red bar denotes the periodontium, while the blue bar represents the pulp. The
p-value was obtained via Wilcoxon testing. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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approximately 75%. Moreover, ITGB2TCTSB" cells and ITGB2"CTSL" cells were evident in macrophage and T cell populations
(Fig. 5E).

In summary, our results indicated that gingival harbored potent defense mechanisms against HCoVs infection. However, it was
plausible that epitheliall, endothelial, macrophage, and T cell clusters may display increased permissiveness to SARS-CoV-2 invasion.
Moreover, DC cell clusters may represent a susceptible target for MERS-CoV, whereas HCoV-229E may target both DC and fibroblast
cell clusters.

3.6. Buccal tissue

Buccal tissue was annotated as epithelial, endothelial, fibroblast, smooth muscle cell (SMC), MPS, CD4 " T cell (T_cell:CD4 "), CD8"
T cell (T_cell:CD8™), NK cell, B cell, lymphatic cell, mast cell, and Schwann cell (Fig. 6A). Except for BSG, ITGB2, CTSB, and CTSL, the
majority of receptors and proteases, such as ACE2, DPP4, ANPEP, CD209, CLEC4G/M, and members of the TMPRSS family (including
TMPRSS2, TMPRSS4, and TMPRSS11A), were observed to be expressed at comparatively lower levels within the buccal tissue (Fig. 2C
and Additional file 2: Table S2). Our results demonstrated that BSG exhibited a relatively heightened transcriptional levels in most cells
(excluding mast cells), whereas ITGB2 manifested a more elevated transcriptional levels in immune cells, particularly in MPS, CD4" T
cell, CD8™ T cell, and NK cell (Fig. 6B). Analysis of double-positive receptor-protease cells revealed a markedly greater proportion of
BSGTCTSB™ cells in epithelial, fibroblast, and CD4™ T cell clusters. Conversely, only fibroblast cell clusters exhibited a significantly
higher proportion of BSGTCTSL™ cells. ITGB2TCTSB" cells and ITGB2"CTSL" cells were predominantly detected in immune cell
clusters, particularly in MPS, CD4" T cell, and CD8™ T cell populations (Fig. 6C). However, our study revealed modest levels of RFs
observed in the buccal tissue, such as IFITM1-3, LY6E, and CD44 (Fig. 2C and Additional file 2: Table S2), suggesting that buccal tissue
exhibited a certain level of defense against HCoVs infection. Overall, buccal tissue may serve as a target for SARS-CoV-2 infection,
particularly within epithelial, fibroblast, MPS, CD4" T cell, and CD8™ T cell clusters. Moreover, the likelihood of buccal infection by
other HCoVs (including MERS-CoV, HCoV-229E and HCoV-NL63) appeared to be relatively low.

3.7. Pulp and periodontium

To ensure the reliability of our oral data, we extended our analysis to pulp and periodontal tissues, which were not usually exposed
to the external environment. We identified 11 different cell types in the pulp and periodontium: mesenchymal stem cell (MSC) 1,
MSC2, MSC3, endothelial, fibroblast, CD4™" T cell (T cell:CD4"), Schwann cell, MPS, epithelial, NK cell and B cell (Fig. 7A). While
ACE2, ASGR1, KREMENT1, ITGB2, DPP4, ANPEP, CD209, CLEC4G/M and TMPRSS2 expression were low in both the tissues and the cell
types examined (Fig. 2C and Additional file 2: Table S2). Conversely, BSG with CTSB and CTSL showed higher expression levels in
periodontal or pulp tissues (Fig. 2C and 7B and Additional file 2: Table S2). Although the percentage of double-positive receptor-
protease cells was slightly higher in the periodontium than in the pulp, this difference was not statistically significant (Fig. 7C).
Notably, our analysis showed that RFs such as IFITM1-3, LY6E, CD44, and APOE were widely expressed in both tissues (Fig. 7B),
suggesting that they confer resistance to HCoVs infection. In conclusions, our results demonstrated that the probability of HCoVs
infection in pulp and periodontal tissues was low.

