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Objectives: The oral cavity is one of the main entry sites for SARS-CoV-2. Gingival keratinocytes express
transmembrane serine protease 2 (TMPRSS2), responsible for priming the SARS-CoV-2 spike protein. We
investigated whether periodontitis increased the expression of TMPRSS2.
Methods: To investigate gene expression in periodontitis, we analyzed the expression of specific genes
from (1) the Gene Expression Omnibus (GEO) dataset of 247 human gingival tissues and (2) an
experimentally-induced periodontitis mouse model. Human gingival tissues with or without peri-
odontitis were immunohistochemically stained using an anti-TMPRSS2 antibody. Analysis of the
TMPRSS2 promoter was performed using a ChIP-Atlas dataset. TMPRSS2 expression was detected in
cultured human keratinocytes using quantitative reverse transcription (qRT)-PCR and Western blot
analysis.
Results: GEO dataset analysis and an experimentally-induced periodontitis model revealed increased
expression of TMPRSS2 in periodontitis gingiva. The keratinocyte cell membrane in periodontitis gingiva
was strongly immunohistochemically stained for TMPRSS2. Using ChIP-Atlas and GEO datasets, we
screened for transcription factors that bind to the TMPRSS2 promoter region. We found one candidate,
estrogen receptor 1 (ESR1), highly expressed in periodontitis gingiva. Analysis of the GEO dataset
revealed a correlation between ESR1 and TMPRSS2 expression in gingival tissues. An ESR1 ligand induced
TMPRSS2 expression in cultured keratinocytes.
Conclusions: Periodontitis increases TMPRSS2 expression in the cell membrane of gingival keratinocytes.

© 2022 Japanese Association for Oral Biology. Published by Elsevier B.V. All rights reserved.
1. Introduction

The coronavirus infection 2019 (COVID-19) pandemic has
spread to more than 150 million people worldwide since the first
outbreak of SARS-CoV-2 infection in Wuhan, China, in December
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2019 [1]. COVID-19 causes fever, malaise, dry cough, sore throat,
dyspnea, and respiratory complications that often deteriorate into
severe acute respiratory syndrome and death [2]. Generally, the
nasal and oral cavities are critical entry points for microbial path-
ogens. Since SARS-CoV-2 is present in saliva and nasopharyngeal
secretions, it is thought to be transmitted through the oral and
nasal mucosa.

The SARS-CoV-2 spike protein is primed by host membrane
serine proteases including transmembrane protease serine 2
(TMPRSS2) and FURIN. This priming of spike is a preliminary step for
ACE2 binding, which is required for SARS-CoV-2 to gain entry into
host cells [3,4]. High expression of TMPRSS2 enhances SARS-CoV-2
invasion and inhibition of TMPRSS2 activity decreased the invasion
of SARS-CoV-2 into lung epithelial cells [3]. In vivo experimentswith
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TMPRSS2-deficient mice showed a reduced inflammatory response
in the lungs following infection with SARS-CoV-2, which suggested
a reduction in COVID-19 severity [5]. Indeed, the epithelium of the
nasal cavity and bronchi, which co-express ACE2 and TMPRSS2, are
possible SARS-CoV-2 entry sites [6].

SARS-CoV-2 was detected by RT-PCR in gingival tissue and
gingival crevicular fluid, suggesting that SARS-CoV-2 infects
gingival keratinocytes [7,8]. Immunohistochemistry has also shown
that SARS-CoV-2 invasion-related molecules such as ACE2, FURIN,
and TMPRSS2 are expressed in healthy gingival keratinocytes [9].
Clinical data from patients with periodontitis suggest that peri-
odontitis is associated with COVID-19 severity [10]. However, it is
not well understood how periodontitis affects the expression of
genes required for activation of SARS-CoV-2 invasion in gingival
tissue. In this study, we investigated the effects of periodontitis on
the expression of TMPRSS2, a priming protease for the SARS-CoV-2
spike protein.

