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a b s t r a c t

COVID-19 pandemic results in record high deaths in many countries. Although a vaccine for SARS-CoV-2
is now available, effective antiviral drugs to treat coronavirus diseases are not available yet. Recently,
EGCG, a green tea polyphenol, was reported to inhibit SARS-CoV-2 3CL-protease, however the effect of
EGCG on coronavirus replication is unknown. In this report, human coronavirus HCoV-OC43 (beta
coronavirus) and HCoV-229E (alpha coronavirus) were used to examine the effect of EGCG on corona-
virus. EGCG treatment decreases 3CL-protease activity of HCoV-OC43 and HCoV-229E. Moreover, EGCG
treatment decreased HCoV-OC43-induced cytotoxicity. Finally, we found that EGCG treatment decreased
the levels of coronavirus RNA and protein in infected cell media. These results indicate that EGCG inhibits
coronavirus replication.

© 2021 Elsevier Inc. All rights reserved.
1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
has caused a pandemic of acute respiratory disease, COVID-19, due
to high transmission rate and pathogenicity of the virus [1].
Recently, COVID-19 vaccines have been developed, however effec-
tive antiviral drugs to treat coronavirus disease are not available [2].
Efficient antiviral therapy for coronavirus diseases should be
established for immediate use and future safety.

Epigallocatechin-3-gallate (EGCG) is known to be the major
catechin in green tea and accounts for 50%e80% of a brewed cup of
green tea [3,4]. There is mounting evidence suggesting that EGCG is
potentially useful to treat COVID-19. Because cleavage of viral
polyproteins by proteases is a vital step for coronavirus replication,
coronavirus 3CL-protease (Main protease or Mpro) is a promising
drug target for coronavirus diseases [5,6]. EGCG is reported to
inhibit SARS-CoV-2 3CL-protease using purified SARS-CoV-2 3CL-
rus disease; SARS-CoV-2, se-
-protease, 3C-Like protease;
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protease protein [7]. A computer simulation study also supports
that EGCG can block the 3CL-protease activity of SARS-CoV-2
[8e11]. In addition, statistical analysis demonstrated that the
countries with high green tea consumption showed a striking
reduction of COVID-19 risk including morbidity and mortality [12].

There are four coronavirus subfamilies: alpha, beta, gamma and
delta; and SARS-CoV-2 belongs to beta coronaviruses [13]. In this
report, we used human beta coronavirus, OC43 strain (HCoV-OC43)
and human alpha coronavirus 229E strain (HCoV-229E) as a coro-
navirus model system to examine the effect of EGCG on coronavirus
replication and production [14]. We found that EGCG treatment can
efficiently reduce coronavirus production.
2. Materials and methods

2.1. Cell culture and infection

RD cells were maintained in MEM (Welgene, Seoul, Korea)
containing 10% fetal bovine serum (FBS, Thermo Fisher Scientific,
Waltham, MA, USA) and 1% penicillin-streptomycin solution
(Welgene). RD cells were infectedwith HCoV-OC43 and HCoV-229E
with the indicated dilutions of media from virus-infected cells, and
the infected cells were maintained in MEM containing 2% FBS and
1% penicillin-streptomycin. Cell viability wasmeasured using the 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
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(MTT) assay. HCoV-OC43 and HCoV-229E virus was obtained from
ATCC (Rockville, MD, USA) and RD cells was obtained from Korean
Cell Line Bank (KCLB, Seoul, Korea). (�)-Epigallocatechin gallate
(EGCG) (E4134, purity � 95%) was purchased from Sigma-Aldrich
(Saint Louis, MO, USA) and MTT was purchased from USB Corpo-
ration (Cleveland, OH, USA).

