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1 | INTRODUCTION

Several unknown pneumonia cases were reported in Wuhan, Hubei,
China in early December 2019.>? Sequencing of the respiratory tract

samples from pneumonia patients confirmed that they had a respiratory

Abstract

Coronavirus disease 2019 (COVID-19) is a global pandemic that has caused severe
health threats and fatalities in almost all communities. Studies have detected severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in saliva with a viral load
that lasts for a long period. However, researchers are yet to establish whether
SARS-CoV-2 can directly enter the salivary glands. Therefore, this study aimed to
assess the presence of angiotensin-converting enzyme 2 (ACE2)/transmembrane
serine proteases 2 (TMPRSS2) expression in salivary glands using publicly available
databases. The distribution of ACE2 and TMPRSSs family in salivary gland tissue and
other tissues was analyzed. The Genotype-Tissue Expression dataset was employed
to explore the ACE2 and TMPRSS2 expression in various body organs and salivary
glands in a healthy population. The single-cell sequencing data for salivary gland
samples (including submandibular salivary gland and parotid gland) from mice were
collected and analyzed. The components and proportions of salivary gland cells
expressing the key protease TMPRSSs family were analyzed. Transcriptome data
analysis showed that ACE2 and TMPRSS2 were expressed in salivary glands. The
expression levels of ACE2 and TMPRSS2 were marginal without significant differ-
ences in different age groups or between men and women. Single-cell RNA sequence
analysis indicated that TMPRSS2 was mainly expressed in salivary gland epithelial
cells. We speculate that SARS-CoV-2 may be entered in salivary glands.

KEYWORDS
ACE2, COVID-19, TMPRSS2

virus that was identified as severe acute respiratory syndrome cor-
onavirus 2 (SARS-CoV-2). Since then, Coronavirus disease 2019
(COVID-19) outbreaks have caused significant mortality and morbidity in
China. By 11 February 2020, a total of 72 314 individuals were diagnosed
with COVID-19, 1023 death cases were recorded, and more than

Abbreviations: ACE2, angiotensin-converting enzyme 2; COVID-19, coronavirus disease 2019; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; TMPRSS2, transmembrane

serine proteases 2.
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21 675 suspected cases were reported in China. Currently, SARS-CoV-2-
infected cases have been recorded in almost every part of the globe. The
COVID-19 pandemic has caused major illnesses and deaths, and it has
been declared a global health emergency by the World Health Organi-
zation.®> The spread of COVID-19 became unstoppable at the start of
December 2019 and had attained the necessary epidemiological criteria
to be declared a pandemic after having infected more than 100 000
people in 100 countries and regions. COVID-19 is currently a global
pandemic that has severely affected economy.*©
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SARS-CoV entry into the cell is induced by the binding of viral
spike (S) protein to cellular receptors triggered by host cell proteases.
The S protein of SARS-CoV binds to angiotensin-converting enzyme 2
(ACE2) as the host cell receptor and it is triggered by specific trans-
membrane serine proteases (TMPRSS) including TMPRSS2 and
TMPRSS11D.” Current research classifies SARS-CoV-2 in the cor-
onavirus family, 8-CoV, which is closely related to SARS-CoV.2? The
SARS-CoV-2 genome has an identical sequence with SARS-CoV.*%*!
Therefore, the researchers have proposed that SARS-CoV-2 and
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FIGURE 1 RNA-Seq analysis of the GTEx datasets. A, Violin plot of ACE2 expression in normal tissues, colored by organs; B, Violin plot of
TMPRSS2 expression in normal tissues, colored by organs, the y-axis represents the ACE2/TMPRSS2 expression levels, and the unit is FPKM,
the x-axis represents different organs; C, Heatmap of ACE2/TMPRSSs family as expressed across organs. ACE2, angiotensin-converting enzyme
2; FPKM, fragments per kilobase million; GTEx, Genotype-Tissue Expression; RNA-Seq, RNA sequencing; TMPRSS2, transmembrane serine
proteases 2
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FIGURE 2 Correlation analysis of ACE2 and TMPRSS2 expression in GTEx data (A) in GTEx all organs; (B) in salivary glands.
ACE2, angiotensin-converting enzyme 2; GTEx, Genotype-Tissue Expression; TMPRSS2, transmembrane serine proteases 2

SARS-CoV use the same receptors ACE2 and TMPRSS2 to gain entry
into the cell. Moreover, recent studies indicate that ACE2 and
TMPRSS2 are potential host receptors for SARS-CoV-2."*? Multiple
bioinformatic studies have identified potential routes for SARS-CoV-2
infection in respiratory, cardiovascular, digestive, salivary glands, and
urinary systems.’>*°> A study by Xu et al*® reported that the ACE2
receptor for SARS-CoV-2 was highly expressed in epithelial cells of the
oral mucosa specifically in tongue. Clinical studies have also demon-
strated that SARS-CoV-2 is present in saliva characterized by a higher
viral load in the first weeks after the onset of symptom and lasted for a
long duration.””*® However, it has not been established whether
SARS-CoV-2 directly invade into the salivary glands. Therefore, this
study employed a bioinformatic analysis to determine the distribution
of ACE2 and TMPRSS2 in salivary glands.

