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against foot-and-mouth disease
virus in vitro and in vivo by
inducing type | interferon

Gyeongmin Lee, Hyo Rin Kang, Aro Kim, Jong-Hyeon Park,
Min Ja Lee and Su-Mi Kim*

Center for Foot-and-Mouth Disease Vaccine Research, Animal and Plant Quarantine Agency,
Gimcheon, Republic of Korea

Foot-and-mouth disease (FMD) is an acute contagious infectious disease that
affects cloven-hoofed animals. Although current emergency FMD vaccines only
take effect 7 days after vaccination, antiviral agents, such as quercetin, which
is a common flavonoid, could reduce the spread of FMD virus (FMDV) during
outbreaks. We investigated the in vitro and in vivo antiviral effects of quercetin
against FMDV. Analysis of viral copy numbers showed that quercetin had a
dose-dependent inhibitory effect on FMDV at concentrations between 19.5
and 1,250 puM in porcine cells. In addition, we observed a quercetin-induced
interferon (IFN)-a protein and interferon-stimulated gene (ISG) upregulation in
swine cells. Enzyme-linked immunosorbent assay of sera revealed that quercetin
induces the production of IFN-a, IFN-8, IFN-y, interleukin (IL)-12, and IL-15 in
mice. Inoculation of mice with quercetin or a combination of quercetin with
an inactivated FMD vaccine enhanced both the survival rate and neutralizing
antibody titer. Therefore, we suggest the use of quercetin as a novel and effective
antiviral agent for controlling FMDV infection; however, further investigation of its
application in livestock is required.

foot-and-mouth disease virus, antiviral effect, quercetin, interferon, FMD vaccine

1. Introduction

Foot-and-mouth disease (FMD) is an acute contagious infectious disease affecting
cloven-hoofed animals, and the symptoms include fever, lameness, and vesicular eruptions
of the mouth, tongue, snout, teats, and feet (Alexandersen et al., 2003). The FMD virus
(FMDV) belongs to the genus Aphthovirus of the family Picornaviridae and consists of a
single-stranded positive-sense RNA genome. FMDV has seven serotypes: A, O, C, Asial,
and South African territories 1, 2, and 3 (SAT1-3). The rapid spread of FMDV in susceptible
animals renders FMD a severe disease as listed by the World Organization for Animal
Health (WOAH). However, emergency FMD vaccines that induce early protection have
limited usage because a minimum of 7 days following the administration of the vaccine in
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pigs is required to realize its effects (Salt et al., 1998). Therefore, an
alternative method of administering antiviral agents is necessary to
reduce the spread of FMDV during outbreaks. Interferons (IFNs) or
IFN stimulators have been reported to show antiviral effect against
FMDV (Moraes et al., 2007; Kim et al., 2015; Diaz-San Segundo
etal,,2021; Lee et al., 2022). Ribavirin, 6-azauridine, and guanidine-
HCI have been reported as antiviral agents that inhibit FMDV
replication by lethal mutagenesis or by blocking viral proteins
(Nettleton et al., 1982; Airaksinen et al., 2003; Kim et al., 2012;
Sadeghipour et al., 2012).

Quercetin is a common flavonoid in plant-based foods
and beverages and displays antioxidant, immunomodulatory,
anticancer, and antiviral properties (Kaul et al., 1985; Hollman
et al., 1997; Patil et al., 2009; Tanaka et al., 2020). In particular,
its antiviral effects have been reported in poliovirus, respiratory
syncytial virus, human hepatitis C virus, enterovirus 71 (EV71),
and porcine epidemic diarrhea virus (Kaul et al., 1985; Choi et al.,
2009; Rojas et al,, 2016; Yao et al,, 2018). Recently, quercetin
has been proposed as an antiviral drug against severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) (Derosa et al.,
2021). It may influence viral replication via the regulation of
viral or host protein expression (Rojas et al., 2016; Yao et al,
2018; Derosa et al, 2021). Quercetin blocks EV71 3CP™ and
reduces endocytosis of human rhinovirus (Ganesan et al., 2012;
Yao et al,, 2018). Previous studies tested the therapeutic effect
of quercetin against FMDV in cells. Although other flavonoids,
such as luteolin and isoginkgetin, were proven to be the 3CP™ of
FMDV inhibitors, the therapeutic effect of quercetin was tested
and a significant inhibitory effect against FMDV was not observed
(Qian et al., 2015; Theerawatanasirikul et al., 2021). However,
the prophylactic application of antiviral agents against FMDV is
more robust compared with the therapeutic application because
FMD is not controlled by treating individual animals but rather by
protecting against viral infection and transmission. In addition, the
effective treatment methods of antiviral agents could be different
depending on their antiviral mechanisms. The adjuvant effect of
quercetin based on its combination with ovalbumin antigen has
been reported in mice (Singh et al., 2017). Therefore, studies on
the prophylactic effect of quercetin or the combination of quercetin
with vaccines against FMDV is needed.

Foot-and-mouth disease virus is highly sensitive to interferon-a
(IFN-a), which has been reported to enhance humoral and cell-
mediated immunity (Chinsangaram et al., 2001; Le Bon et al., 2001;
Moraes et al., 2007; Gujer et al., 2011), Therefore, the type I IFN
like IFN-«a is a promising antiviral candidate for a combination
strategy with an inactivated FMD vaccine (Kim et al., 2015; Diaz-
San Segundo et al., 2016; You et al, 2017). Although quercetin
induces the expression of type I IFN in cancer cells (Tai et al., 2012;
Igbe et al., 2017; Peng et al., 2020), verification that this process
constitutes an antiviral mechanism is required. Therefore, whether
quercetin induces type I IFN in normal cells or animals and has
prophylactic effects against FMDYV should be further tested.

Abbreviations: DPI, days post-infection; FMD, foot-and-mouth disease;
FMDV, foot-and-mouth disease virus; HPT, hours post-treatment; IFN,
interferon, IM, intramuscular; IP, intraperitoneal; LDsg, 50% Lethal dose;
MOI, multiplicity of infection; SD, standard deviation; RT-PCR, reverse
transcription-polymerase chain reaction; TCIDsg, 50% tissue culture
infective dose.
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In this study, we tested the prophylactic effects of quercetin
against FMDV in vitro and in vivo by evaluating the inhibition
properties of quercetin on FMDV replication in swine cells
and mice. In addition, we analyzed the antiviral mechanisms
of quercetin by testing type I IFN activation in swine cells
and demonstrating cytokine induction in mice. Furthermore, we
investigated the antiviral and adjuvant effects of quercetin in
combination with FMD-inactivated vaccine in mice.

