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Abstract

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is primarily transmit-
ted through droplets. All human tissues with the angiotensin-converting enzyme 2
(ACE2) and transmembrane protease serines 2 (TRMPRSS2) are potential targets of
SARS-CoV-2. The role of saliva in SARS-CoV-2 transmission remains obscure. In this
study, we attempted to reveal ACE2 and TRMPRSS2 protein expression in human
parotid, submandibular, and sublingual glands (three major salivary glands). Then, the
binding function of spike protein to ACE2 in three major salivary glands was detected.
The expression of ACE2 and TMPRSS2 in human saliva from parotid glands were both
examined. Exogenous recombined ACE2 and TMPRSS2 anchoring and fusing to oral
mucosal epithelial cells in vitro were also unraveled. ACE2 and TMPRSS2 were found
mainly to be expressed in the cytomembrane and cytoplasm of epithelial cells in the
serous acinus cells in parotid and submandibular glands. Our research also discov-
ered that the spike protein of SARS-CoV-2 binds to ACE2 in salivary glands in vitro.
Furthermore, exogenous ACE2 and TMPRSS2 can anchor and fuse to oral mucosa in
vitro. Thus, the expression of ACE2 and TMPRSS2 in human saliva might have implica-
tions for SARS-CoV-2 infection.
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1 | INTRODUCTION

The SARS-CoV-2 has emerged as a global pandemic, causing a severe
public health problem (Arshad et al., 2020). Like other human respira-
tory coronaviruses, such as severe acute respiratory syndrome corona-
virus (SARS-CoV) and the middle east respiratory syndrome coronavirus,
SARS-CoV-2 also belongs to genus-p of the coronaviridae, involving multi-
ple organs and tissues of the body (Cui et al., 2019; Hui et al.2020).

The angiotensin-converting enzyme 2 (ACE2), known as a func-
tional receptor for SARS-CoV, was first reported by Li (Li et al., 2003).
Now, studies on SARS-CoV-2 have demonstrated that ACE2 also
serves as the adsorption target for the SARS-CoV-2 spike protein 1
(Wan, et al., 2020). The SARS-CoV and the SARS-CoV-2 spike protein
1 can bind to ACE2 located on the host cytomembrane, facilitating the
fusion and entry of the virus. This can culminate the adsorption and
infection of the virus in the host cell (Xiao et al., 2003). The binding of
the SARS-CoV-2 spike protein 1 to ACE2 protein of the host cell facili-
tates the entry of SARS-CoV-2 via TMPRSS2, a cytomembrane prote-
ase, and the deletion of TMPRSS2 can inhibit this process (Hoffmann
et al., 2020). Thus, all human organs with ACE2 and TMPRSS2 are
potential infectious targets of SARS-CoV-2 (Chai et al., 2020; Chen,
Zhao, et al., 2020; Chen, Zhou, et al., 2020; Fan et al., 2020; Huang
et al.,, 2020; Liu et al., 2020; Patel et al. 2020; Xu et al., 2020).

Respiratory droplets are the most common transmission route of SARS-
CoV-2 (Singhal, 2020). It is reported that SARS-CoV-2 and SARS-CoV have
been consistently detected in the infected patient's saliva (Azzi et al.2020;
To et al., 2020; Wang et al.2004). The questionnaire for COVID-19 patients
also indicated the functional abnormalities of salivary glands, such as hy-
posecretion (Chen, Zhao, et al., 2020; Chen, Zhou, et al., 2020). Based on the
public database and bioinformatic analysis, some studies have reported the
expression of ACE2 and TMPRSS2 in human salivary glands (Pascolo et al.,
2020; Song et al., 2020; Shamsoddin, 2020; Wang et al., 2020). Only a cou-
ple of studies have demonstrated the presence of ACE2 in salivary glands
just in the Chinese rhesus macaques and rats by histological method (Cano
et al,, 2019; Liu et al., 2011). However, the distribution details of the ACE2
and TMPRSS2 in human salivary glands and saliva remain unexplored.

In the current study, we have investigated ACE2 and TMPRSS2
distribution in major human salivary glands (parotid, submandib-
ular, and sublingual glands) and the binding of ACE2 to the SARS-
CoV-2 spike protein. We have also detected the expression of ACE2
and TMPRSS2 in human saliva and the anchoring and fusing function
of exogenous ACE2 and TMPRSS2 to the oral mucosal epithelium in
vitro. The current study aims to provide experimental evidence to ex-

pand the knowledge about the role of saliva in SARS-CoV-2 infection.