2. Subjects and methods

2.1. Materials

Human interleukin (IL)-1b and human IL-6 were obtained from
Otsuka Pharmaceutical Co. (Osaka, Japan). Human recombinant
hepatocyte growth factor (HGF) was generously provided by Mit-
subishi Pharma Co. Ltd (Tokyo, Japan). 17b-estradiol (E2) was ob-
tained from FujifilmWako Pure Chemical Co. (Tokyo, Japan) and 5a-
dihydrotestosterone (DHT) was purchased from Tokyo Chemical
Industry (Tokyo, Japan).

2.2. Acquisition and analysis of gingival tissue GeneChip data from
the GEO database

GeneChip expression data were downloaded from the
GSE10334 dataset [11] in the NCBI GEO database. Total gingival
tissues (247) were collected from 90 subjects, who had alveolar
bone defects, no systemic diseases such as diabetes mellitus, and
were not current tobacco users. The subjects were classified into
two groups: (1) periodontitis or (2) healthy tissue. Total RNA from
the gingival tissue was reverse transcribed, and biotin-labeled
cRNA was synthesized. After hybridization with a human genome
array, the expression data were normalized and summarized using
the log scale robust multi-array analysis [11]. Violin plots were
generated with Seaborn in Python and were used to show the
distribution of gene expression between healthy and periodontitis
samples.

2.3. Mouse model of experimental periodontitis

Male C57BL/6 mice were obtained from CLEA Japan, Inc. (Tokyo,
Japan) and maintained in accordance with protocols approved by
the Animal Care and Use Committee at Kagoshima University. To
induce experimental periodontitis, the right maxillary first molar
was ligated with a 0.2 mm wire for 7 days [12]. Gingivae sur-
rounding the ligature (right) and non-ligature (left) maxillary first
molars were detached from the mouse under a stereomicroscope
[12]. Total RNA obtained from both gingivae was reverse-
transcribed into cDNA as described previously [12].

2.4. Immunohistochemical analyses of gingival tissue

The immunohistochemical analyses were conducted on samples
derived from 12 patients with periodontitis who did not have sys-
temic diseases such as diabetes mellitus and were not current to-
bacco users. Gingival tissues from14 specimenswere collected from
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the 12 subjects and classified into two groups: (1) a periodontal
diseased site which was BoP positive and had a PPD value S4 mm
and (2) a healthy site which was BoP negative and had a PPD value
&3 mm. After the specimens were fixed in 4% paraformaldehyde
and embedded into paraffin, the paraffin sectionswere stainedwith
hematoxylin-eosin (HE) or immunohistochemically stained with
anti-TMPRSS2 antibody (ab92323; Abcam, Cambridge, UK) fol-
lowed by counterstaining with hematoxylin.

2.5. Cell culture

Normal human epithelial keratinocytes (NHEKs) were obtained
from juvenile foreskin, which was purchased from Takara Bio Inc.
(Otsu, Japan). The cells were cultured to subconfluency in serum-
free medium containing supplements according to the manufac-
turer's instructions [13]. Twenty-four hours later, the medium was
changed to calcium-free minimum essential medium MEM
(Thermo Fisher, Waltham, USA) containing 1.3 mM calcium plus
10% chelated fetal calf serum (FCS). Subsequently, the cells were
stimulated with cytokines and sex hormones.