2. Materials and methods

2.1. Reagents, cells, and viruses

Commercial quercetin and ribavirin (>95%) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Stock solutions of
quercetin dissolved in dimethyl sulfoxide and ribavirin dissolved
in water were diluted in phosphate-buffered saline (PBS) or
Dulbecco’s modified Eagle’s medium (DMEM; Thermo Fisher
Scientific, Waltham, MA, USA) for experiments. Porcine kidney
(LFBK) cells, which were supplied by the Plum Island Animal
Disease Center (Orient, NY, USA), were cultured in DMEM
(Thermo Fisher Scientific, Waltham, MA, USA) supplemented
with 10% fetal bovine serum (pH 7.4), and incubated at
37°C in an atmosphere of 5% CO;. The FMDV serotype O,
O/SKR/Boeun/2017 (GenBank accession number: MG983730) was
used to infect LFBK cells and FMDV serotype O, O/VIT/2013
adapted to mice was used in in vivo experiments as described
previously (Lee et al., 2022). Viral titers were calculated using
the Spearman-Karber method at 50% tissue culture infective
dose (TCIDsp) (Ramakrishnan, 2016). All in vitro experiments
employing FMDV were conducted in a bio-safety level 3
facility at the Animal and Plant Quarantine Agency (APQA),
Republic of Korea.

2.2. FMDV inhibition assay and
cytotoxicity assay in swine cells

This test was performed as previously described (Kim et al.,
2012; Lee et al, 2022). The inhibitory effects on FMDV and
cytotoxicity of the antiviral agents were measured in LFBK
cells. LFBK cells (2 x 10* cells/well) were seeded in 96-well
plates. The following day, the cells were treated with serially
diluted quercetin or ribavirin (positive control). The cells were
infected with O/SKR/Boeun/2017 at a 0.001 multiplicity of
infection (MOI) and the inoculum was replaced with new media
2 h post FMDV infection. Following incubation at 37°C for
24 h, the viability of infected cells was determined using the
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium (MTS) assay using a CellTiter 96
AQueous One Solution Cell Proliferation Assay Kit (Promega,
Madison, WI, USA). Antiviral activity was expressed as the 50%
effective concentration (ECsg), defined as the concentration
that reduces virus-induced cytopathogenicity by 50% of the
control value. Cytotoxicity was expressed as the 50% cytotoxic
concentration (CCsg), defined as the concentration required to
reduce cell viability by 50% of the control value and determined
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using the MTS assay. For the cytotoxicity assay, cultured cells were
treated with antiviral agents without FMDV infection.

2.3. Dose-dependent antiviral effect of
quercetin in swine cells assay

LFBK cells (3.5 x 10* cells/well) were seeded in 96-well plates.
The following day, the cells were treated with serially diluted
quercetin or ribavirin. After removing the inoculum, they were
infected with FMDV O/SKR/Boeun/2017 at 0.001 MOI at 24 h
post-treatment. The inoculum was replaced with a new medium
2 h post-infection and the cells were incubated at 37°C. Then,
the supernatants were collected 24 h post FMDV infection. To
evaluate FMDV RNA replication, we performed RNA extraction
and quantitative real-time reverse transcription-PCR (RT-qPCR)
(Kim et al., 2010).

2.4. Time-of-addition assay

This test was performed as described previously (Lee et al.,
2022). LFBK cells (3.5 x 10* cells/well) were seeded in 96-well
plates. The following day, the cells were treated with 625 wM
quercetin 2 h before FMDV O/SKR/Boeun/2017 infection (Pre-
2 h), at the time of infection (Co-0 h), 2 h post-infection (Post-2 h),
or 4 h post-infection (Post-4 h). The cells were infected with FMDV
at 0.001 MOI for 2 h and the medium was changed thereafter. At
each step, all cells were washed twice with DMEM and the control
group was only infected with FMDV. The cells were incubated
at 37°C and the supernatants were collected 24 h post FMDV
infection. Viral titration was performed using the supernatant as
mentioned above.

2.5. IFN-a induction by quercetin in
swine cell assay

LFBK cells (6 x 10* cells/well) were seeded in 24-well
plates. The following day, the cells were treated with 625 pM
left untreated (cell
at 37°C. After replacing the medium with fresh medium

quercetin  or control) and incubated
at 24 h post-treatment, the cells were incubated at 37°C
for 24 or 48 h. The supernatant was collected at 48 or
72 h post-treatment and the quantity of porcine IFN-a
protein in the supernatant was determined using enzyme-
linked immunosorbent assay (ELISA) (Abcam, Cambridge,

United Kingdom).

2.6. Evaluating quercetin-induced
upregulation of interferon and
interferon-stimulated genes (ISGs) in
swine cells

LFBK cells (4 x 10° cells/well) seeded in 6-well plates were
treated with 625 WM quercetin and collected at 6, 18, and 24 h
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post-treatment. RNA extraction, DNase I treatment, and RT-qPCR
were performed as described previously (Lee et al., 2022). RT-
qPCR was used to IFN-a, IFN-B, determine 2'-5' oligoadenylate
synthetase (OAS), protein kinase R (PKR), and myxovirus
resistance (Mx) expression levels. Porcine glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) was used as the internal
control. Primers or dual-labeled TagMan probes (5'FAM/3'BHQ-
1) were designed as described previously (Moraes et al., 2007; Li
et al., 2017; Supplementary Table 1) and synthesized by Bioneer
Corporation (Daejeon, Republic of Korea).

2.7. Cytokine assay in mice

A total of 7 weeks-old female BALB/c mice were purchased
from Cosa-Bio (Seongnam, Republic of Korea). The study protocol
was approved by the Animal Care and Use Committee of the
APQA in the Republic of Korea (approval number: 2021-579).
All in vivo experiments were conducted in an animal bio-safety
level 3 facility at the APQA. The mice were intraperitoneally
injected with 625 WM quercetin (0.1 mL). Blood was collected at
0, 6, 16, and 24 h post-inoculation (four mice per group), and
corresponding sera were analyzed to evaluate the concentration of
IFN-a, IFN-B, IFN-vy, IL-12, IL-15, and IL-6 using mouse IFN-a,
IFN-B, IFN-y, IL-12, IL-15 (MyBioSource, San Diego, CA, USA),
and IL-6 ELISA Kkits (Thermo Fisher Scientific, Waltham, MA,
USA). Protein concentrations were determined by the interpolation
of standard curves.

2.8. Measurement of antiviral effects in
mice

To evaluate the effects of quercetin with respect to FMDYV,
7 weeks-old female C57BL/6 mice were intraperitoneally injected
with 0.1 mL PBS (negative control group), 25 or 50 mg/kg of
ribavirin (positive control group) (Gu et al, 2006), or 25 or
50 mg/kg of quercetin at 16 h, 1 day, or 3 days prior to FMDV
infection. The mice were intraperitoneally injected with 0.1 mL
mouse-adapted FMDV O/VIT/2013 (250 LDsp) (Ko et al., 2019).
All mice (five per group) were observed for 7 days post-infection
(DPI).