2.2. Preparation of coronavirus and 3CL-protease assay

RD cells were infected with HCoV-OC43 and HCoV-229E and
incubated for 7 days. The media from cell culture was collected and
the virus fractions were isolated using an ultracentrifuge at
100,000 g for 4 h. Virus lysates were prepared using passive lysis
buffer (Promega, Madison, WI, USA). A FRET-based protease assay
was used to measure 3CL-protease activity [7,15]. The 3CL-protease
activity was performed using 3CL-protein and FRET peptide in the
reaction buffer (20 mM Tris-HCl (pH 7.5), 200 mM NaCl, 5 mM
EDTA, 5 mM DTT, 1% DMSO) for 5 h. For the inhibition assay, the
purified 3CL-protease was incubated with EGCG for 1 h before the
addition of substrate. Protease activity was calculated as the dif-
ference between the activity with virus particles and the activity
with control at the indicated time.
Fig. 1. EGCG inhibits 3CL-protease activity of HCoV-OC43 and HCoV-229E. (A) Amino acid
CoV-2 3CL-protease. (B) Detection of HCoV-OC43 proteins in media. RD cells were infected w
anti-HCoV-OC43 antibody. (C) HCoV-OC43 virus particles from infected cell media showed 3
showed 3CL-protease activity. (E) EGCG treatment inhibits 3CL-protease activity of HCoV-OC
particles.
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2.3. Quantitative RT-PCR

For quantitative RT-PCR, cells and media were harvested and
RNA was extracted using Trizol (Thermo Fisher Scientific) in
accordance with the manufacturer’s instructions and then sub-
jected to RT-PCR using the StepOnePlus Real-Time PCR System
(Thermo Fisher Scientific). HCoV-OC43 RdRp gene was amplified
using the forward primer 50-GAGTGTAGATGCCCGTCTCG-30 and
reverse primer 50-TGTGGCACACGACTACCTTC-3’. HCoV-OC43 M
gene was amplified using the forward primer 50-ACGGTCACAA-
TAATACGCGGT-30 and reverse primer 50-GGGTTGATGGCAGTCGG-
TAA-3’. HCoV-OC43 N genewas amplified using the forward primer
50-AGGATGCCACCAAACCTCAG-30 and reverse primer 50-
TGGGGAACTGTGGGTCACTA-3’. HCoV-229E RdRp gene was ampli-
fied using the forward primer 50-CGCTGGTTGGCCCCTTAATA-30 and
reverse primer 50-CGTGCACGTTCCTTACCAGA-3’. HCoV-229E M
gene was amplified using the forward primer 50-TTGGCCACTCG-
TACTTGCTT-30 and reverse primer 50-GTTCGAGCACGTCGGAAAAG-
3’. HCoV-229E N gene was amplified using the forward primer 50-
ACAGGACCCCATAAAGCTGC-30 and reverse primer 50-CGCCTAA-
CACCGTAACCTGT-3’.
sequence alignment of HCoV-229E 3CL-protease, HCoV-OC43 3CL-protease and SARS-
ith HCoV-OC43. Seven days after infection, media was collected and were probed with
CL-protease activity in a FRET-based 3CL protease assay. (D) HCoV-229E virus particles
43 virus particles. (F) EGCG treatment inhibits 3CL-protease activity of HCoV-229E virus
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2.4. Western blot and immunofluorescence assay