2.6. qRT-PCR and western blot analyses

Total RNA was isolated from NHEKs or mouse gingivae using
Isogen II (Nippon Gene, Tokyo, Japan) and was used as a template
for cDNA synthesis with RivaTra Ace (Toyobo, Tokyo, Japan). qRT-
PCR was performed using the following primer sets: human
TMPRSS2 forward, 50- GAACTCAGGGTCACCACCAG-3’; human
TMPRSS2 reverse 50-CTGTGCGGGATAGGGGTTTT-3’; human keratin
10 (KRT10) forward, 50-TTGAAACAATCCCTGGAAGC-3’; human
KRT10 reverse, 50-TGCACACAGTAGCGACCTTC-3’; human keratin 14
(KRT14) forward, 50-GGCCTGCTGAGATCAAAGAC-3’; human KRT14
reverse, 50-GTCCACTGTGGCTGTGAGAA-3’; human Rpl13a forward,
50-AAGTACCAGGCAGTGACAGC-3’; human Rpl13a reverse, 50-
TTCTCCACGTTCTTCTCGGC-3’; mouse IL-1b forward, 50-TGTGAAAT-
GCCACCTTTTGA-3’; mouse IL-1b reverse, 50-GTAGCTGCCACAGCT-
TCTCC-3’; mouse TMPRSS2 forward, 50-CAAGGCACTCAGACCTG-
GAG-3’; mouse TMPRSS2 reverse, 50-GGCCCTTGGTTTTCTT-GCAG-
3’; mouse Rpl13a forward, 50-GCTTACCTGGGGCGTCTG-3’; and
mouse Rpl13a reverse, 50-ACATTCTTTTCTGCCTGTTTCC. The qRT-
PCRs were conducted with SYBR Green I (Cambrex, Rockland, ME,
USA) and 0.5 U Excel Taq DNA polymerase (SMOBIO Technology,
Inc., Hsinchu, Taiwan) under the following conditions: 95 �C for
5min, followed by 40 PCR cycles at 95 �C for 30 s, 60 �C for 20 s, and
72 �C for 40 s. The relative quantity was obtained using the
comparative threshold method, and the results were normalized
against a human or mouse Rpl13a control.

RIPA buffer cell lysates were subjected to Western blot analyses
with anti-TMPRSS2 or anti-b-actin antibodies (Santa Cruz
Biotechnology, Santa Cruz, USA) as described previously [13].

2.7. Bioinformatics analyses for gene expression screening

Analyses of the GEO dataset (GSE10334), which contains the
transcriptome of healthy and diseased gingival tissues was quan-
titated as the base-2 logarithmic expression value of healthy tissue
subtracted by that of diseased tissue (logFc). The adjusted p-values
show differences in gene expression between the two groups. We
selected 1000 genes whose expression was significantly increased
in periodontitis tissue with an adjusted p-value of 3.4� 10�8 or less
and a logFC of 0.1 or more. We utilized the ChIP-Atlas (http://chip-
atlas.org/) database to select the top 50 transcription factors ranked
according to their binding affinity to the human TMPRSS2 promoter
region. Subsequently, we examined whether the 23 factors from
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the GEO dataset were included in the list of 50 transcription factors
from the ChIP-Atlas analyses.

2.8. Statistical analyses

We utilized the Bonferroni criterion and q-value to analyze the
expression values of each gene in gingival tissues from healthy sites
and periodontitis lesions obtained from the GEO database and
mouse gingivae on ligature and non-ligature sides [14]. The
experimental data from cultured cells was statistically analyzed by
one-way ANOVAwith the multiple comparison technique. In order
to analyze the correlation between the expression levels of two
genes, the Pearson correlation coefficient was calculated.

3. Results

3.1. TMPRSS2 expression in gingival tissues containing periodontitis
lesions

We used the GEO dataset (GSE10334) [11], which comprises a
transcriptome analysis of 247 gingival tissues, to analyze the
expression of the SARS-CoV-2 invasion-related genes, ACE2, FURIN,
and TMPRSS2 from healthy and diseased individuals. The expres-
sion levels of these genes were compared between 183 periodon-
titis gingiva and 64 healthy gingiva. TMPRSS2 was expressed at a
statistically significant higher level in gingiva with periodontitis
than in healthy gingiva (Fig. 1A, Table 1). However, the expression
levels of ACE2 and FURIN in the gingiva of periodontitis lesions were
similar to the levels found in healthy gingiva (Fig. 1A, Table 1). In
order to confirm that periodontitis increases the expression of
TMPRSS2 in gingival tissue, experimental periodontitis was induced
by ligating wire to the maxillary right first molar of mice. In all
mice, compared to the control side, the gingiva of the ligated first
molar showed an increase in expression of IL-1b, a proin-
flammatory cytokine, as well as an increase in the expression of
TMPRSS2 (Fig. 1B). The differences in the expression of IL-1b and
TMPRSS2 in gingiva with and without induced experimental peri-
odontitis were statistically significant (Fig. 1B).