2.9. Combined effect of quercetin with
the FMD vaccine and virus neutralization
test

To evaluate the antiviral effect of quercetin in combination
with a whole virus based FMD inactivated vaccine, mice were
intramuscularly injected with 0.1 mL PBS (non-vaccinated group),
FMD vaccine, or a combination of quercetin and vaccine 1 or
3 days prior to FMDV infection. The vaccine was formulated
using the O/SKR/Boeun/2017 vaccine antigen (0.1 pg/dose), 10%
aluminum hydroxide gel (Rehydragel HPA; General Chemical,
Moorestown, NJ, USA), and Montanide ISA 206 (Seppic, Paris,
France) in a water-in-oil-in-water emulsion (Lee et al., 2020;
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TABLE 1 Antiviral effect of quercetin against FMDV.

Quercetin 927.05 4 56.56 uM? | 6.68 & 0.50 UM 138.79

Ribavirin 879.25 £ 36.98 uM 7.47 £0.15 uM 117.67
2Cytotoxic concentration required to reduce cell viability by 50% of the control value.
YEffective concentration required to reduce virus-induced cytopathogenicity by 50% of the
control value.

Selectivity index = CCs0/ECsy.

dData are presented as the mean + standard deviation (SD) of three independent

experiments.
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FIGURE 1

Dose-dependent anti-foot-and-mouth disease virus (FMDV) effect
of quercetin in swine cells. LFBK cells were treated with a series of
quercetin or ribavirin (positive control) dilutions and infected with
FMDV at 0.001 MOI. The supernatant was collected 24 h
post-infection and viral copy humbers were measured using
quantitative real-time reverse transcription-PCR (RT-gPCR). Error
bars indicate standard deviations from the mean. Unpaired t-tests
were performed to identify significant differences. *P < 0.05,

**P < 0.01.

Hwang et al., 2021). The mixture of the FMD vaccine and quercetin
was prepared by vortexing. The mice were intraperitoneally
injected with 0.1 mL mouse-adapted FMDV O/VIT/2013 (250
LDsp) (Ko etal, 2019). All mice (five per group) were observed for 7
DPI. To determine the adjuvant effect of quercetin in combination
with an FMD vaccine, mice were intramuscularly injected with
0.1 mL FMD vaccine formulated using O/SKR/Boeun/2017 vaccine
antigen (1 pg/dose), 10% aluminum hydroxide gel, and Montanide
ISA 206, or a combination of quercetin and the FMD vaccine.
Blood samples were collected at 1, 2, 3, and 4 weeks post-
vaccination (WPV). Serum was separated from the samples and
heat-inactivated at 56°C for 30 min. The virus neutralizing
antibody test (VNT) was performed according to the guidelines
of the Manual of Diagnostic Tests and Vaccines for Terrestrial
Animals (WOAH, 2022). FMDV O/SKR/Boeun/2017, passaged
four times in LFBK cells, was used for the VNT. A neutralization
reaction was performed between serially diluted sera and 100
TCIDsy FMDV at 37°C for 1 h. Then, the neutralized viruses
were placed on 96-well microplates and LFBK cells were added.
The microplates were incubated at 37°C for 48-72 h to assess the
CPE. Neutralizing antibody titers were calculated as the reciprocal
number of the maximum serum dilution that neutralized 100
TCIDsy FMDV using the Spearman-Karber method.
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FIGURE 2
Time-of-addition experiment investigating the viral stage at which
quercetin is effective. LFBK cells were treated with 625 pM
quercetin 2 h prior to foot-and-mouth disease virus (FMDV)
infection (Pre-2 h), at the time of infection (Co-0 h), at 2 h
(Post-2 h), or 4 h (Post-4 h) post-infection; cells were infected at
0.001 MOl for 2 h. In each step, cells were washed twice using
Dulbecco’s modified Eagle’s medium (DMEM). The supernatant was
collected 24 h post-infection, and virus titration was performed
Error bars indicate standard deviations from the mean. Unpaired
t-tests were performed to identify significant differences.
**P < 0.01, ***P < 0.005, ns, not significant.

2.10. Statistical analysis

Unpaired t-tests and the evaluation of ECsy and CCsy were
performed using GraphPad Prism v5.0 (La Jolla, CA, USA).
Significance was set at P < 0.05.

3. Results
3.1. In vitro antiviral effect of quercetin

3.1.1. Selectivity of quercetin as a FMDV inhibitor

Inhibition of the FMDV-induced cytopathic effect and
cytotoxicity of antiviral agents were determined in swine cells
(Table 1). The selectivity index of agents was calculated as the ratio
of CCsq to ECsp. Quercetin and ribavirin possessed high selectivity
indices of 138.79 and 117.67, respectively. Importantly, quercetin
displayed a higher selectivity index and lower cytotoxicity than
ribavirin, a well-known anti-FMDYV agent.

3.1.2. Dose-dependent FMDV inhibition in swine
cells

Viral copy numbers were analyzed in FMDV-infected LFBK
cells treated with serially diluted quercetin or ribavirin (positive
control) (Figure 1). Compared to untreated cells infected with
FMDYV, those treated with quercetin showed an antiviral effect
at concentrations of 19.5-1,250 pM (P < 0.05), the viral copy
numbers decreased in a dose-dependent manner (P < 0.05). Cells
treated with 78.1-1,250 wM ribavirin displayed a similar dose-
dependent reduction in FMDV copy numbers. Viral replication was
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FIGURE 3

Interferon (IFN)-a induction by quercetin in swine cells. LFBK cells
were treated with 625 wM quercetin for 24 h and then supplied with
new medium. The supernatant was collected 48 or 72 h
post-treatment and the quantity of IFN-a was measured using
enzyme-linked immunosorbent assay (ELISA). Error bars indicate
standard deviations from the mean. Unpaired t-tests were
performed to identify significant differences. **P < 0.01.

significantly lower in cells treated with quercetin when compared to
cells treated with ribavirin (P < 0.05).

3.1.3. Prophylactic and therapeutic effect against
FMDV

To explore how quercetin targets the FMDV replication cycle,
a time-of-addition test was performed (Figure 2). Reduced FMDV
titers were observed in Pre-2 h, Co-0 h, and Post-2 h cells treated
with quercetin (P < 0.005). However, viral replication significantly
reduced in the case of Pre-2 h cells when compared to the untreated
Co-0 h, Post-2 h, and Post-4 h cells (P < 0.01). In addition, the
antiviral effect of quercetin was noted during virus entry (Co-0 h)
and the early stage (Post-2 h), but not the late stage (Post-4 h), of the
replication cycle. Viral replication showed no significant difference
between Co-0 h and Post-2 h cells after quercetin treatment.