For Western blot, cells and media were harvested and resus-
pended in cell lysis buffer (150 mM NaCl, 50 mM HEPES (pH 7.5),
and 1% NP40) containing a protease inhibitor cocktail (Roche, Basel,
Switzerland). Cell lysates and virus lysates were resolved by SDS-
PAGE and transferred to immune-blot PVDF membrane filters
(Bio-Rad, Hercules, CA, USA). Virus proteins were detected with a
1:5000 dilution of primary HCoV-OC43 antibody using an ECL
system (Dogen, Seoul, Korea). The images were acquired using the
ImageQuant LAS 4000 System (GE Healthcare,Waukesha,WI, USA).
The HCoV-OC43 antibody was purchased from Sigma-Aldrich. For
immunofluorescence, RD cells were grown on sterilized glass cov-
erslips. Cell were fixed with 4% paraformaldehyde. For immuno-
staining, cells were blocked with 3% bovine serum albumin in PBS,
stained with a 1:1000 dilution of primary antibody in PBS, and
stained with a 1:1000 dilution of Alexa Fluor 488econjugated
secondary antibody (Thermo Fisher Scientific). Finally, slides were
washed 3 times with PBS, stained with DAPI, and mounted in
Fig. 2. EGCG treatment decreases HCoV-OC43 induced cytotoxicity. (A) EGCG treatment re
HCoV-OC43 and cell viability was evaluated with MTT assay. The experiments were perfor
treatment: *p < 0.05, **p < 0.005. (B) RD cells were infected with mock or HCoV-OC43 and
were stained with crystal violets. The number indicates dilution of conditioned media.
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mounting medium (Vector Laboratories, Burlingame, CA, USA).
Images were captured with a Carl Zeiss LSM710 confocal micro-
scope (Carl Zeiss, Oberkochen, Germany).

2.5. Statistical analysis

The results of 3CL-protease activity and MTT were evaluated by
a 2-tailed Student’s t-test using Excel software (Microsoft, Red-
mond, WA, USA). A p-value of 0.05 was considered significant. For
the calculation of half inhibitory concentration (IC50), AAT Bioquest
website program was used (https://www.aatbio.com/tools/ic50-
calculator-v1).

3. Results

3.1. EGCG inhibits the 3CL-protease activity of coronavirus

EGCG is reported to inhibit 3CL-protease activity of SARS-CoV-2
[7]. In order to determine the effect of EGCG on coronavirus
duces the cytotoxicity of HCoV-OC43 infections. RD cells were infected with mock or
med at least in triplicate. The graph shows mean and standard error. Control vs EGCG
cells were overlaid with agarose. To visualize the plaque formation, the infected cells
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replication, we used HCoV-OC43 and HCoV-229E virus strains as a
proxy to study SARS-CoV-2. We examined and compared the
sequence homology of 3CL-proteases between HCoV-OC43, HCoV-
229E and SARS-CoV-2. We found that SARS-CoV-2 3CL-protease
shows high similarity to HCoV-OC43 3CL-protease (sequence
identity 48.18%) and HCoV-OC229E 3CL-protease (sequence iden-
tity 41.06%) (Fig. 1A). Next, we examined HCoV-OC43 protease ac-
tivity using virus particles of the infected cell media. Western blot
with anti-HCoV-OC43 antibody showed the production of virus
particles in the media (Fig. 1B). We showed 3CL-protease activity of
HCoV-OC43 and HCoV-229E virus by FRET-based 3CL-protease
assay (Fig. 1C and D). Next, we examined the effect of EGCG treat-
ment on 3CL-protease activity of HCoV-OC43 and HCoV-229E.
EGCG treatment decreased 3CL-protease activity of HCoV-OC43
and HCoV-229E in a dose-dependent manner, and the half
maximal inhibitory concentration (IC50) was 14.6 mM (HCoV-OC43)
and 11.7 mM (HCoV-229E), respectively (Fig. 1E and F). These results
indicate that EGCG inhibits 3CL-protease activity of HCoV-OC43
and HCoV-229E.
3.2. EGCG reduced coronavirus induced cytotoxicity