In order to investigate the localization of TMPRSS2 in gingiva,
healthy and periodontitis gingival tissues were immunohis-
tochemically stained with anti-TMPRSS2 antibody. Infiltration of
inflammatory cells was observed byHE staining in seven samples of
periodontitis gingiva. Moreover, in all of the samples, the cell
membrane of keratinocytes in the spinous layer was strongly
stained with anti-TMPRSS2 antibody (Fig. 1Ceb, Fig. S1B). These
immunohistochemical data confirm the results of the GEO dataset
analysis described above, which suggested that periodontitis in-
creases the expression of TMPRSS2 in gingival tissue. In addition,
the keratinocytes in the spinous layer of the gingival tissue were
stained with anti-TMPRSS2 antibody, while keratinocytes in the
basal layer of the gingival epithelium were hardly stained (Fig. 1C,
Fig. S1). Therefore, our data suggested that differentiation of kera-
tinocytes increased the expression of TMPRSS2.

3.2. The effects of inflammatory cytokines on TMPRSS2 expression
in human keratinocytes

Periodontal tissue exhibiting inflammation has increased pro-
duction of cytokines such as TNF-a, IL-1, IL-6, osteopontin (SPP1),
HGF, and IFN-g. Moreover, the levels of some of these cytokines are
reported to be elevated in gingival crevicular fluid (GCF) [15e20].
Transcriptome analysis of the GEO dataset (GSE10334) showed that
IL-1b gene expression was predominantly upregulated in gingival
tissues from periodontitis lesions. Furthermore, the expression of
IL-6 and HGF was also increased in gingival tissues from
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periodontitis lesions, albeit to a lesser extent than IL-1b. However,
the marginally increased expression of SPP1 and TNF-a in gingival
tissues from periodontitis lesions were not statistically significant
(Fig. 2A, Table 1).

In order to examine whether these cytokines induce TMPRSS2
expression in keratinocytes, we cultured and stimulated NHEKs
with IL-1b, IL-6 or HGF. However, none of these cytokines enhanced
TMPRSS2 expression at either the protein or mRNA level (Fig. 2B). In
addition, androgen is reported to increase TMPRSS2 gene expres-
sion in cancer cells [21]. Hence, NHEKs were stimulated with DHT,
which is an active androgen form, followed by analysis of the
expression levels of TMPRSS2. However, DHT did not enhance
TMPRSS2 expression (Fig. 2C).

3.3. Screening for transcription factors involved in the upregulation
of TMPRSS2 expression in periodontitis disease

In order to uncover the transcription factors involved in the
upregulation of TMPRSS2 expression in periodontitis, we performed
the following screening. First, we selected 1000 genes whose
expression was significantly increased in tissues exhibiting peri-
odontitis from published GEO datasets (GSE10334) [11], and we
selected 23 genes encoding nuclear-localized proteins. Next, we
selected 50 transcription factors that bind to the promoter region of
the humanTMPRSS2 gene from ChIP-Atlas, a ChIP-seq database, and
checked if any of the genes matched the selected 23 genes (Fig. 3A).
The only gene that showed a match was the ESR1 gene. Further-
more, the transcriptome analysis of gingival tissues revealed that
not only was ESR1 expression significantly increased in periodon-
titis gingival tissues, but also there was a weak correlation between
ESR1 and TMPRSS2 expression (r ¼ 0.35). In contrast, there was no
correlation between TMPRSS2 and ESR2 (r ¼ 0.08) or androgen re-
ceptor (AR) expression (r ¼ �0.19) (Fig. 3B and C).