2 | MATERIALS AND METHODS

2.1 | Specimen acquisition

We procured parotid (n = 6), submandibular (n = 6), and sublingual
(nh = 7) gland samples from adult patients afflicted with benign dis-
orders of salivary glands. Samples were surgically resected in the
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Affiliated Stomatological Hospital of Nanjing Medical University
(Table 1). Saliva samples were collected from young healthy vol-
unteers ‘(n = 8) parotid glands (Table 2) by a catheter inserted into
the excretory duct via the parotid papilla to obtain saliva, avoiding
the saliva pollution by other elements in the oral cavity. Specimens
of the small intestine and prostate adenocarcinoma collected from
Fuzhou Children's Hospital of Fujian Province and Fujian Provincial
Hospital, respectively, served as the positive control for ACE2 and
TMPRSS2 (Table 1). Specimens of adipose tissue and breast tissue
collected from Fujian Provincial Hospital were used as the negative
control for ACE2 and TMPRSS2 (Table 1). The current study was
approved by the Medical Ethics Committee in Fuzhou Children's
Hospital of Fujian Province. All patients signed the informed consent

documents before the surgical procedure.

2.2 | ELISA to detect the binding of SARS-
COV-2 spike protein to ACE2 in human salivary glands

Salivary gland samples were homogenized on ice. The homogenate
was crushed through the ultrasonication process. It was followed by
centrifugation of homogenate at 5000 g for 5 min, and the superna-
tant was separated for further analysis. Protein estimation was done
using Bicinchoninic Acid Kit (P0O012, Beyotime, China). The SARS-
CoV-2 spike protein (SARS-CoV-2 Spike S1-His Recombinant Protein,
40591-VO8H3, Sino Biological, China) was diluted in PBS, and 1 ng/
well was added into 96-well plates (Corning, USA) followed by
overnight incubation at room temperature (RT). These plates were
washed three times with Tween 20 solution with 0.05% TBS. Wells
were blocked with 1% BSA in PBS for 1 h at RT. The supernatant of
salivary gland homogenate was added to each well in triplicate and
incubated overnight at RT. The plate was washed four times with
PBS. AEC2 antibody (ACE2, 500 ng/ml, ab15348, Abcam, USA) was
used to detect ACE2 receptor-bound spike proteins, followed by a
thorough wash with Tween 20 with TBS-0.05%, three times, and
30 min incubation at RT with the HRP labeled Goat anti-rabbit IgG
(1:2000, A0277, Beyotime, China). ABTS liquid substrate solution
(Sigma, USA) was used for color development as per the manufac-
turer's instruction. OD (405 nm) was measured using an ELISA plate
reader with wavelength correction set to 650 nm. HPR-labeled BSA
(SE063, Solarbio, China) and HRP labeled goat anti-rabbit IgG served
as control.

As the control for SARS-CoV-2 spike protein binding to ACE2 in
human salivary glands, the homogenate of small intestine and breast

tissue was used as the positive and negative control respectively.

2.3 | Western blotting for ACE2, TMPRSS2 and
HIS tag detection

Western blot IP Kit (PO013, Beyotime, China) was used to ex-
tract the total protein from the salivary gland homogenate and
cell lysates. Protein samples were separated by sodium dodecyl
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TABLE 1 Patient demographics

Patient No.

NV 0O N oA WN e

N N N NN NN R P P PR R R PR R
o 1 AW N P O VvV 0N O WOWN B O

27
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29

30

31

32
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Gender
Female
Male
Male
Male
Male
Female
Male
Male
Male
Female
Female
Male
Female
Male
Male
Male
Female
Female
Male
Female
Male
Male
Female
Male
Male
Male

Male

Male

Male

Male

Male

Female

Female

Female

Female

Female

Female

Female
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Age(Year)
56
44
51
28
65
23
37
35
44
32
25
31
23
21
38
18
45
57
53
&
0.8
1
0.3
5
0.2
73

68

70

71

73

76

63

52

73

34
48

26
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Location

Right parotid gland

Left parotid gland

Right parotid gland

Right parotid gland

Right parotid gland

Right parotid gland

Left submandibular gland
Left submandibular gland
Left submandibular gland
Right submandibular gland
Left submandibular gland
Right submandibular gland
Right sublingual gland
Right sublingual gland
Left sublingual gland
Right sublingual gland
Right sublingual gland
Right sublingual gland
Left sublingual gland
Small intestine

Small intestine

Small intestine

Small intestine

Small intestine

Small intestine

Prostate

Prostate

Prostate

Prostate

Prostate

Prostate

Left Breast

Left Breast

Left Breast

Right Breast
Right Breast

Left Breast

Subcutaneous adipose

Diagnosis
Pleomorphic adenoma
Pleomorphic adenoma
Adenolymphoma
Pleomorphic adenoma
Adenolymphoma
Sialolithiasis
Sialolithiasis
Sialolithiasis
Sialolithiasis
Sialolithiasis
Sialolithiasis
Sialolithiasis
Mucocele