2 | METHODS
2.1 | Transcriptome data

This study explored the distribution and expression of ACE2 and
TMPRSSs family in various body tissues but mainly focused on the
salivary gland. The bulk RNA-Seq profiles for normal salivary glands
were collected from the Genotype-Tissue Expression (GTEx) project
(https://commonfund.nih.gov/GTEx/). The GTEx dataset incorporated
71 normal salivary gland tissues (Table S1). The expression of ACE2
and TMPRSS2 in different organs was explored. Disparities in gender

and age were examined.

2.2 | scRNA-Seq profiles from the database

The single-cell RNA (scRNA) data for normal salivary glands in Mus
musculus were obtained from the two Gene Expression Omnibus da-
tasets, GSE113466 ' and GSE132867, *° for the submandibular
salivary gland and parotid gland, respectively. First, the scRNA data for
the gland and parotid gland were analyzed separately and then
merged using the “IntegrateData” function in the Seurat 3.1.4. The
Seurat was used to identify different cell types following the canonical
markers and cell classification in the original literature. The data were
normalized using the LogNormalize method. The first 2000 highly
variable feature genes were used for cell clustering analysis. Cell types
with high ACE2 and TMPRSSs family expression levels were identified
based on the scRNA-Seq datasets. The cell scatter plot was generated
using the t-distributed Stochastic Neighbor Embedding method.

2.3 | Functional enrichment analysis

Gene set enrichment analysis (GSEA) 2*

of the normal salivary gland in
the GTEx dataset was conducted to determine an overall pathway of
gene-set activity score for each sample. The gene sets having the c2/c5
the

Signature Database of Broad Institute. The Gene Ontology (GO)/Kyoto

curated signatures were downloaded from Molecular

Encyclopedia of Genes and Genomes (KEGG) terms between the highly
ACE2 expressed group and the lowly ACE2 expressed group were

identified. The significant enrichment pathway was determined based

on the false discovery rate of less than 0.05.


https://commonfund.nih.gov/GTEx/
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FIGURE 3 RNA-Seq analysis of public GTEx datasets. A box plot showing gender disparities of (A) ACE2 and (B) TMPRSS2 across organs.
The disparities of age (C, D) shown in the salivary glands. ACE2, angiotensin-converting enzyme 2; FPKM, fragments per kilobase million;
GTEXx, Genotype-Tissue Expression; RNA-Seq, RNA sequencing; TMPRSS2, transmembrane serine proteases 2

3 | RESULTS

3.1 | Analyzing ACE2 and TMPRSSs expression in
tissues from a healthy population

Several SARS-CoV-2-infected patients exhibited potential target or-
gans including the lung, kidney, testis, tears, and oral mucosa. We
explored the vulnerable organs to SARS-CoV-2 in the healthy po-
pulation. Data from the GTEx project indicated that ACE2 was highly
expressed in the testis, small intestine, and adipose tissue, whereas
the spleen and blood showed lower expression levels. In addition, the

TMPRSS2 was highly expressed in the pituitary gland and prostate,

whereas the spleen, heart, adipose tissue, and blood showed lower
expression levels. Both ACE2 and TMPRSS2 were moderately ex-
pressed in oral mucosa and salivary glands (Figure 1A,B). The heat-
map analysis showed that the TMPRSSs family and ACE2 was
expressed across the organs (Figure 1C). The findings reported an
increase in ACE2 and TMPRSSs family gene expression. The ACE2
expression level was positively correlated with TMPRSS2 in most
organs including the salivary glands, small intestine, and kidney. On
the contrary, a negative correlation between ACE2 and TMPRSS2
was observed in the fallopian tube, breast, and prostate (Table S2 and
Figure 2A). In the salivary glands, we reported a positive correlation
(Pearson's correlation coefficient R=.35, P=.01, N =55; Figure 2B)
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FIGURE 4 The correlation of ACE2 and TMPRSSs family in GTEx salivary gland samples. ACE2, angiotensin-converting enzyme 2;
GTEx, Genotype-Tissue Expression; TMPRSS2, transmembrane serine proteases 2

whereby an increase in TMPRSS2 expression level by 1 log2 (reads
per kilobase million [RPKM]) value increased ACE2 expression level

by approximately 0.35 log2 (RPKM) value.