3.4. Effects of E2 on TMPRSS2 expression in human keratinocytes

Lastly, we examined if ESR signaling upregulates TMPRSS2
expression in NHEKs. We stimulated NHEKs with E2 and analyzed
the expression of TMPRSS2. Consequently, E2 increased TMPRSS2
expression at the mRNA level and protein level (Fig. 4A and B).
Furthermore, the increase in TMPRSS2 expressionwas synchronized
with the expression of KRT10, which is expressed in differentiated
keratinocytes. In contrast, E2 treatment did not induce the
expression of KRT14, which is expressed in undifferentiated kera-
tinocytes (Fig. 4A) [22]. This phenomenon agrees with our immu-
nohistochemical observations, in which TMPRSS2 was expressed in
differentiated keratinocytes.

4. Discussion

In this study,we found that TMPRSS2 expressionwas increased in
gingival tissues from periodontitis lesions and that this phenome-
non was associated with increased ESR1 signaling. TMPRSS2 is
expressed on the plasma membrane of keratinocytes from peri-
odontitis gingiva. TMPRSS2 proteolytically cleaves the SARS-CoV-2
spike protein [3,4]. SARS-CoV-2 has also been detected in the
gingival tissue of deceased COVID-19 patients [7]. Taken together,
these data lead to the hypothesis that periodontitis is a risk factor
that may contribute to the proteolytic priming of the SARS-CoV-2
spike protein, which activates the binding of SARS-CoV-2 to its re-
ceptor. However, a similar hypothesis has been previously proposed
[23]. Based on the observations that chronic periodontitis increased
osteopontin levels in GCF and that osteopontin increased FURIN
expression [18,24], it was hypothesized that increased FURIN
expression due to periodontitis could increase the sensitivity to



Fig. 1. TMPRSS2 expression in gingival lesions with periodontitis. (A) Violin plots of ACE2, TMPRSS2, and FURIN expression in gingival tissues from the GEO dataset, depicted in
orange (healthy) and violet (periodontitis). *p < 0.05 vs. healthy samples. (B) IL-1b and TMPRSS2 expression in experimental periodontitis-induced gingivae. Ten mice (#1e#10)
were subjected to experimental periodontitis induced by ligation of the maxillary right first molar. Total RNA was collected from the gingivae on the ligature (Ligature) and non-
ligature (Control) sides and the levels of IL-1b and TMPRSS2 mRNAs were quantitated. The connected lines are individual lines. *p < 0.05. (C) Hematoxylin-eosin staining (HE; left
panels) of a representative healthy gingiva (a) and periodontitis gingiva (b) as well as immunohistochemical staining (center and right panels) with anti-TMPRSS2 antibody using
DAB. The dotted circles indicate the areas of inflammatory cell infiltration. The arrows indicate the basal layer of the gingival epithelium. Magnification: �100 (left and center
panels) and �200 (right panels).

Table 1
Gingival gene expression in healthy and periodontitis tissues.

Gene
symbol

Expression value average Ratio:
Periodontitis/
Healthyb

Adjusted
p-valuec

Healthy Periodontitis

ACE2 4 3.7 0.8 3.5E�03
TMPRSS2a 8 8.7 1.7 1.5E�12
FURIN 7.6 7.9 1.2 6.9E�01
IL-1ba 8.3 9.3 2.1 1.6E�11
IL-6a 6.4 7.2 1.7 3.1E�03
TNF-a 5.3 5.4 1.1 1.0E�01
HGFa 4.2 4.4 1.2 5.3E�04
SPP1 5.9 6.1 1.1 2.1E�01
IFN-g 4.7 4.7 1.0 4.8E�02
ESR1a 4.9 5.4 1.5 1.6E�06
ESR2 4.2 4.4 1.2 5.3E�02
AR 5.8 5.5 0.8 1.2E�01

a Genes whose expression was statistically significantly upregulated in periodontitis tissues.
b Since each gene expression value is expressed as a logarithm with a base of 2, the difference in the average expression values was used to calculate the ratio of gene

expression between periodontitis and healthy samples.
c The expression of each gene in gingival tissue samples was divided into two groups, periodontitis patients and healthy subjects. The Bonferroni test was utilized to obtain