Importantly, our study indicated that substitutable receptors, such as BSG, CTSB, and CTSL, may play a critical role in SARS-CoV-2
infection of oral cells, in contrast to confirmed receptors and proteases, such as ACE2 and TMPRSS2. Our findings highlighted the
complex tissue-specificity of these genes and suggest that these receptors and proteases may represent an alternative entry pathway for
SARS-CoV-2 into oral cells. Moreover, our investigation had unveiled the susceptibility of oral tissues to other HCoVs, namely SARS-
CoV, MERS-CoV and HCoV-229E. Generally speaking, oral tissues exhibited a low degree of susceptibility to other HCoVs, which was
in line with the rare occurrence of oral symptoms caused by these viruses. Nevertheless, select cell clusters within the oral tissues may
be vulnerable to other HCoVs. It is important to note that additional research is required to unravel the fundamental mechanisms
underlying such susceptibility.

4. Discussion

Although respiratory failure remained the primary cause of mortality in COVID-19, the deleterious impact of oral symptoms on
their overall quality of life should not be underestimated, as they were pervasive and distressing. Therefore, it was imperative to gain a
comprehensive understanding of the precise manner in which COVID-19 affected the oral cavity. In a prior research, Huang et al.
established SARS-CoV-2 infection in the salivary glands and oral mucosa, thus underscoring the significance of the oral cavity as a site
of infection [16]. Based on this premise, we utilized publicly accessible scRNA-seq datasets to scrutinize the basal transcript levels of
widespread SCARFs in oral tissues and compiled the first-ever integrated human oral SCARFs scRNA-seq atlas. While it remained
challenging to assess the dynamic fluctuations of SCARFs in oral tissues and infer the viral tropism at the RNA levels, our study had
furnished insights and orientations for exploring the tropism and pathogenicity of SARS-CoV-2 and other HCoVs in oral tissues.

Consistent with previous studies, our research revealed that ACE2 and TMPRSS2 were primarily expressed in epithelial cells, with
only a small fraction of cells expressing ACE2 and/or TMPRSS2. Huang et al. also observed a scarcity of ACE2 and TMPRSS2 co-
expression [16]. Conversely, alternative receptors such as BSG and ITGB2, as well as potential proteases such as CTSB and CTSL,
exhibited elevated transcript levels. Nonetheless, the expression of SCARFs was subject to diverse influences. Notably, recent research
had suggested that ACE2 was an Interferon-stimulated gene (ISG) [66,67]. Chua et al. observed a threefold increase in ACE2 expression
levels in epithelial cell clusters following SARS-CoV-2 infection, which was found to be associated with interferon signaling in immune
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cells [68]. However, ISGs could directly restrict the virus infection and enhance various innate immune responses [69,70]. Moreover,
ACE2 could exert anti-inflammatory and anti-fibrotic effects by inactivating Angiotensin II (Ang II) and prevent ARDS [71,72].
Therefore, SARS-CoV-2 may exploit the host-protective response mediated by ACE2 to facilitate further infection of the host, which
could be one of the strategies employed by SARS-CoV-2 to challenge the host [66]. Furthermore, Sajuthi et al. had reported that
IL-13-mediated type 2 inflammation in the airway epithelium greatly upregulated the expression of TMPRSS2 [67], implying that the
expression of TMPRSS2 may be subject to regulation by the inflammatory responses. In fact, highly pathogenic viruses such as
SARS-CoV have been known to target and modulate host innate immune responses, including interfering with interferon signaling, as a
means of self-protection [73]. Therefore, further investigation is needed to study the temporal dynamics of SCARFs levels in the host
both prior to and following viral infection. Moreover, recent research had suggested that periodontal pathogens/periodontitis may also
impact ACE2 expression levels, particularly in relation to Fusobacterium nucleatum and Porphyromonas gingivalis, which may heighten
the potential risk of severe COVID-19 in patients with periodontitis [74-76].