Because EGCG inhibits 3CL-protease activity, we hypothesized
that EGCG reduces coronavirus induced cytotoxicity by inhibiting
virus replication. We examined the effect of EGCG on coronavirus
infection by measuring cell viability. While HCoV-229E did not
Fig. 3. EGCG treatment decreases the infectious virus. (A) Experimental design and target
fections (left panel). Simplified genome structure of HCoV-OC43. The genomic locations of R
HCoV-OC43, and RNA was collected from the infected cell and media. The RNA level of RdRp
performed in triplicate, and the graph shows mean and standard error. (C) RD cells were infe
of RdRp gene, M gene and N gene was evaluated by quantitative RT-PCR. Control vs EGCG
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show cytotoxicity on RD cells, HCoV-OC43 killed the RD cells (data
not shown). RD cells were infected with various dilutions of HCoV-
OC43 virus and incubated with mock or EGCG treatment. Cell
viability assay showed that EGCG treatment decreases the cyto-
toxicity of HCoV-OC43 virus significantly (Fig. 2A). Next, we eval-
uated the effect of EGCG on plaque formation. RD cells were treated
with mock or EGCG, and the cells were infected with the indicated
dilution of HCoV-OC43 conditioned media. EGCG treatment de-
creases plaque formation in host cells dramatically (Fig. 2B). We
calculated the plaque forming unit (pfu) and found that the pfu of
mock treatment was 2.875 *108 pfu/ml, while EGCG treatment had
1.25 *106 pfu/ml. These results indicate that EGCG treatment re-
duces HCoV-OC43 induced cytotoxicity and plaque formation.
3.3. EGCG decreases coronavirus production and transmission

In order to determine the effect of EGCG on coronavirus repli-
cation, we evaluated the level of coronavirus RNA by quantitative
RT-PCR. RD cells were treatedwithmock or EGCG and infected with
coronavirus, and 48 h later, the copy number of coronavirus RNA
was evaluated from infected cell and conditioned media. We also
examined the level of produced coronavirus by allowing new RD
cells to be infected by the conditioned media (Fig. 3A). RNA-
dependent RNA polymerase (RdRp) gene, M gene and N gene
RNA were used to evaluate the level of coronavirus [16]. When we
examined the RNA level of HCoV-OC43 in the infected cells, we
locations. Schematic diagram of the experimental design illustrating HCoV-OC43 in-
dRp gene, M gene and N gene were indicated (right panel). (B) RD cells were infected
gene, M gene and N gene was evaluated by quantitative RT-PCR. The experiments were
cted HCoV-229E, and RNAwas collected from the infected cell and media. The RNA level
treatment: *p < 0.05, **p < 0.005, NS not significant.
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unexpectedly found that EGCG treatment increases the levels of
RdRp gene, M gene and N gene (Fig. 3B). However, the RNA levels of
HCoV-OC43 genes were significantly reduced in the conditioned
media by EGCG treatment (Fig. 3B). In addition, we quantified
coronavirus RNA levels in cells infected with the conditioned me-
dia. The level of coronavirus RNA was significantly reduced when
cells were infected with the virus which was produced in the
presence of EGCG (Fig. 3B). When we examined the effect of EGCG
treatment on the levels of coronavirus RNA with the HCoV-229E
strain, we observed very similar trends (Fig. 3C). These results
indicate that EGCG inhibits coronavirus production and
transmission.
3.4. EGCG reduces the expression of coronavirus protein

In order to confirm the reduced production of coronavirus by
EGCG treatment, we examined the expression level of coronavirus
proteins using anti-OC43 antibody. RD cells were treated with
mock or EGCG and the cells were infected with HCoV-OC43. The
infected cell and the conditioned media were used to evaluate
coronavirus protein expression. EGCG treatment dramatically
decreased the level of HCoV-OC43 proteins in the infected cells in a
dose-dependent manner (Fig. 4A and B). Reduction of OC43 protein
is even more dramatic in the conditioned media. When the EGCG
Fig. 4. EGCG inhibits coronavirus replication in a dose dependent manner. (A) EGCG treatm
indicated concentration of EGCG, and infected with HCoV-OC43 (10�4 dilution of condition
(lower panel) were probed with anti-OC43 antibody. (B) The level of OC43 bands was qua
shows mean and standard deviation. Control vs EGCG treatment: *p < 0.005, **p < 0.0005.
presence or absence of EGCG, and cells were immunostained with anti-OC43 antibody. Bars, 1
and the RNA levels of RdRp, M and N gene in the conditioned media were evaluated by qu
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concentration is 20 mM, the expression of HCoV-OC43 proteins was
not detected (Fig. 4A and B). These results indicate that EGCG
treatment decreased the expression of coronavirus proteins.