the p-values.
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Fig. 2. Analysis of gene expression in gingival tissue with periodontitis. (A) Violin plots of IL-1b, IL-6, HGF, SPP1, TNF-a, and IFN-g expression in gingival tissues from the GEO
dataset depicted in orange (healthy) and violet (periodontitis). *p < 0.05 vs. healthy samples. (B) NHEKs were stimulated with 10 ng/ml IL-1b, 10 ng/ml IL-6, 20 ng/ml HGF, 10 ng/ml
TNF-a, or 10 ng/ml IFN- g for 6 or 12 h. Total RNA was collected from the cells to detect TMPRSS2 mRNA expression by qRT-PCR. The mRNA levels were normalized to the Rp113a
mRNA levels. Means ± SE, n ¼ 3. p < 0.05 vs. control. The cell lysates were subjected to Western blot analysis with anti-TMPRSS2 (TMPRSS2) or anti-b-actin (ACTB) antibodies.
(C) NHEKs were stimulated with 100 nM DHT for 0, 1, 3, 6, 12, or 24 h. The levels of TMPRSS2 mRNA were quantified as described above and Western blots were performed as
described above.
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COVID-19. In our study,we focused onTMPRSS2 instead of FURIN for
the following three reasons: (1) TMPRSS2 was highly expressed in
gingival periodontal lesions compared to healthy gingival tissues,
but periodontitis did not affect the expression of FURIN and SPP1, the
latterofwhichhas been reported to increase the expressionof FURIN
(Table 1). (2) TMPRSS2 expression was observed in the plasma
membrane of differentiated keratinocytes on and near the gingival
surface (Fig. 1B). In contrast, FURIN is expressed mostly in the basal
layer of keratinocytes [9]. (3) Before the entry of SARS-CoV-2 into
host cells, TMPRSS2,which has serine protease activity, cleaves both
the viral spike protein and the viral receptor, ACE2,while FURINonly
cleaves the spike protein of SARS-CoV-2 [3,25,26]. In addition, it has
been reported that the cleavage of SARS-CoV-2 spike protein by
FURIN is not essential for infection with SARS-CoV-2 [27].

It has been reported that the SARS-CoV-2 receptor, ACE2, is
highly expressed in the mucosa of the oral cavity, including the
tongue [28]. Oral symptoms in patients with COVID-19 include a
taste disorder and oral mucosal lesions such as irregular ulcers,
small blisters, petechiae, and desquamative gingivitis [29e31].
However, these observations do not indicate that SARS-CoV-2
infection causes necrosis of oral epithelial cells. In general, severe
systemic disorders with dysregulated immunity are more likely to
be susceptible to oral opportunistic infections that may result in
oral mucosal lesions such as ulcers, erosions, and abscesses [32]. It
has been previously reported that in COVID-19 patients, oral lesions
are presumed to be caused by oral opportunistic infections such as
Candida, herpes simplex, and cytomegalovirus [9,29,31,32].
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However, these reports do not rule out infection of the oral
epithelium, and in fact, SARS-CoV-2 has been found to infect
gingival tissue keratinocytes [7]. Further studies are required to
determine whether infection of the oral mucosa with SARS-CoV-2
is responsible for the oral lesions.

According to international statistics, the morbidity and mortal-
ity of COVID-19 is higher in males than in females [33]. The ACE2
gene is located on the X chromosome and is thought to be more
highly expressed in females. However, there is no evidence that
ACE2 is involved in the gender differences of COVID-19 [34].
Instead, a large Italian cohort study has shown that TMPRSS2 is
more highly expressed in male bronchial epithelial cells than in
female bronchial epithelial cells [35]. It has been suggested that this
difference in TMPRSS2 expression between males and females is
responsible for the difference in susceptibility and severity of
COVID-19. In addition, it has been reported that TMPRSS2 expres-
sion in androgen-sensitive adenocarcinomas is regulated by an-
drogens [36]. In contrast, the present study suggested that
TMPRSS2 expression in human keratinocytes was not regulated by
androgens. Since these data suggest that the regulation of TMPRSS2
expressionmay differ among cell types, further studies are required
to determine whether the gender difference in TMPRSS2 expres-
sion in lung epithelium is due to androgen. On the other hand, a
meta-analysis of clinical studies showed that periodontitis is more
common in the female population [37], which indicates that local
susceptibility to infection is not necessarily a factor in systemic
infection. Coronavirus infections such as SARS-CoV and MERS-CoV