Mucocele

Mucocele

Mucocele

Mucocele

Mucocele

Mucocele

Intestinal obstruction
Intussusception
Intussusception
Necrotizing enteritis
Intestinal obstruction
Megacolon

Prostate
adenocarcinoma

Prostate
adenocarcinoma

Prostate
adenocarcinoma

Prostate
adenocarcinoma

Prostate
adenocarcinoma

Prostate
adenocarcinoma

Ductal carcinoma of
breast

Papillary carcinoma of
breast

Ductal carcinoma of
breast

Breast fibroma

Papillary carcinoma of
breast

Breast fibroma

Intestinal obstruction

(Continues)
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TABLE 1 (Continued)

Patient No. Gender Age(Year)
39 Male 0.2

40 Male 68

41 Male 1

42 Female 26

TABLE 2 The demographics of saliva samples

Sample No. Gender Age(Year) Collection site

1 Male 24 Left parotid gland
2 Male 24 Left parotid gland
3 Female 25 Left parotid gland
4 Male 25 Left parotid gland
5 Female 24 Left parotid gland
6 Female 24 Left parotid gland
7 Female 24 Left parotid gland
8 Male 26 Left parotid gland

sulfate-polyacrylamide gel electrophoresis and electroblotted to
PVDF membranes (GE Healthcare Life Sciences, USA). Tris-buffer
saline (TBS) containing 5% non-fat milk was used as the blocking
agent. The primary antibodies (ACE2, 1 ug/ml, ab15348, Abcam,
USA; TMPRSS2, 1:3000, ab109131, Abcam, USA; Anti-6X His tag
antibody,1:5000, ab213204, Abcam, USA; GAPDH, 1:1000, 5174,
Cell Signaling Technology, USA) were added to the membranes and
incubated at 4°C overnight and thoroughly washed with Tween 20
containing 0.05% TBS. It was followed by incubation with horserad-
ish peroxidase-tagged secondary antibody (anti-rabbit IgG, 7074,
Cell Signaling Technology, USA) for 1 h at RT. Blots were developed
in the dark using ECL (Thermo Fisher Scientific, Germany) and visu-
alized by exposure to enhanced chemiluminescence reagents (GE
Healthcare, USA).

Previous studies have validated the distribution of the ACE2 in
the small intestine (Hamming et al., 2004) and TMPRSS2 in prostate
adenocarcinoma (Abcam, https://www.abcam.cn/tmprss2-antib
ody-epr3862-ab109131.html). There was no expression of ACE2 in
breast tissue and TMPRSS2 in adipose tissue confirmed by the pub-
lic database (https://www.proteinatlas.org/). The primary antibod-
ies (ACE2 for small intestine and breast tissue, 1 ug/ml, ab15348,
Abcam, USA; TMPRSS2 for prostate adenocarcinoma and adipose
tissue, 1:3000, ab109131, Abcam, USA; anti-6x His tag antibody
for HEK-293T transfected with a His-tagged Staphylococcus aureus
cas? and HEK-293T cells, 1:5000, ab213204, Abcam, USA; GAPDH,
1:1000, 5174, Cell Signaling Technology, USA) were used to detect
target proteins. It was followed by incubation with HRP tagged sec-
ondary antibody (anti-rabbit 1gG, 7074, Cell Signaling Technology,
USA). The control without primary antibody was only incubated
with HRP tagged secondary antibody (anti-rabbit IgG, 7074, Cell
Signaling Technology, USA).

T AN T MG witev-L

Location Diagnosis
Subcutaneous adipose Megacolon
Subcutaneous adipose Prostate

adenocarcinoma
Subcutaneous adipose Intussusception

Subcutaneous adipose Breast fibroma

2.4 | IHC for ACE2 and TMPRSS2 detection in
salivary glands

The dewaxed tissue sections were incubated with a drop of 3%
H202 at room temperature for 10 min to block endogenous per-
oxidase activity and later washed with PBS three times. The primary
antibody ACE2 (2 pg/ml, ab15348, Abcam, USA) and TMPRSS2
(1:2000, ab109131, Abcam, USA) were added to each slide and incu-
bated at RT for 2 h. After incubation, these slides were washed three
times with PBS solution and incubated with the secondary antibody
HRP-labeled anti-mouse/rabbit polymer (GK800511-B, Genetech,
China) at RT for 30 min and re-washed three times with PBS solu-
tion. Subsequently, the diaminobenzidine (DAB) solution (Genetech,
China) was added to each slide and incubated for 5 min. The tis-
sue sections were counterstained with hematoxylin, dehydrated
with alcohol gradient, renders tissues transparent with xylene, and
fixed with neutral gum. ACE2 and TMPRSS2 immunoreactivity was
grouped by immunoreactive score (IRS) (namely immunointensity
score (IS) and proportion score (PS)) selected by staining intensity
and distribution respectively. IS was divided into negative (0), weak
(1), moderate(2), or strong (3), whereas PS was segmented into nega-
tive (<25% of the cells were immunoreactive) and positive (>25% of
the cells were immunoreactive). Histological tissues were evaluated
by two pathologists, respectively.