3.2 | Effect of age and gender differences on ACE2
and TMPRSS2 expression

In this study, we compared and analyzed the GTEx levels of ACE2
and TMPRSS2 in humans. The expression levels for ACE2 and
TMPRSS2 were significantly altered between the male and female
populations in the blood, brain, breast, heart, esophagus, and skeletal
muscle organ (Figure 3A,B). A marginal but not significant difference
in ACE2 or TMPRSS2 expression was observed in different age
groups, or between men and women. This result was consistent with
the epidemiological characteristics of over 70 000 cases released by
the Chinese Centers for Disease Control and Prevention on
11 February 2020 (with a 0.99: 1 ratio in Wuhan and 1.06: 1 in the
whole country).?? The level of ACE2 and TMPRSS2 in the salivary

glands was relatively higher in the younger population compared to

the elderly population (Figure 3C,D). However, no statistical sig-
nificance was observed in the expression levels of ACE2 and
TMPRSS2 based on age disparity.

3.3 | Correlation analysis

The correlation analysis of the salivary gland tissues determined the
co-expression relationship between the ACE2 and TMPRSSs family.
Through Pearson's correlation analysis, ACE2 was reported to cor-
relate with several TMPRSS genes including TMPRSS2, TMPRSSS5,
TMPRSS3, and TMPRSS7 (Figure 4).

3.4 | Functional enrichment analysis

The gene expression profiles of 55 healthy salivary gland samples
were obtained from the GTEx dataset to examine the potential bio-
logical processes associated with ACE2 and TMPRSS2. On the basis
of the median for ACE2 and TMPRSS2 expression levels, samples
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FIGURE 5 Functional enrichment analysis using GSEA method in GTEXx salivary gland samples. The top 20 GO and KEGG terms are shown.
(A,C) ACE2; (B,D) TMPRSS2. ACE2, angiotensin-converting enzyme 2; GO, Gene Ontology; GSEA, gene set enrichment analysis;
GTEXx, Genotype-Tissue Expression; KEGG, Kyoto Encyclopedia of Genes and Genomes; TMPRSS2, transmembrane serine proteases 2

were divided into higher expression group and lower expression
group. The GSEA was conducted to determine the ACE2/TMPRSS2-
related functional enrichment categories. The enrichment of GO
terms mainly occurred in the U4 snRNA binding, negative regulation
of phospholipid metabolic process, and in the ribosome (Figure 5A,B).
Higher expression of ACE2 and TMPRSS2 potentially activated the
ribosomal pathway which is associated with coronavirus as reported
in several studies.>>?* Ribosome was identified to be involved in the
synthesis of viral RNA and proteins, and virus replication. The KEGG
analysis revealed that asthma, spliceosome, and autophagy were

activated in the higher expression group (Figure 5C,D). Notably,

previous studies have reported that the importance of the process of
autophagy in virus entry and replication has been increasingly
understood.?>?¢

3.5 | Analyzing the scRNA-Seq data in salivary
gland tissue

From the scRNA-Seq data, expression level for ACE2 was mostly
recorded at 0. ACE2 was filtered after the initial quality check

thereby assessing the expression pattern for TMPRSS2 in the mouse
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salivary glands. We analyzed the published scRNA-Seq dataset for
submandibular and parotid glands. In the mouse submandibular gland
dataset, a total of 1031 cells attained standard quality control and
were retained for subsequent analyses. On the basis of the expres-
sion of a set of markers, eight distinct cell populations were identified
including ductal cell, stem cell/mesenchymal cell, acinar cell, myoe-
pithelial cell, basal cell, and immune cell (Figure 6A). It was reported
that TMPRSS2 was highly localized in the ductal cell and basal cell
(Figure 6B). On the contrary, TMPRSS2 expression was not observed
in immune cells. In the mouse parotid gland dataset, a total of
1276 cells attained standard quality control and were retained for
further analyses. Single cells were grouped into six subclusters based
on the canonical markers and cell classification in the literature. We
reported that TMPRSS2 was highly expressed in the ductal cell, basal
cell, and acinar cell (Figure 7A,B), whereas no expression was
observed in the immune cell.