In addition to ACE2 and TMPRSS2, we had observed the widespread expression of BSG, CTSB, and CTSL in oral tissues/cells,
particularly in epithelial cell clusters. In fact, shortly after the discovery of COVID-19, BSG (CD147) has been found to interact with the
spike protein of SARS CoV-2 and mediate SARS-CoV-2 infection [33]. CTSB/CTSL was first discovered as an entry factor for SARS-CoV
infected cells, and subsequently Hoffmann et al. confirmed that CTSB/CTSL can also serve as an entry factor for SARS-CoV-2 [18].
Here, we conducted a quantitative analysis of the expression of BSG, CTSB, and CTSL in the oral cavity and found that their expression
was relatively high compared to other alternative entry factors, which may be the main alternative entry factors. Currently, some
studies have found inhibitors that may be effective against these alternative entry factors. Anti-CD147 antibody, Meplazumab, could
effectively inhibit viral entry and inflammation caused by SARS-CoV-2 and its variants [33,77]. Additionally, studies suggested
beneficial effects of azithromycin in reducing viral load of hospitalized patients, possibly interfering with ligand/CD147 receptor
interactions [78]. Chloroquine or hydroxy-chloroquine are already used against COVID-19, inhibiting the activity of CTSB/CTSL
non-specifically [79]. K777 and E64d were found to effectively inhibit CTSB/CTSL, blocking CTSL/CTSB mediated entry pathways and
exerting anti SARS-CoV-2 effect [18,80]. Therefore, these inhibitors for alternative entry factors BSG and CTSB/CTSL are likely to be
employed to treat oral COVID-19 symptoms. In contrast, our results demonstrated that ITGB2 [also known as Lymphocyte
Function-associated Antigen 1 (LFA-1)], a leukocyte cell adhesion molecule, was primarily expressed in immune cell clusters,
particularly MPS and CD4 ™" T cells. Previously, Shen et al. had already found that SARS-CoV-2 may infect host CD4 " T cells via ITGB2
instead of ACE2 and TMPRSS2, resulting in CD4™ T cell dysfunction and depletion. Infected T cells may lose their cytotoxicity against
the virus and may also disseminate the virus to different systemic locations through the circulation, thereby aggravating the disease
[50]. These findings implied that immune cells in the oral cavity, particularly MPS and CD4™ T cells, were susceptible to SARS-CoV-2
infection. Thus, it is of paramount importance for COVID-19 patients to take proper oral management in their daily lives, such as
gargling and tooth cleaning [81,82]. Additionally, replication factor ZCRB1 and assembly and trafficking factors were widely
expressed in oral cells, suggesting that most cells in the oral cavity were capable of facilitating HCoV replication, assembly and
trafficking.

Furthermore, we conducted double positive cell analyses on the co-expression of receptors and enzymes. We found that oral
epithelial cells seem to be more inclined to co express receptors and enzymes compared to other cells, indicating that epithelial cells as
a protective barrier for oral cavity may be more susceptible to HCoVs, which is consistent with the higher incidence of mucosal lesions
in COVID-19 patients [10,13]. In addition, we also found that there may be synergistic enrichment between receptors and enzymes. For
example, in tongue, BSGTCTSB™ cells and BSG'CTSL™ cells are predominantly present in epithelial cells, fibroblast cells, endothelial
cells and MPS, while BSG, CTSB, and CTSL are mainly expressed in these cells as well (Fig. 4D and E). Similar situations exist not only in
the oral cavity, but also in other regions of the oral cavity, indicating a synergistic enrichment of BSG, CTSB, and CTSL. Similarly,
ITGB2"CTSB™ cells and ITGB2"CTSL" cells are predominantly present in MPS, suggesting that ITGB2, CTSB and CTSL may be syn-
ergistically enriched in MPS. Thus, these findings suggest that all cell types in the oral cavity, including epithelial, immune, and
connective tissue cell clusters, are susceptible to SARS-CoV-2 infection, with epithelial cells being the most vulnerable as the primary
protective barrier.