3.2. Induction of porcine IFN-a and
activation of ISGs in swine cells

The supernatant of swine cells treated with quercetin displayed
higher levels of porcine IFN-a than that of untreated cells in both
48 and 72 h post-treatment (Figure 3) (P < 0.01). Interferon-
stimulated gene (ISG)s such as IFN-a, IFN-B, OAS, PKR, and
Mx were significantly upregulated in quercetin-treated cells when
compared to controls (P < 0.05). Significantly enhanced transcript-
level expression of IFN-a, IFN-B, and OAS was detected at 18 and
24 HPT (Figures 4A-C, P < 0.05). The transcript-level expression
of IFN-a and IFN-B increased from 6 to 18 HPT (P < 0.05) and was
maintained at 24 HPT. Furthermore, the transcript-level expression
of OAS increased from 18 to 24 HPT (P < 0.05). Transcript-level
expression of PKR and Mx was upregulated at 6 and 18 HPT
(P < 0.05), and the transcription level decreased from 6 to 24 HPT
(Figures 4D, E, P < 0.05).

Frontiers in Microbiology

10.3389/fmicb.2023.1121830

3.3. Cytokine activation in mice

Following inoculation of mice with quercetin, IFN-a, IFN-8,
IFN-y, IL-12, and IL-15 levels were significantly increased at 6, 16,
or 24 h (Figure 5, P < 0.05). The highest levels of IFN-a, IFN-B,
and IFN-y were recorded at 16 h, and reduced at 24 h (Figures 5A-
C, P < 0.05). However, the levels of IL-12 and IL-15 were the
highest at 6 h but dropped again at 16 h (Figures 5D, E, P < 0.05).
Enhancement of IL-6 was not detected in mice inoculated with
quercetin (Figure 5F).

3.4. Enhanced survival rate of mice
treated with quercetin

To test the inhibition effect of quercetin on FMDV replication
in vivo, mice were inoculated with quercetin or ribavirin
and subsequently infected with FMDV at 16 h post-treatment
(Figure 6). The group treated with quercetin or ribavirin had an
improved survival rate when compared to the mice in control group
with a treatment of 25 mg/kg (Figure 6A). However, the survival
rate of mice receiving quercetin (80% at 7 DPI) was higher than
that of mice receiving ribavirin (40% at 7 DPI). Upon doubling
the dosage to 50 mg/kg, the murine survival rate improved further;
mice receiving either quercetin or ribavirin showed 100% survival
rate in the background of FMDV infection at 7 DPI (Figure 6B).
The 100% survival rate up to 7 DPI was maintained in mice
inoculated with quercetin, either 1 or 3 days prior to FMDV
exposure (Figure 6C).

3.5. Antiviral and adjuvant quercetin with
FMD vaccine in mice

The survival rate of mice receiving only the inactivated FMD
vaccine was significantly lower (0% at 7 DPI) (Figure 7). However,
a survival rate of 80-100% at 7 DPI was maintained in all mice
that intramuscularly received a combination of quercetin and
inactivated FMD vaccine, either 1 or 3 days prior to FMDV
infection (Figure 7A). Furthermore, virus neutralizing antibody
titers were higher at 1-, 2-, 3- and 4 weeks post-vaccination (WPV)
in mice in the combination group than in mice in the vaccine group
(P < 0.05, Figure 7B).

4. Discussion

The antiviral agents could promptly block spreading of FMDV.
The combination of FMD vaccine and anti-FMDV agents, which
can be used for prophylactic purposes, is ideal. We found quercetin
to be an effective treatment prior to FMDV infection, at the
viral entry stage, and during early stages of viral replication.
Importantly, quercetin may induce type I IFN expression, thereby
activating ISGs to create an antiviral environment before the
actual infection (Schneider et al., 2014). FMDV replicates rapidly,
and its progeny can be observed 5 h post-infection (Kumar
et al,, 2016). Therefore, quercetin administration could provide
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Activation of interferon-stimulated genes in swine cells treated with quercetin. LFBK cells were treated with 625 WM quercetin, collected after 6, 18,
and 24 h, and mRNA levels of interferon-stimulated genes such as IFN-a (A), IFN-B (B), OAS (C), PKR (D), and Mx (E) were analyzed using quantitative
real-time reverse transcription-PCR (RT-gPCR). Error bars indicate standard deviations from the mean. Unpaired t-tests were performed to identify
significant differences. *P < 0.05, **P < 0.01.
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an appropriate preventive strategy against FMDV infection. In
addition, antivirals may help overcome the immune gap associated

with FMD emergency vaccines. Quercetin in combination with
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an inactivated FMD vaccine that is commonly used to control
outbreaks was effective, thus supporting its use as a promising
strategy for the early protection of animals against FMDV. In a
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FIGURE 6

Survival rate of mice inoculated with quercetin and infected with foot-and-mouth disease virus (FMDV). C57BL/6 mice were inoculated with

25 mg/kg (A) or 50 mg/kg (B,C) of either quercetin or ribavirin (positive control) through intraperitoneal (IP) injection. After 16 h (A,B), 1 or 3 days (C),
all mice were infected with a 250 LDsg of FMDV (O/VIT/2013) through intraperitoneal (IP) injection. Mice with phosphate-buffered saline (PBS)
inoculation served as a negative control. The mice were monitored for 7 days.
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FIGURE 7

Prevention effect of quercetin combined with inactivated foot-and-mouth disease (FMD) vaccine. C57BL/6 mice were inoculated via intramuscular
(IM) injection with a mixture of 50 mg/kg of quercetin and inactivated FMD vaccine or with FMD vaccine. The FMD vaccine was formulated using
Montanide ISA 206 (Seppic, France), 10% aluminum hydroxide gel, and 0.1 ug (A) or 1 png (B) of O/SKR/Boeun/2017 antigen. (A) Vaccinations were
performed 1 or 3 days before FMDV infection and phosphate-buffered saline (PBS) was introduced 1 day before foot-and-mouth disease virus
(FMDV) challenge as the negative control. All mice were infected with a 250 LDsg of FMDV (O/VIT/2013) through intraperitoneal (IP) injection and
monitored for 7 days. (B) Serum samples were collected at 1, 2, 3, and 4 weeks post-vaccination. The virus neutralizing antibody test was performed
using serum samples. The dotted line indicates the 1:45 (logyg 1.65) viral neutralizing titer cut-off level. Error bars indicate standard deviations (SDs)
from the mean. Unpaired t-tests were performed to identify statistically significant differences between the vaccine group and others or among the

combination groups (*P < 0.05; ***P < 0.005).

previous study, Qian et al. (2015) tested the antiviral effect of
quercetin against FMDV for the therapeutic application to cells
but did not observe a significant effect. However, we proved
the significant antiviral effect of quercetin or the combination
of quercetin and FMD vaccine for the preventive application
in porcine cells and animals. The induction of type I IFN
could be an effective antiviral mechanism for the preventive
treatment. In addition, we tested the antiviral effects and type
I IFN induction of quercetin in porcine cells, whereas Qian
et al. (2015) used baby hamster kidney (BHK)-21 cells, known
to be deficient in type I IFN production (MacDonald et al,
2007).