The positive and negative control tissue sections were stained
using primary antibodies (ACE2 for small intestine and breast tis-
sue, 2 ug/ml, ab15348, Abcam, USA; TMPRSS2 for prostate ade-
nocarcinoma and adipose tissue, 1:2000, ab109131, Abcam, USA)
and secondary antibody (HRP-labeled anti-mouse/rabbit antibody)
respectively. The control without primary antibody was stained
using HRP-labeled anti-mouse/rabbit antibody. The isotype control
was stained using normal rabbit 1gG (700 ng/ml, A7016, Beyotime,
China) and HRP-labeled anti-mouse/rabbit antibody.

2.5 | ELISA for detecting ACE2 and TMPRSS2 in
saliva from human parotid glands

Saliva samples were centrifugated at 2000 g for 10 min, and
the supernatant was separated for further analysis. The Human
Angiotensin-Converting Enzyme 2 ELISA Kit (CSB-E04489%h,
CUSABIO, China) was used to detect the ACE2 levels in saliva as per
the manufacture's instruction. The TMPRSS2 expression in saliva
was detected through the ELISA kit for Transmembrane Protease,
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Serine 2 (SEC795Hu, Cloud-Clone Corp, USA) according to the in-
struction manufacture's instruction. OD (405 nm) was measured
using the ELISA plate reader.

As the control for the expression of ACE2 in saliva, the homogenate
of small intestine and breast tissue was used as the positive and negative
control respectively. As the control for the expression of TMPRSS2 in
saliva, the homogenate of prostate adenocarcinoma and adipose tissue

were used as the positive and negative control respectively.

2.6 | ICC for exogenous ACE2 and TMPRSS2
detection in oral mucosa epithelial cells

Both human immortalized oral epithelial cells (HOEC, ATCC, USA) and
human oral keratinocytes (HOK, Sciencell Research Laboratory, USA)
were mature normal oral mucosa epithelial cell lines originating from
human oral epithelium. They were cultured in Dulbecco's modified eagle
medium (DMEM, Gibco, USA) with 10% fetal bovine serum (FBS, Gibco,
USA) for 24h in a 6-well plate respectively. Before incubating exogenous
ACE2 and TMPRSS2, each well was washed by PBS three times.

The Recombinant Human ACE2 with N-terminal His-Tag (JNO552,
Biorab, China) and Recombinant TMPRSS2 with N-terminal His-Tag
(375607, USBiological, USA) were diluted by PBS to the concentra-
tion of 0.38 ng/ml and 0.76 ng/ml (the concentration of ACE2 and
TMPRSS2 in saliva) respectively. The diluted exogenous ACE2 and
TMPRSS2 were added to HOEC and HOK cells (2.5 ml per well), re-
spectively, and incubated at 37°C for 30 min. After that, the cells were
washed by PBS three times and fixed with 4% paraformaldehyde.
0.3%Triton X-100 and BSA were used to penetrate the cytomembrane
and block them. Primary antibody, namely Anti-6x His tag antibody
(1:16000, ab213204, Abcam, USA), was added to each glass cover and
incubated at RT for 2 h. After incubation, samples were washed three
times with PBS solution and incubated with the secondary antibody
Goat Anti-Rabbit 1IgG H&L (HRP) (1:9000, ab97051, Abcam, USA) at
RT for 30 min and re-washed three times with PBS solution.

2.7 | Statistical analysis

All the statistical analysis was done using SPSS version 22.0 (IBM-
Corp., USA). The difference between the three groups was analyzed
by one-way analysis of variance. SNK-q test was used to make multiple

comparisons. p < 0.05 was considered to be statistically significant.

3 | RESULTS

3.1 | The expression of ACE2 and TMPRSS2 in
salivary glands

Both ACE2 and TMPRSS2 were found to be expressed in salivary
glands; however, their expression levels were significantly different
among the three salivary glands. Lower than the ACE2 expression

ZHU ET AL,

of the parotid glands, the ACE2 in submandibular glands and sublin-
gual glands were 1.34 + 0.05-Fold (F) (p = 0.027) and 1.81+0.13-F
(p = 0.003) respectively (Figure 1a). Lower than the TMPRSS2 ex-
pression of the parotid glands, the TMPRSS2 in submandibular and
sublingual glands were 1.52 + 0.03-F (p = 0.001) and 4.85 + 0.02-F
(p < 0.001) respectively (Figure 1b).