Since the parotid and submandibular glands have similar tissue,
we merged the two scRNA-Seq data into one dataset. A total of 1492
cells attained standard quality control and were retained for further

analyses. On the basis of the expression of a set of markers,

11 distinct cell populations were identified including ductal cell, stem
cell/mesenchymal cell, acinar cell, myoepithelial cell, basal cell, and
immune cell (Figure 8A,B). The results implicated that TMPRSS2 is
highly expressed in the submandibular salivary gland than in the
parotid gland (Figure 8C). TMPRSS2 was highly expressed in ductal
and acinar cells in parotid glands, whereas in submandibular glands, it
was highly expressed in the ductal and myoepithelial cells
(Figure 8D). These observations indicated that TMPRSS2 is ex-
pressed on the surface of salivary gland cells; therefore, SARS-CoV-2
can potentially gain entry into the salivary glands.

4 | DISCUSSION

In the last two decades, coronaviruses have caused two severe pan-
demics including the SARS in 2002 and the Middle East respiratory
syndrome in 2012.?” The COVID-19 outbreak in Wuhan in December
2019 has spread to multiple regions and countries globally posing a
major public health threat. With the increase in the number of cases and

expansion of the scope of infection, people were paying close attention
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to the future development of the epidemic.?? Currently, cases of SARS-
CoV-2 infection have been recorded in over 100 countries in different
regions; therefore, it is a public health emergency worldwide.?® Similar
to SARS-CoV infection, the spike (S) protein of SARS-CoV-2 utilizes
ACE2 and TMPRSS2 as the host cellular receptors to gain entry into
host cells thereby rapidly replicates and spreads into body organs. Re-
searchers have so far not developed an effective treatment or vaccine
clinically approved for treating COVID-19.

Many studies have focused on lung damage as a result of
SARS-CoV-2 infection; however, infection of the salivary glands has
not been explored. Therefore, we explored the distribution of ACE2
and TMPRSSs gene expression levels in a healthy population. In ad-
dition, the differences in ACE2 and TMPRSS2 gene expression were
determined based on the age and gender through the analysis of
transcriptome data. Although higher expression of ACE2 and
TMPRSS2 was observed in the female population, no statistical sig-
nificance was determined. This is consistent with a previous report
that indicated gender disparity was not detected. Moreover, the
ACE2/TMPRSS2 expression level in the salivary glands in the
younger population was marginal higher than in the elderly popula-
tion, but no statistically significance was observed.

Recent studies have reported the presence of SARS-CoV-2 in
saliva with a viral load that lasts for a long duration. A report by Lu
et al indicated that SARS-CoV-2 can be transmitted through the
mucous membranes including saliva, conjunctival secretions, and
tears.?” Several reports on ophthalmologists getting infected through
routine diagnosis and treatment have also been published. Moreover,
a clinical study that analyzed 2019-nCoV nucleic acid in saliva
samples from COVID-19 patients reported potential SARS-CoV-2
entrance into the salivary glands.’” Therefore, it is vital to perform an
in-depth study on saliva as a SARS-CoV-2 transmission pathway.
Findings from the scRNA-Seq datasets indicate that TMPRSS2 is
superficially expressed on the salivary gland cells. Of note, TMPRSS2
is highly expressed in the ductal cell compared to the acinar and basal
cells. Therefore, we speculated that salivary glands may act as a
reservoir for SARS-CoV-2 thereby increasing viral load in the saliva.

In addition, previous studies reported that 99% of patients did
not have clinical manifestations of oral human papillomavirus (HPV).
However, HPV DNA was detected in 81% in samples from oral mu-
cosa and anti-HPV IgA was detected in oral mucosa samples.*°
Similar to HPV infection, SARS-CoV-2 infection is characterized by a
few symptoms from salivary gland injury. In addition, a recent pilot
experiment showed that 4 out of 62 stool specimens were positive
for SARS-CoV-2 and an additional 4 patients tested via rectal swabs
had SARS-CoV-2 in the gastrointestinal tract and saliva.>! Therefore,
the findings from this study confirm that in addition to the
respiratory tract and lung organs, SARS-CoV-2 can enter other or-
gans, such as saliva and gastrointestinal tract.

In conclusion, this study used the transcriptome data to analyze
the expression levels for ACE2 and TMPRSS2 in salivary glands
among a healthy population. Results from the scRNA-Seq analysis

accurately located the expression and distribution of TMPRSS2 in
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salivary glands. TMPRSS2 is mainly expressed in salivary gland epi-
thelial cells. These findings confirm that human salivary glands have a
host cell receptor for SARS-CoV-2. This implies that the virus might
gain entry into the salivary glands. However, the underlying me-

chanism remains unclear and should further be explored.
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