We suggest that induction of type I IFN expression could
be the decisive mechanism by which quercetin inhibits FMDV.
Quercetin induced porcine IFN-a production and activated ISG
mRNA expression in swine cells; porcine IFN-a is known to be a
highly effective antiviral agent against FMDV (Moraes et al., 2007;
Dias et al., 2012; Kim et al., 2014). The antiviral effect of quercetin
pretreatment was most remarkable during the time of addition test.
The induction of type I IEN expression by quercetin in cancer
therapy has been reported in cancer cells (Tai et al., 2012; Igbe
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et al., 2017; Peng et al., 2020). Although different factors, such as
retinoic acid-inducible gene I (RIG-I) and Src homology 2 domain-
containing protein tyrosine phosphatase-2 (SHP-2) are related to
the induction of IFN expression, quercetin has been reported
to enhance IFN-o expression and activate Janus kinase/signal
transducers and activators of transcription (JAK/STAT) signaling in
cancer cells. Therefore, it is necessary to identify genes regulating
quercetin-induced IFN stimulation in healthy cells in further
studies. In addition, the pan-antiviral effects of quercetin and its
derivates are well-known and the various mechanisms have been
described (Di Petrillo et al., 2022). Therefore, whether the antiviral
mechanisms of quercetin against various viruses are related to the
induction of type I IFN must be clarified in further studies.

The essential protein in viral replication and one of the most
conserved regions in viral genes, 3C pro is an attractive target
for antiviral drugs against picornaviruses, including FMDV (Sun
et al., 2016). Quercetin was known as the inhibitor of 3C pro
of Enterovirus 71 (Yao et al,, 2018). Luteolin and isoginkgetin,
which are well-known flavonoids, had antiviral effects on FMDV
in vitro as 3C protease inhibitors (Theerawatanasirikul et al., 2021).
However, quercetin 7-rhamnoside did not show binding affinity to
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FMDV 3C pro in the study. In this study, quercetin inoculation
was also more effective at early stages of viral replication than at
the late stage of FMDV replication. Therefore, we cannot exclude
the possibility that quercetin has a binding affinity toward 3C
pro FMDV. The B-ribbon of 3C pro in FMDV binds to and
effectively cleaves the VP1/2A peptide (APAKE/LLNFD) (Birtley
et al., 2005; Sweeney et al., 2007; Zunszain et al., 2010). In the
simulation using a molecular docking model, we observed that the
region of quercetin involved in binding to 3C pro was near the p-
ribbon, overlapping with the region of VP2/2A involved in binding
to 3C pro (Supplementary Figures 1A, B). Furthermore, three
amino acids of 3C pro (Gly-161, Ala-163, and Gly-184) formed
hydrogen bonds with either VP1/2A or quercetin (Supplementary
Figures 1C, D). Additionally, we observed a hydrogen bond
between the His-46 residue of 3C pro and quercetin. His-46 is
known to be one of the critical residues of the catalytic triad located
at the center of the peptide-binding cleft of 3C pro (Curry et al.,
2007). Flavonoids such as luteolin and isoginkgetin, which are
potential 3C pro inhibitors, formed similar hydrogen bonds with
the His-46 or Cys-163 residues of 3C pro (Theerawatanasirikul
et al, 2021). Although the main mechanism of antiviral effect
of quercetin must be induction of type I IFN, the unclear
mechanism of quercetin as a 3C pro inhibitor requires further
investigation.

We showed that the antiviral and adjuvant effects of quercetin
could be strengthened by the induction of type I IFN. Type I
IEN inhibits viral replication and stimulates dendritic, T and B
cells (Le Bon et al,, 2001; Le Bon et al, 2006). Specially, IFN-
o has been reported as an effective adjuvant for FMD vaccines
(Cheng et al., 2007; Su et al, 2013). Furthermore, we observed
that quercetin induced the production of IFN-vy, IL-12, and IL-15,
which are related to B and T-cell immunity and have an inhibitory
effect on viral replication (Armitage et al., 1995; Carr et al., 1997;
Sartori et al., 1997; Tewari et al., 2007; Verbist and Klonowski,
2012). IL-12 and IL-15 stimulate IFN-y production and activate
natural killer (NK) cells (Fehniger et al., 1999; Xu et al., 2010; de
Groen et al,, 2015; Konjevic¢ et al., 2019). The antiviral effects of
IFN-y and IL-12 against FMDV were previous reported (Moraes
et al, 2007; Toka et al., 2009; Diaz-San Segundo et al., 2010).
Quercetin induces the expression of the T helper type 1 (Thl)
cell-derived cytokine IFN-y and regulates the Th1/T helper type 2
(Th2) balance (Park et al., 2009; Chirumbolo, 2010; Tanaka et al.,
2020). However, quercetin did not induce IL-6 expression or Th2
cell immunity and lowered the levels of IL-6 induced in response
to lipopolysaccharide treatment (Kandere-Grzybowska et al., 20065
Huang et al., 2010; Lee et al, 2016). We also did not observe
the induction of IL-6 expression by quercetin in vivo. It could
be good for the safety of animals since IL-6 is associated with
allergic asthma or cytokine storms (Doganci et al., 2005; Chen et al.,
2020).

The safety, effects, and pharmacodynamics are important
factors to consider when determining the dose of quercetin in vivo.
We observed a dose-dependent antiviral effect against FMDV
in vitro at 19.5-1,250 pM and in vivo at 25 and 50 mg/kg.
Since few in vivo studies have reported on the antiviral effects
of quercetin, we designed the experiments by the modification
of anti-inflammation studies on quercetin (Veckenstedt and
Pusztai, 1981; Veckenstedt et al., 1987; Ganesan et al., 2012).
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The effective doses of quercetin that provided an antiviral effect
against cardiovirus and immunoglobulin E (IgE) inhibition in
mice were 20 or 25 mg/kg (Veckenstedt and Pusztai, 1981;
Okumo et al, 2021). We observed that these doses (25 and
50 mg/kg) did not decrease the survival rate or body weight
of mice (data not shown). In humans, a daily oral dose of
1,000 mg of the quercetin derivative did not induce safety concerns
and had a therapeutic effect in COVID-19 patients (Di Pierro
et al, 2021). Although quercetin is considered safe, its low
solubility in water and low absorption rate in the body serve as
limitations for its clinical application in humans (Massi et al.,
2017). Therefore, novel derivatives or delivery methods have
been investigated (Jain et al, 2013; Liu et al, 2019; Alizadeh
and Ebrahimzadeh, 2022). We used an intramuscular injection
to administer a combination of quercetin and ISA 206 adjuvant
vaccine, and observed effective antiviral effects in mice. In previous
studies, quercetin has also been administered using water-in-oil-
in-water double emulsions or nanoparticles, thereby enhancing
the duration of effect and delivery efficiency (Lotfi et al., 2021;
Banik et al., 2022; Han et al., 2022). Approaches to determine
the pharmacodynamics and safety of intramuscularly injected
quercetin are needed to determine the optimal dose for livestock
because these factors could change according to species and
injection routes.