The expression of ACE2 was positive in small intestine and neg-
ative in breast tissue (Figure 1d). The expression of TMPRSS2 was
positive in prostate adenocarcinoma and negative in adipose tissue
(Figure 1d). This result also confirmed the specificity of primary anti-
bodies (ACE2 and TMPRSS2) used in this study. Salivary glands only
stained by the secondary antibody were negative (Figure 1d).

3.2 | The spike protein of SARS-COV-2 absorbing
to salivary glands

We observed that the spike protein of SARS-CoV-2 could bind to
human salivary glands (parotid, submandibular, and sublingual
glands). ELISA of salivary gland homogenate supernatant demon-
strated that the ACE2 could bind to the spike protein of SARS-CoV-2
(Figure 2a-c).

As the control for the spike protein of SARS-CoV-2 binding to
ACE2 in human salivary glands, the spike protein of SARS-CoV-2 was
positively absorbed to the homogenate of small intestine and nega-

tively absorbed to breast tissue (Figure 2d,e).

3.3 | Thelocation of ACE2 and TMPRSS2 in
salivary glands

The brownish-yellow ACE2 (Figure 3a) and TMPRSS2 (Figure 3b)
immune-complex were observed in the cytoplasm and cytomem-
brane of epithelial cells from serous acinus, intercalated, secretory,
and excretory ducts. The vascular endothelial cells were positively
immunostained for the ACE2 immune complex (Figure 3a). ACE2 and
TMPRSS2 complex staining was scored as 3 in parotid glands.

The mucinous acinar cells were found to be negatively immu-
nostained for the brownish-yellow ACE2 (Figure 3c) and TMPRSS2
(Figure 3d) immune complex in submandibular glands. However, the
immune complex of ACE2 and TMPRSS2 was observed in the cyto-
plasm and cytomembrane of serous acinar cells in the mixed acinus.
The vascular endothelial cells were positively immunostained for the
ACE2 immune complex (Figure 3c). ACE2 and TMPRSS2 complex
staining was scored as 2 in submandibular glands.

The mucous acinar cells were found to be negatively immunos-
tained for the brownish-yellow ACE2 (Figure 3e) and TMPRSS2
(Figure 3f) immune complex in sublingual glands. However, the ACE2
and TMPRSS2 immune complex was observed in the cytoplasm and
cytomembrane of serous acinar cells in the mixed acinus. The vas-
cular endothelial cells were positively immunostained for the ACE2
immune complex (Figure 3e). ACE2 and TMPRSS2 complex staining
was scored as 1 in sublingual glands.
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FIGURE 1 The ACE2 and TMPRSS2 expression in salivary glands. (a) The ACE2 expression levels in parotid glands, submandibular glands,
and sublingual glands, in descending order. (b) The TMPRSS2 expression levels in parotid glands, submandibular glands, and sublingual
glands, in descending order. (c) The blots of ACE2 and TMPRSS2. (d)The controls in western blot. ACE2 was positive in small intestine and
negative in breast tissue; TMPRSS2 was positive in prostate adenocarcinoma and negative in adipose tissue; and salivary glands only stained

by the secondary antibody were negative

Intestinal villi were observed in the mucosal layer of the small in-
testinal epithelium (Figure 4a). The brownish-yellow ACE2 immune
complex was observed in the small intestinal epithelium, which was
used as the positive control for ACE2 immunostaining (Figure 4b).
Normal breast tissue with luminal cells was surrounded by a basal
layer of myoepithelial cells by HE staining (Figure 4c). There was
no brownish-yellow ACE2 immune complex observed in breast tis-
sue (Figure 4d). Adenocarcinoma of the prostate (Gleason grade
3 + 4 = score of 7) presented with single, separate, well-formed
glands in the prostate (Figure 4e). Prostate adenocarcinoma was

positive for the brownish-yellow TMPRSS2 immune complex, as
the positive control for TMPRSS2 immunostaining (Figure 4f). H&E
staining of mature adipocytes is presented in Figure 4g. There was
no brownish-yellow TMPRSS2 immune complex observed in adipose
tissue (Figure 4h). The parotid, submandibular and sublingual glands,
only incubated with HRP-labeled anti-mouse/rabbit antibody, were
found to be negative for immunostaining (Figure 4i). The parotid, sub-
mandibular, and sublingual glands, which were incubated with normal
IgG and HRP-labeled anti-mouse/rabbit antibody, were also found to
be negative for immunostaining (Figure 4j).
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FIGURE 2 The binding of SARS-CoV-2 spike protein with ACE2 in human salivary glands demonstrated by the ELISA. (a) The binding of
SARS-CoV-2 spike protein with ACE2 in parotid glands. (b) The binding of SARS-CoV-2 spike protein with ACE2 in submandibular glands. (c)
The binding of SARS-CoV-2 spike protein with ACE2 in sublingual glands. (d) The spike protein of SARS-CoV-2 was positively absorbed to the
homogenate of small intestine. (e) The spike protein of SARS-CoV-2 was negatively absorbed to the homogenate of breast tissue