In addition to factors that facilitate viral infection and replication, we also investigated the basal expression levels of restriction
factors in the oral cavity. Host restriction factors are specialized, widely expressed antiviral factors that can block the replication of
viruses during their life cycle in host cells [17,20,37]. Buchrieser et al. confirmed that IFITM1-3 can serve as antiviral factors for
SARS-CoV-2, blocking the entry of SARS-CoV-2 and inhibiting S-mediated fusion, with IFITM1 being more active than IFITM2 and
IFITM3 [58]. Pfaender et al. demonstrated that LY6E was a critical antiviral immune effector that controlled HCoVs (including
SARS-CoV, SARS-CoV-2 and MERS-CoV) infection and pathogenesis by interfering with spike protein-mediated membrane fusion [54].
Our findings revealed that restriction factors were widely expressed in oral cells, particularly IFITM1-3 and LY6E, which indicated that
IFITIM1-3 and LY6E may serve as the key antiviral factors in the oral cavity, aiding the host’s resistance against HCoVs infection.
Further, these restriction factors, such as IFITMs and LY6E, were typically components of the host’s innate immune responses and can
be induced by interferon signaling [83,84]. Nevertheless, studies had suggested that IFITM3 may enhance the infectivity of
HCoV-0C43 [85], and structural modifications in IFITM3 may intensify the infectivity of SARS-CoV and/or MERS-CoV [86]. LY6E had
been shown to enhance the entry of various enveloped viruses into host cells, including influenza A virus, yellow fever virus and human
immunodeficiency virus (HIV) [83,87]. Moreover, Shi et al. found that TMPRSS2 overexpression may counteract the IFITM3-mediated
restriction of SARS-CoV-2 [88]. Remarkably, HCoVs had evolved mechanisms to counteract host restriction factors, such as using viral
proteins to antagonize host restriction functions, indicating a coevolutionary arms race between viruses and hosts [17,84,89,90].
While our research only examined the basal transcript levels of restriction factors, this could be a critical determinant of oral tissues
susceptibility to viral infection.
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Our investigation had revealed that MSG exhibited high levels of expression for BSG, CTSB, and CTSL, while displaying low levels
for IFITMs and LY6E (Fig. 2C). These findings suggested that MSG could be vulnerable to SARS-CoV-2 infection. Furthermore, our
results had demonstrated that acinar and ductal epithelial cells of MSG displayed high susceptibility to SARS-CoV-2 (Fig. 3B-D). Since
epithelial cells are responsible for saliva secretion and excretion functions, this observation might clarify the pathogenesis of xero-
stomia as the most prevalent COVID-19 oral symptom, which corresponded to the outcomes observed in clinical practice [10,13]. It is
noteworthy that, despite being a salivary gland, PG expressed low levels of receptors and proteases, which was consistent with the low
incidence of sialadenitis observed in COVID-19 patients [10] (Fig. 2C). Furthermore, high transcript levels of BSG, CTSB, and CTSL
were observed in the tongue, specifically in epithelial cells. Remarkably, the expression levels of the restriction factors IFITM2-3 and
LY6E were also high in the tongue, which could potentially act as a protective mechanism for tongue against HCoVs infection. The
etiology of dysgeusia in COVID-19 patients was primarily attributed to the infection of taste bud cells by SARS-CoV-2 [91]. As such, our
research could shed light on the reason why some COVID-19 patients did not manifest with taste disorders. However, SCARFs
expression patterns were more intricate in other parts of the oral cavity, such as gingiva, buccal, pulp, and periodontium. Subsequent
studies could be conducted at the cellular level to verify the expression levels of some important alternative entry factors such as BSG,
ITGB2, CTSB and CTSL. Further, t overexpressing or reducing the expression level of alternative entry factors in cells and detecting
whether the entry of HCoVs into the cells was affected and whether it was consistent with our bioinformatics analysis. Thus, further
investigations or experiments are warranted to validate the expression patterns of SCARFs in the oral cavity and elucidate their po-
tential impact on viral pathogenesis within the oral cavity.

Although our study focused primarily on SARS-CoV-2, it provided direction for investigating the oral tropism of other HCoVs,
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including SARS-CoV, MERS-CoV, HCoV-NL63, and HCoV-229E. Compared to BSG, the expression levels of the receptors/alternative
receptors for these coronaviruses, such as ACE2 (SARS-CoV and HCoV-NL63), DPP4 (MERS-CoV), ANPEP (HCoV-229E), CD209 (SARS-
CoV), and CLEC4M/G (SARS-CoV), were relatively low in oral tissues, suggesting that oral tissues may be less susceptible to MERS-
CoV, HCoV-229E, and SARS-CoV. However, certain cell types within oral tissues may exhibit heightened susceptibility to infection
by HCoVs. All in all, serous epithelial cell and ductal epithelial cell in MSG exhibited a greater degree of susceptibility to MERS-CoV,
whereas ductal epithelial cell in MSG and MPS in tongue were the most susceptible to HCoV-229E. As our investigation did not
encompass the proteases utilized by HCoV-NL63 for host cell entry, nor the receptors utilized by HCoV-OC43 and HCoV-HKU1 for cell
entry [17], our findings may be deemed unreliable for predicting the tropism of these three coronaviruses for oral tissues (Fig. 8 and
Table 1).