In conclusion, our study demonstrates that quercetin, a safe and
inexpensive material, is a promising antiviral agent against FMDV.
Furthermore, we observed adjuvant and early protection effects of
quercetin based on its combination with the FMD vaccine. Future
studies can employ modified quercetin with enhanced solubility
in natural hosts, such as pigs, and further evaluate the therapeutic
effects of quercetin with an oil adjuvant FMD vaccine.

Data availability statement
The original contributions presented in this study are included

in the article/Supplementary material, further inquiries can be
directed to the corresponding author.

Ethics statement

This animal study was reviewed and approved by Animal and
Plant Quarantine Agency.

Author contributions
S-MK designed the study. GL, HK, and AK performed the
experiments. S-MK and GL analyzed the data and wrote the original

draft. J-HP and ML reviewed the draft. All authors read and
approved the final manuscript.

Funding

This work was funded by the Animal and Plant Quarantine
Agency (grant no. M-1543386), Republic of Korea.

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1121830
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

Lee et al.

Acknowledgments

We thank So Hui Park for assistance with animal
experiments at the Animal and Plant Quarantine Agency.

Conflict of interest

The authors declare that the research was conducted
in the absence of any commercial or financial relationships
that could be
interest.

construed as a potential conflict of

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the

References

Airaksinen, A., Pariente, N., Menéndez-Arias, L., and Domingo, E. (2003). Curing
of foot-and-mouth disease virus from persistently infected cells by ribavirin involves
enhanced mutagenesis. Virology 311, 339-349. doi: 10.1016/s0042-6822(03)00144-2

Alexandersen, S., Zhang, Z., Donaldson, A. L, and Garland, A. J. (2003). The
pathogenesis and diagnosis of foot-and-mouth disease. J. Comp. Pathol. 129, 1-36.

Alizadeh, S. R., and Ebrahimzadeh, M. A. (2022). Quercetin derivatives: drug design,
development, and biological activities, a review. Eur. J. Med. Chem. 229:114068.

Armitage, R. J., Macduff, B. M., Eisenman, J., Paxton, R., and Grabstein, K. H.
(1995). IL-15 has stimulatory activity for the induction of B cell proliferation and
differentiation. J. Immunol. 154, 483-490.

Banik, S., Yamada, K., Sato, H., and Onoue, S. (2022). Development of poly (lipoic
acid) nanoparticles with improved oral bioavailability and hepatoprotective effects of
quercetin. Mol. Pharm. 19, 1468-1476. doi: 10.1021/acs.molpharmaceut.2c00009

Birtley, J. R, Knox, S. R, Jaulent, A. M., Brick, P., Leatherbarrow, R. J., and Curry,
S. (2005). Crystal structure of foot-and-mouth disease virus 3C protease. New insights
into catalytic mechanism and cleavage specificity. J. Biol. Chem. 280, 11520-11527.
doi: 10.1074/jbc.M413254200

Carr, J. A,, Rogerson, J., Mulqueen, M. J., Roberts, N. A., and Booth, R. F. (1997).
Interleukin-12 exhibits potent antiviral activity in experimental herpesvirus infections.
J. Virol. 71, 7799-7803. doi: 10.1128/JV1.71.10.7799-7803.1997

Chen, X,, Zhao, B,, Qu, Y., Chen, Y., Xiong, J., Feng, Y., et al. (2020). Detectable
serum severe acute respiratory syndrome coronavirus 2 viral load (RNAemia) is closely
correlated with drastically elevated interleukin 6 level in critically Il patients with
Coronavirus disease 2019. Clin. Infect. Dis. 71, 1937-1942. doi: 10.1093/cid/ciaa449

Cheng, G., Zhao, X., Yan, W., Wang, W., Zuo, X., Huang, K., et al. (2007). Alpha
interferon is a powerful adjuvant for a recombinant protein vaccine against foot-and-
mouth disease virus in swine, and an effective stimulus of in vivo immune response.
Vaccine 25, 5199-5208. doi: 10.1016/j.vaccine.2007.04.089

Chinsangaram, J., Koster, M., and Grubman, M. J. (2001). Inhibition of L-deleted
foot-and-mouth disease virus replication by alpha/beta interferon involves double-
stranded RNA-dependent protein kinase. J. Virol. 75, 5498-5503. doi: 10.1128/JV1.75.
12.5498-5503.2001

Chirumbolo, S. (2010). The role of quercetin, flavonols and flavones in modulating
inflammatory cell function. Inflamm. Allergy Drug Targets 9, 263-285.

Choi, H. J., Kim, J. H,, Lee, C. H,, Ahn, Y. ], Song, J. H., Baek, S. H,, et al. (2009).
Antiviral activity of quercetin 7-rhamnoside against porcine epidemic diarrhea virus.
Antiviral Res. 81, 77-81.

Curry, S., Roqué-Rosell, N., Zunszain, P. A., and Leatherbarrow, R. J. (2007). Foot-

and-mouth disease virus 3C protease: recent structural and functional insights into an
antiviral target. Int. J. Biochem. Cell Biol. 39, 1-6. doi: 10.1016/j.biocel.2006.07.006

Frontiers in Microbiology

10.3389/fmicb.2023.1121830

reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.2023.
1121830/full#supplementary- material

SUPPLEMENTARY FIGURE 1

Molecular docking prediction for evaluating the interaction between
foot-and-mouth disease virus (FMDV) 3C protease and quercetin. Surface
representation of the binding pocket of 3C protease (PDB ID: 2WV5) (gray)
with either (A) the FMDV VP1/2A peptide (cyan) or (B) quercetin (CID:
5280343) (green), relative to the B-ribbon of 3C pro (orange), respectively.
An illustration of hydrogen bond formation between FMDV 3C pro and
either the FMDV VP1/2A peptide (C) or quercetin (D), depicting hydrogen
bonds (dotted red lines), VP1/2A peptide residues (cyan sticks), 3C pro
residues (black sticks), and quercetin residues (green sticks). Amino acids in
bold are residues forming hydrogen bonds with both (C,D).

de Groen, R. A., Boltjes, A., Hou, J., Liu, B. S., Mcphee, F., Friborg, J., et al.
(2015). IFN-)-mediated IL-12 production in macrophages induces IFN-y production
in human NK cells. Eur. J. Immunol. 45, 250-259. doi: 10.1002/¢ji.201444903

Derosa, G., Maffioli, P., D’angelo, A., and Di Pierro, F. (2021). A role for quercetin
in coronavirus disease 2019 (COVID-19). Phytother. Res. 35, 1230-1236.