Next, we examined the expression and localization of HCoV-
OC43 protein in the infected cells. Immunofluorescent staining
with anti-HCoV-OC43 antibody indicate that HCoV-OC43 protein is
mainly localized around the plasma membrane (Fig. 4C). EGCG
treatment decreased the number of positively stained cells and also
decreased the intensity (Fig. 4C). We also examined the effect of
EGCG treatment on HCoV-229E replication. Quantitative RT-PCR
results showed that EGCG reduced the levels of HCoV-229E RNA
from the conditioned media in a dose-dependent manner (Fig. 4D).
We examined the quantity of RdRp, M and N RNA, and IC50 was
6e9 mg/ml in RdRp, M and N genes (Fig. 4D). These results indicate
that EGCG treatment inhibits the coronavirus replication in a dose-
dependent manner.
4. Discussion

Previously, we demonstrated that EGCG inhibits 3CL-protease
activity of SARS-CoV-2 [7]. Because 3CL-protease is an essential
enzyme for coronavirus, we expected that EGCG also inhibits
coronavirus replication. We examined the effect of EGCG using low
pathogenic human coronavirus HCoV-229E, and HCoV-OC43 as a
ent decreases the expression of HCoV-OC43 protein. RD cells were incubated with the
ed media). Two days after infection, cell lysates (upper panel) and conditioned media
ntified by Western blot. The experiments were performed in triplicate, and the graph
(C) RD cells were infected with HCoV-OC43 (10�4 dilution of conditioned media) in the
0 mM. (D) RD cells were infected with HCoV-229E (10�3 dilution of conditioned media),
antitative RT-PCR.
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proxy for SARS-CoV-2. EGCG treatment decreases viral RNA and
viral protein production in the media indicating EGCG interferes
with coronavirus replication. These results support that EGCG is a
potentially useful mean for coronavirus diseases.

Our data suggests that EGCG protects host cells. EGCG treatment
enhances the viability of infected cells and decreases plaque for-
mation. In addition, EGCG decreases viral protein expression and
viral RNA copy number. Since EGCG inhibits 3CL-protease, an
essential enzyme for coronavirus, protein processing by enzyme
cleavage is interfered, and other proteins will be inactive due to
incomplete cleavage. EGCG is the major component of green tea
and the safety of green tea has been proven. Therefore, we believe
that the impacts of EGCG or green tea on the efficacy on coronavirus
diseases should be studied further.

During our study, we found that EGCG treatment increases the
copy number of coronavirus RNA in the infected cells (Fig. 3).
However, the amount of coronavirus in the conditioned media was
significantly lower, thus we speculate that the coronavirus RNA
genome accumulates in the infected cells due to inefficient virus
release from host cells by EGCG. However, it is clear that the
elevated level of coronavirus RNA does not result in the increased
expression of coronavirus protein (Fig. 4).

We also found that although the IC50 of EGCG on 3CL-protease is
11e15 mg/ml, we found that EGCG inhibits coronavirus replication
even more efficiently (Fig. 4). We speculate that the coronavirus
genome contains multiple cleavage sites for the 3CL-protease, and
partial cleavage may also interfere with coronavirus replication
[17]. In addition, we showed that the IC50 of EGCG on SARS-CoV-2 is
lower than HCoV-OC43 and HCoV-229E. Therefore we speculate
that EGCG or green tea should be more effective to treat SARS-CoV-
2 [7]. Moreover, development of more potent derivatives of EGCG
will be desirable to enhance the efficacy of EGCG. In addition,
further study should be performed to examine the effect of EGCG
on coronavirus disease in vivo.
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