3.4 | The expression of ACE2 and TMPRSS2 in
saliva from human parotid glands

The outcomes of ELISA showed that the concentration of ACE2 and
TMPRSS2 in saliva was 0.38 + 0.03 ng/ml and 0.76 + 0.18 ng/ml
respectively. As the control, the expression of ACE2 was positive in
the homogenate of small intestine (0.91 + 0.12 ng/ml) and negative
in the homogenate of breast tissue (0.11 + 0.04 ng/ml); the expres-
sion of TMPRSS2 was positive in the homogenate of prostate adeno-
carcinoma (0.87 + 0.10 ng/ml) and negative in the homogenate of
adipose tissue (0.05 + 0.03 ng/ml).

3.5 | The exogenous ACE2 and TMPRSS2
absorbing to oral mucosa epithelial cells

The exogenous ACE2 and TMPRSS2 were found to exist in HOEC
and HOK cells after incubating with recombinant human ACE2 and
TMPRSS2 with His-tag. However, their expression levels were not
significantly different between HOEC and HOK cells (Figure 5a,b).
This result also confirmed the specificity of primary antibodies (His-
tag) used in this study.

As the positive control, the expression of His-tag was posi-
tive in HEK-293T transfected with a His-tagged Staphylococcus
aureus cas9 and negative in HEK-293T (Figure 5c). In the control

without primary antibodies, all results of samples were negative
(Figure 5c).

Both HOEC and HOK cells were found to be positively immu-
nostained for the brownish-yellow ACE2-anti His-tag (Figure 5d) and
TMPRSS2-anti His-tag (Figure 5e) immune complex. The ACE2-anti
His-tag and TMPRSS2-anti His-tag immune complex were observed
in the cytomembrane of HOEC and HOK cells.

The brownish-yellow His-tag immune complex was observed
in HEK-293T transfected with a His tagged Staphylococcus aureus
cas9, which was used as the positive control for His-tag immunos-
taining (Figure 6a). There was no brownish-yellow His-tag immune
complex observed in HEK-293T (Figure 6b). The HOEC and HOK,
only stained by Goat Anti-Rabbit IgG H&L (HRP) antibody, were neg-
ative for immunostaining (Figure 6c). The HOEC and HOK incubated
with normal IgG and Goat Anti-Rabbit IgG H&L (HRP) antibody were

negatively immunostained (Figure 6d).

4 | DISCUSSION

A study in SARS-CoV infecting Chinese rhesus macaques has shown
that the salivary glands of these animals possess ACE2, the function
of which is affected by SARS-CoV infection (Liu et al., 2011). SARS-
CoV-2 can use TMPRSS2 for spike protein priming. Thus camostat
mesylate, an inhibitor of TMPRSS2, blocks the SARS-CoV-2 infection
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TMPRSS2

FIGURE 3 IHC of salivary gland for the detection of ACE2 and TMPRSS2 complex. (a) IHC of parotid glands for the detection of ACE2.

The brownish-yellow ACE2 immune complex was observed in the cytoplasm and cytomembrane of epithelial cells from serous acinar, sacral,
secretory, excretory ducts, and vascular endothelial. (b) IHC of parotid glands for the detection of TMPRSS2 in parotid glands. The brownish-
yellow TMPRSS2 immune complex was observed in the cytoplasm and cytomembrane of epithelial cells from serous acinar, sacral, secretory,
excretory ducts, and vascular endothelial. (c) IHC of submandibular glands for the detection of ACE2. The brownish-yellow ACE2 immune-
complex was mainly observed in the cytoplasm and cytomembrane of duct epithelial cells and serous acinus cells; the mucous acinar

cells were negatively immunostained for the ACE2 immune complex. (d) IHC of submandibular glands for the detection of TMPRSS2. The
brownish-yellow TMPRSS2 immune-complex was mainly observed in the cytoplasm and cytomembrane of duct epithelial cells and serous
acinus cells; the mucous acinar cells were negatively immunostained for the TMPRSS2 immune complex. (e) IHC of sublingual glands for the
ACE2 detection. The mucous acinar cells were found to be negatively immunostained for the brownish-yellow ACE2 immune complex; the
ACE2 immune complex was observed in the cytoplasm and cytomembrane of serous acinar cells in the mixed acinus. (f) IHC of sublingual
glands for the detection of TMPRSS2. The mucous acinar cells were found to be negatively immunostained for the brownish-yellow
TMPRSS2 immune complex, which was observed in the cytoplasm and cytomembrane of serous acinar cells in the mixed acinus (black scale
bar = 100 pm; black arrow: secretory duct; blue arrow: sacral ducts; yellow arrow: excretory ducts; red arrow: serous acinar cells) [Colour