Di Petrillo, A., Orrl, G., Fais, A., and Fantini, M. C. (2022). Quercetin and its
derivates as antiviral potentials: a comprehensive review. Phytother. Res. 36, 266-278.

Di Pierro, F., Derosa, G., Maffioli, P., Bertuccioli, A., Togni, S., Riva, A., et al. (2021).
Possible therapeutic effects of adjuvant quercetin supplementation against early-stage
COVID-19 infection: a prospective, randomized, controlled, and open-label study. Int.
J. Gen. Med. 14, 2359-2366. doi: 10.2147/IJGM.S318720

Dias, C. C., Moraes, M. P., Weiss, M., Diaz-San Segundo, F., Perez-Martin, E.,
Salazar, A. M., et al. (2012). Novel antiviral therapeutics to control foot-and-mouth
disease. J. Interferon. Cytokine Res. 32, 462-473.

Diaz-San Segundo, F., Medina, G. N., Azzinaro, P., Gutkoska, J., Mogulothu,
A, Attreed, S. E,, et al. (2021). Use of protein pegylation to prolong the antiviral
effect of IFN against FMDV. Front. Microbiol. 12:668890. doi:10.3389/fmicb.2021.6
68890

Diaz-San Segundo, F., Montiel, N. A, Sturza, D. F., Perez-Martin, E., Hickman, D.,
Ramirez-Medina, E., et al. (2016). Combination of Adt-O1Manisa and Ad5-boIFNA3
induces early protective immunity against foot-and-mouth disease in cattle. Virology
499, 340-349.

Diaz-San Segundo, F., Moraes, M. P., De Los Santos, T., Dias, C. C., and Grubman,
M. J. (2010). Interferon-induced protection against foot-and-mouth disease virus
infection correlates with enhanced tissue-specific innate immune cell infiltration
and interferon-stimulated gene expression. J. Virol. 84, 2063-2077. doi: 10.1128/JV1.
01874-09

Doganci, A., Sauer, K., Karwot, R., and Finotto, S. (2005). Pathological role of IL-6
in the experimental allergic bronchial asthma in mice. Clin. Rev. Allergy Immunol. 28,
257-270.

Fehniger, T. A., Shah, M. H,, Turner, M. J., Vandeusen, J. B., Whitman, S. P.,
Cooper, M. A, et al. (1999). Differential cytokine and chemokine gene expression by

human NK cells following activation with IL-18 or IL-15 in combination with IL-12:
implications for the innate immune response. J. Immunol. 162, 4511-4520.

Ganesan, S., Faris, A. N, Comstock, A. T., Wang, Q., Nanua, S., Hershenson, M. B.,
et al. (2012). Quercetin inhibits rhinovirus replication in vitro and in vivo. Antiviral
Res. 94, 258-271.

Gu, C.J., Zheng, C. Y., Zhang, Q., Shi, L. L., Li, Y., and Qu, S. F. (2006). An antiviral
mechanism investigated with ribavirin as an RNA virus mutagen for foot-and-mouth
disease virus. J. Biochem. Mol. Biol. 39, 9-15.

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1121830
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1121830/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1121830/full#supplementary-material
https://doi.org/10.1016/s0042-6822(03)00144-2
https://doi.org/10.1021/acs.molpharmaceut.2c00009
https://doi.org/10.1074/jbc.M413254200
https://doi.org/10.1128/JVI.71.10.7799-7803.1997
https://doi.org/10.1093/cid/ciaa449
https://doi.org/10.1016/j.vaccine.2007.04.089
https://doi.org/10.1128/JVI.75.12.5498-5503.2001
https://doi.org/10.1128/JVI.75.12.5498-5503.2001
https://doi.org/10.1016/j.biocel.2006.07.006
https://doi.org/10.1002/eji.201444903
https://doi.org/10.2147/IJGM.S318720
https://doi.org/10.3389/fmicb.2021.668890
https://doi.org/10.3389/fmicb.2021.668890
https://doi.org/10.1128/JVI.01874-09
https://doi.org/10.1128/JVI.01874-09
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

Lee et al.

Gujer, C., Sandgren, K. J., Douagi, I., Adams, W. C., Sundling, C., Smed-Sérensen,
A, et al. (2011). IFN-a produced by human plasmacytoid dendritic cells enhances T
cell-dependent naive B cell differentiation. J. Leukoc. Biol. 89, 811-821.

Han, L., Lu, K., Zhou, S., Qi, B., and Li, Y. (2022). Co-delivery of insulin and
quercetin in W/O/W double emulsions stabilized by different hydrophilic emulsifiers.
Food Chem. 369:130918. doi: 10.1016/j.foodchem.2021.130918

Hollman, P. C., Van Trijp, J. M., Mengelers, M. J., De Vries, J. H., and Katan, M. B.
(1997). Bioavailability of the dietary antioxidant flavonol quercetin in man. Cancer
Lett. 114, 139-140.

Huang, R. Y., Yu, Y. L, Cheng, W. C,, Ouyang, C. N,, Fu, E,, and Chuy, C. L. (2010).
Immunosuppressive effect of quercetin on dendritic cell activation and function.
J. Immunol. 184, 6815-6821.

Hwang, J. H,, Lee, G., Kim, A, Park, J. H, Lee, M. J., Kim, B., et al. (2021). A
vaccine strain of the A/ASIA/Sea-97 lineage of foot-and-mouth disease virus with
a single amino acid substitution in the P1 region that is adapted to suspension
culture provides high immunogenicity. Vaccines 9:308. doi:10.3390/vaccines90
40308

Igbe, 1., Shen, X. F,, Jiao, W., Qiang, Z., Deng, T., Li, S., et al. (2017). Dietary
quercetin potentiates the antiproliferative effect of interferon-o in hepatocellular
carcinoma cells through activation of JAK/STAT pathway signaling by inhibition of
SHP2 phosphatase. Oncotarget 8, 113734-113748. doi: 10.18632/oncotarget.22556

Jain, A. K., Thanki, K., and Jain, S. (2013). Co-encapsulation of tamoxifen and
quercetin in polymeric nanoparticles: implications on oral bioavailability, antitumor
efficacy, and drug-induced toxicity. Mol. Pharm. 10, 3459-3474. doi: 10.1021/
mp400311j

Kandere-Grzybowska, K., Kempuraj, D., Cao, J., Cetrulo, C. L., and Theoharides,
T. C. (2006). Regulation of IL-1-induced selective IL-6 release from human mast
cells and inhibition by quercetin. Br. J. Pharmacol. 148, 208-215. doi: 10.1038/sj.bjp.
0706695

Kaul, T. N., Middleton, E. Jr, and Ogra, P. L. (1985). Antiviral effect of flavonoids on
human viruses. J. Med. Virol. 15, 71-79.