Fig. 3. Screening for transcription factors with increased expression in tissues exhibiting periodontitis and that bind to the TMPRSS2 promoter. (A) Twenty-three nuclear-
localized proteins with increased expression in tissues exhibiting periodontitis were selected using the GEO dataset and 50 proteins that bind to the TMPRSS2 promoter were
selected using ChIP-Atlas. ESR1 was identified as the only transcription factor common to both datasets. (B) Violin plots of ESR1, ESR2, and AR expression in gingival tissues from the
GEO dataset depicted in orange (healthy) and violet (periodontitis). (C) Correlation between the expression levels of TMPRSS2 and ESR1, ESR2, or AR. The regression line formula for
TMPRSS2 and each gene is shown. The correlation coefficient (r) is also shown.

T. Ohnishi, T. Nakamura, K. Shima et al. Journal of Oral Biosciences 64 (2022) 229e236
as well as general viral infections also show a male bias in severity
and mortality due to systemic infection [34]. Based on these ob-
servations, the gender differences may be explained by the fact that
females are more likely to have increased antiviral activity because
the gene TLR7 (which plays an important role in viral immunity) is
located on the X chromosome. Thus, differences in the local
expression of TMPRSS2 in the lung epithelium may have no effect
on the gender biases in COVID-19 morbidity and mortality [38].

Common risk factors for COVID-19 severity and periodontitis
include diabetes, aging, smoking habits, and cardiovascular disease.
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Therefore, clinical studies have shown a relationship between
periodontitis and COVID-19 severity after adjusting for these po-
tential confounders [10]. One of the hypothetical mechanisms for
the relationship between periodontitis and COVID-19 severity is
that periodontal pockets act as viral reservoirs [10,39]. The present
study showed that periodontitis promotes TMPRSS2 expression in
gingival keratinocytes and induced the transfer of TMPRSS2 to the
cell membrane of keratinocytes. These data prompted us to hy-
pothesize that periodontitis increases the levels of primed SARS-
CoV-2 in periodontal pockets. The presence of SARS-CoV-2 in the



Fig. 4. Treatment with E2 increases TMPRSS2 expression in human keratinocytes. (A) NHEKs were stimulated with 5 nM E2 for 0, 1, 6, or 12 h. Total RNA was collected from the
cells in order to detect TMPRSS2, KRT10 (K10), or KRT14 (K14) mRNA expression by qRT-PCR. The mRNA expression levels were normalized to the Rpl13a mRNA levels. Means ± SE,
n ¼ 3. *p < 0.05. (B) NHEKs were stimulated with 5 nM E2 for 0, 3, 6, 12, or 24 h. The cell lysates were then subjected to Western blot analysis with anti-TMPRSS2 (TMPRSS2) or anti-
b-actin (ACTB) antibodies.
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gingival epithelium of COVID-19 patients, combined with our data,
supports this hypothesis [7]. Moreover, the finding that the oral
viral load of SARS-CoV-2 is associatedwith the severity of COVID-19
also supports this hypothesis. Future clinical studies aiming to
detect SARS-CoV-2 in the GCF of severe COVID-19 patients will
provide a better understanding of the mechanism of gingival
infection [40].

5. Conclusion

The expression of TMPRSS2, a priming protease for SARS-CoV-2,
was increased and localized to the plasma membrane of keratino-
cytes in gingival tissues with periodontitis. Its increased expression
was also associated with more robust ESR1 signaling.
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