figure can be viewed at wileyonlinelibrary.com]

of lung cells (Hoffmann et al., 2020). Chen et al. have reported xe-
rostomia and parageusia in COVID-19 infected patients (Chen, Zhao,
et al., 2020; Chen, Zhou, et al., 2020). There have been some stud-
ies confirming that ACE2 and TMPRSS2 are expressed in salivary
glands. While the distribution details of the ACE2 and TMPRSS2 in
human salivary glands still need to be explored (Pascolo et al., 2020;
Song et al., 2020; Shamsoddin, 2020; Wang et al., 2020). This is the
first study to demonstrate the expression and distribution details of
the ACE2 and TMPRSS2 in the acinus and ducts cells of the human
parotid, submandibular, and sublingual glands.

Mixed acini are composed of serous acinar cells and mucinous
acinar cells. Parotid glands only contain serous acini, composed of
serous acinar cells. Sublingual glands contain mixed acini mainly
composed of mucous acinar cells. Submandibular glands contain
mixed acini mainly composed of serous acinar cells (Delporte et al.,

FIGURE 4 The controls for ACE2 and TMPRSS2 in IHC. (a)

H and E staining of the small intestine. (b) The positive controls
for ACE2: The brownish-yellow ACE2 immune complex was
observed in the small intestinal epithelium. (c) H and E staining
of the breast tissue. (d) The negative controls for ACE2: The
brownish-yellow immune complex was not observed in the breast
tissue. (e) H and E staining of prostate adenocarcinoma. (f) The
positive controls for TMPRSS2: The brownish-yellow TMPRSS2
immune complex was observed in the prostate adenocarcinoma.
(g) H and E staining of adipose tissue. (h) The negative controls
for TMPRSS2: The brownish-yellow immune complex was not
observed in the adipose tissue. (i) The controls without primary
antibodies for ACE2 and TMPRSS2: The salivary glands were
found to be negatively immunostaining. (j) The isotype controls
for ACE2 and TMPRSS2 (normal rabbit IgG): The salivary glands
were found to be negatively immunostaining. (black scale

bar = 100 pm) [Colour figure can be viewed at wileyonlinelibrary.
com]
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2016). Our results indicated that ACE2 and TMPRSS2 were over-
expressed in the cytoplasm of serous acinar cells in human salivary
glands. Therefore, ACE2 and TMPRSS2 in saliva may be mainly se-
creted by the parotid and submandibular glands.

Respiratory droplets, originating from the nose, oral cavity, tra-
chea, and lung, are one of the main transmission routes of SARS-CoV
and SARS-CoV-2 (Ding et al., 2004; Vaz et al., 2020). Saliva is one of
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FIGURE 5 The exogenous ACE2 and TMPRSS2 are absorbed
to oral mucosa epithelial cells. (a) The results of the western

blot confirmed that exogenous ACE2 was detected in HOEC

and HOK cells. (b) The results of western blot confirmed that
exogenous TMPRSS2 was detected in HOEC and HOK cells. (c)
His-tag was positive in HEK-293T transfected with a His-tagged
Staphylococcus aureus cas9 and negative in HEK-293T; HOEC and
HOK, only stained by secondary antibodies, were negative. (d)
The results of ICC confirmed that exogenous ACE2 was observed
in the cytomembranes of HOEC and HOK cells. (e) The results

of ICC confirmed that exogenous TMPRSS2 was observed in the
cytomembranes of HOEC and HOK cells. (black scale bar = 100 pm)
[Colour figure can be viewed at wileyonlinelibrary.com]

the most important sources of droplets. SARS-CoV-2 is concentrated
in the saliva of patients infected by COVID-19, which may come from
the nose, mouth, trachea, and lung. Besides salivary glands, ACE2
expression has been validated in the nose, oral cavity, trachea, and
lungs. The current study validated the positive expression of ACE2
and TMPRSS2 in saliva, indicating that saliva from parotid gland and
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FIGURE 6 The controls for His-tag in ICC. (a) The brownish-yellow His-tag immune complex was observed in HEK-293T transfected
with a His-tagged Staphylococcus aureus cas9. (b) No immunostaining of His-tag was observed in HEK-293T. (c) The HOEC and HOK were
negative for immunostaining stained by the secondary antibody. (d)The HOEC and HOK were negative for immunostaining stained by
normal IgG and the secondary antibody. (black scale bar = 100 pm) [Colour figure can be viewed at wileyonlinelibrary.com]

submandibular gland may promote the infection of SARS-CoV-2.
The spike protein of SARS-CoV and SARS-CoV-2 targeting ACE2
are highly similar in structure, and the fusion of both SARS-CoV and
SARS-CoV-2 depends on TMPRSS2 (Bertram et al., 2012; Kuba et al.,
2005; Li et al., 2003; Wan et al., 2020). Thus, saliva may promote the
infection of SARS-CoV.