Our study revealed the expression patterns of SCARFs in oral cavity based on scRNA-seq analysis, which can help us understand and
explore underlying mechanisms of HCoVs infection in the oral cavity. However, there are some limitations of this study. Firstly, our
research is only a bioinformatics analysis, which requires further experimental verification. Secondly, our study lacks dynamic
infection models of the virus to observe how the expression levels of SCARFs change as the HCoVs infection progresses. However, this
modeling of HCoVs infection requires relatively high experimental conditions and P3 laboratory. Thirdly, we lack the collection of oral
tissues from infected patients to further validate the expression levels of SCARFs and to establish patient datasets, and subsequent
studies could consider scraping epithelial cells from some regions of the infected patients’ oral cavity for comparative analysis.

In summary, based on the results of our study, we found that BSG, CTSB, and CTSL may give the biggest contribution to the oral
tropism of SARS-CoV-2. This is because they are widely distributed and have the highest expression level in oral tissue, and the
proportion of BSGTCTSB cells or BSGTCTSL " cells is the highest among double positive cells.

5. Conclusions

The aim of this study was to gain insight into the expression levels of SCARFs in seven types of oral tissues (including MSG, PG,
tongue, gingiva, buccal tissue, periodontium, and pulp) and potential HCoVs targets in oral tissues and cells. Based on our analysis,
BSG, CTSB, and CTSL exhibited enrichment in oral tissues. Conversely, it appeared that various SCARFs, including ACE2, ASGR1,
KREMEN1, DPP4, ANPEP, CD209, CLEC4G/M, TMPRSS family proteins (including TMPRSS2, TMPRSS4, and TMPRSS11A), and
FURIN, were expressed at low levels in the oral cavity. Our study also demonstrated widespread expression of restriction factors,
particularly IFITM1-3 and LYG6E, in oral cells. Additionally, some replication, assembly, and trafficking factors appeared to exhibit
broad oral tissues expression patterns. Overall, the extensive expression of SCARFs across MSG cell clusters suggested a high sus-
ceptibility to SARS-CoV-2 infection in MSG, while tongue expressed a combination of factors that both facilitate and impede SARS-
CoV-2 infection. Additionally, MSG presented a putative target for the pathogenic assault of MERS-CoV, SARS-CoV, and HCoV-
229E, while tongue may similarly exhibit heightened susceptibility to HCoV-229E infection. In contrast, PG, gingiva, buccal issue,
periodontium, and pulp generally showed a trend of low expression levels of entry factors and high expression levels of restriction
factors, indicating that these tissues may not be susceptible to HCoVs infection. Our findings had yielded preliminary insights into the
underlying mechanisms that contributed to the potential risk of HCoVs infection in the oral cavity and the elevated incidence of oral
symptoms associated with COVID-19, offering evidence for dental clinical practice, treatment, and prevention strategies in daily life.
Hence, our study served as a valuable and utilitarian resource for future clinical research on the basic biology of SARS-CoV-2 and other
coronaviruses as well as the pathology and treatment of COVID-19.
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SCARFs SARS-CoV-2 and coronavirus-associated receptors and factors
SARS-CoV-2 Severe Acute Respiratory Syndrome Coronavirus-2
SARS-CoV Severe Acute Respiratory Syndrome Coronavirus
MERS-CoV Middle East Respiratory Syndrome Coronavirus
HCoVs  Human coronavirus

COVID-19 Coronavirus Disease 2019

scRNA-seq Single-cell RNA sequencing

UMAP  Uniform manifold approximation and projection

GEO Gene Expression Omnibus

ACE2 Angiotensin-converting enzyme 2

TMPRSS2 Transmembrane serine protease 2

BSG Basignin

CTSB Cathepsin B

CTSL Cathepsin L

RF Restriction factor

MSG Minor salivary gland

PG Parotid gland

MPS Mononuclear phagocyte system
DC Dendritic cell

SMC Smooth muscle cell

MSC Mesenchymal stem cell

ARDS Acute respiratory distress syndrome
MODS  Multiple organ dysfunction syndrome
LFA-1 Lymphocyte function-associated antigen 1
ISG Interferon-stimulated gene

Ang Il  Angiotensin II
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