Our results confirmed that saliva contains ACE2 and TMPRSS2.
The exogenous ACE2 and TMPRSS2 can absorb to oral mucosa ep-
ithelial cells. Based on results mentioned above, we hypothesized
that the ACE2 and TMPRSS2 secreted into saliva from the cyto-
plasm of serous acinar cells in human salivary glands might anchor
and fuse to oral mucosa epithelium, and perhaps they could contrib-
ute to SARS-CoV-2 infection in vivo. It is reported that live SARS-
CoV-2 was detected in saliva. Moreover, saliva contains the three
key elements (ACE2, TMPRSS2, and SARS-CoV-2) of SARS-CoV-2
infection (To et al., 2020). This is the first study demonstrating
that ACE2 and TMPRSS2 are expressed in saliva and binds to oral
mucosa epithelium. Therefore, saliva may be a promoter of SARS-
CoV-2 infection.

Saliva is mainly composed of water and secreted by serous acinar
cells, assisting in maintaining the moisture in the mouth, swallowing,
and oral self-cleaning. In the resting state of saliva secretion, parotid
glands account for 25%, and the submandibular glands account for
60%. However, in the highly stimulated state, parotid glands account
for 50%, and the submandibular glands account for 35% of the total
salivary secretion (Jensen et al., 1998). Some SARS-CoV-2 infected
patients develop a dry mouth and abnormal taste. And some other
cases present oral necrotic ulcers and aphthous-like ulcerations,
which develop early in the course of disease after the development
of dysgeusia and affect the function of the tongue, lips, palate, and
oropharynx. (Brandéo et al. 2021; Chen, Zhao, et al., 2020; Chen,
Zhou, et al., 2020). It may be attributed to the SARS-CoV-2 infection
of serous acinar cells in the parotid and submandibular glands and
oral mucosa, which may cause salivary hyposecretion and inflamma-
tory damage. In addition to the direct inflammatory reaction caused
by SARS-CoV-2, other factors causing hyposecretion of saliva in
COVID-19 infected patients include water-electrolyte imbalance
and medication. As SARS-CoV-2 targets parotid and submandibular
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glands, the SARS-CoV-2 infected patients may present the symp-
toms and signs of the parotid and submandibular glands sialadeni-
tis, such as swelling, discomfort, and pain. These may be considered
as early signs and symptoms of COVID-19 infection not reported in
public. Thus, these need to receive more attention.

The findings of our study validated that the cytomembrane
and cytoplasm of serous acinar epithelial cells in the parotid gland
contain a high number of ACE2 and TMPRSS2 that facilitate the
adsorption and fusion of SARS-CoV-2. We hypothesized that SARS-
CoV-2 replicates in serous acinar cells and is released by cytolysis
into the saliva. The previous study has reported the presence of
SARS-CoV-2 nucleotides in the saliva of infected patients, and the
viral culture of these saliva samples demonstrated the existence
of the live virus in saliva (To et al., 2020). Moreover, salivary am-
ylase might get released into the peripheral blood after cytolysis
of SARS-CoV-2 infected serous acinar cells. Thus, there is a possi-
bility that the peripheral blood of COVID-19 infected patients may
demonstrate the presence of salivary amylase. This may act as a
vital indicator of the parotid gland damage in SARS-CoV-2 infected
patients.

The outcome of our investigation demonstrated that ACE2 and
TMPRSS2 are distributed in the cytomembrane and cytoplasm of in-
tercalated ducts, and the SARS-CoV-2 infection might cause a series
of destructive inflammatory reactions. Previous studies have con-
firmed that intercalated duct epithelium possesses stem cell char-
acteristics with the potential to get differentiated into acinar cells
and secretory duct epithelium (Kwak et al., 2016; May et al., 2018;
Ninche et al., 2020). The damage to the intercalated duct epithelium
might affect the repair of the acinus and secretory ducts caused by
inflammation.

5 | CONCLUSION

ACE2 and TMPRSS2 are expressed in the cytoplasm of serous acinar
cells in human salivary glands. The exogenous ACE2 and TMPRSS2
can anchor and fuse to epithelial cells of the oral mucosa. ACE2 and
TMPRSS2 are expressed in human saliva, suggesting susceptibility to
SARS-CoV-2 infection.
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