Kim, S. M., Kim, S. K., Park, J. H, Lee, K. N,, Ko, Y. J., Lee, H. S., et al.
(2014). A recombinant adenovirus bicistronically expressing porcine interferon-o and
interferon-y enhances antiviral effects against foot-and-mouth disease virus. Antiviral.
Res. 104, 52-58. doi: 10.1016/j.antiviral.2014.01.014

Kim, S. M., Lee, K. N, Lee, S. J., Ko, Y. J., Lee, H. S., Kweon, C. H., et al. (2010).
Multiple shRNAs driven by U6 and CMV promoter enhances efficiency of antiviral
effects against foot-and-mouth disease virus. Antiviral. Res. 87, 307-317. doi: 10.1016/
j.antiviral.2010.06.004

Kim, S. M., Park, J. H.,, Lee, K. N, Kim, S. K., Ko, Y. J., Lee, H. S, et al. (2012).
Enhanced inhibition of foot-and-mouth disease virus by combinations of porcine
interferon-a and antiviral agents. Antiviral. Res. 96, 213-220. doi: 10.1016/j.antiviral.
2012.09.009

Kim, S. M., Park, J. H,, Lee, K. N,, Kim, S. K,, You, S. H., Kim, T, et al. (2015).
Robust protection against highly virulent foot-and-mouth disease virus in swine by
combination treatment with recombinant adenoviruses expressing porcine alpha and
gamma interferons and multiple small interfering RNAs. J. Virol. 89, 8267-8279.
doi: 10.1128/JV1.00766-15

Ko, M. K., Jo, H. E., Choi, J. H,, You, S. H., Shin, S. H., Jo, H., et al. (2019).
Chimeric vaccine strain of type O foot-and-mouth disease elicits a strong immune
response in pigs against ME-SA and SEA topotypes. Vet. Microbiol. 229, 124-129.
doi: 10.1016/j.vetmic.2018.12.023

Konjevi¢, G. M., Vuleti¢, A. M., Mirjaci¢ Martinovi¢, K. M., Larsen, A. K., and
Juri$i¢, V. B. (2019). The role of cytokines in the regulation of NK cells in the tumor
environment. Cytokine 117, 30-40.

Kumar, N., Barua, S., Riyesh, T., Chaubey, K. K., Rawat, K. D., Khandelwal, N.,
etal. (2016). Complexities in isolation and purification of multiple viruses from mixed
viral infections: viral interference, persistence and exclusion. PLoS One 11:¢0156110.
doi: 10.1371/journal.pone.0156110

Le Bon, A., Schiavoni, G., D’agostino, G., Gresser, L., Belardelli, F., and Tough, D. F.
(2001). Type I interferons potently enhance humoral immunity and can promote
isotype switching by stimulating dendritic cells in vivo. Immunity 14, 461-470. doi:
10.1016/s1074-7613(01)00126-1

Le Bon, A., Thompson, C., Kamphuis, E., Durand, V., Rossmann, C., Kalinke,
U., et al. (2006). Cutting edge: enhancement of antibody responses through direct
stimulation of B and T cells by type I IFN. J. Immunol. 176, 2074-2078. doi: 10.4049/
jimmunol.176.4.2074

Lee, G., Hwang, J. H,, Park, J. H,, Lee, M. J,, Kim, B,, and Kim, S. M. (2020).
Vaccine strain of O/ME-SA/Ind-2001e of foot-and-mouth disease virus provides high
immunogenicity and broad antigenic coverage. Antiviral Res. 182:104920. doi: 10.
1016/j.antiviral.2020.104920

Lee, G., Kang, H. R, Kim, A,, Park, J. H, Lee, M. J,, and Kim, S. M. (2022).
Antiviral effect of vesatolimod (GS-9620) against foot-and-mouth disease virus
both in vitro and in vivo. Antiviral Res. 205:105384. doi:10.1016/j.antiviral.2022.1
05384

Frontiers in Microbiology

10

10.3389/fmicb.2023.1121830

Lee, J., Choi, J. W., Sohng, J. K, Pandey, R. P., and Park, Y. I. (2016). The
immunostimulating activity of quercetin 3-O-xyloside in murine macrophages via
activation of the ASK1/MAPK/NF-kB signaling pathway. Int. Immunopharmacol. 31,
88-97.

Li, C, Zhu, Z, Du, X,, Cao, W,, Yang, F., Zhang, X,, et al. (2017). Foot-and-
mouth disease virus induces lysosomal degradation of host protein kinase PKR by 3C
proteinase to facilitate virus replication. Virology 509, 222-231. doi: 10.1016/j.virol.
2017.06.023

Liu, Q. Yang, X, Sun, J, Yu, F, Zhang, H., Gao, J., et al. (2019). Size-
dependent biological effects of quercetin nanocrystals. Molecules 24:1438. doi: 10.3390/
molecules24071438

Lotfi, M., Kazemi, S., Shirafkan, F., Hosseinzadeh, R., Ebrahimpour, A., Barary,
M., et al. (2021). The protective effects of quercetin nano-emulsion on intestinal
mucositis induced by 5-fluorouracil in mice. Biochem. Biophys. Res. Commun. 585,
75-81. doi: 10.1016/j.bbrc.2021.11.005

MacDonald, M. R., Machlin, E. S., Albin, O. R,, and Levy, D. E. (2007). The
zinc finger antiviral protein acts synergistically with an interferon-induced factor for
maximal activity against alphaviruses. J. Virol. 81, 13509-13518. doi: 10.1128/JVI.
00402-07

Massi, A., Bortolini, O., Ragno, D., Bernardi, T., Sacchetti, G., Tacchini, M., et al.
(2017). Research progress in the modification of quercetin leading to anticancer agents.
Molecules 22:1270.

Moraes, M. P, De Los Santos, T., Koster, M., Turecek, T., Wang, H,, Andreyev, V.G,
et al. (2007). Enhanced antiviral activity against foot-and-mouth disease virus by a
combination of type I and II porcine interferons. J. Virol. 81, 7124-7135.

Nettleton, P. F., Davies, M. J., and Rweyemamu, M. M. (1982). Guanidine and heat
sensitivity of foot-and-mouth disease virus (FMDV) strains. J. Hygiene 89, 129-138.

Okumo, T., Furuta, A., Kimura, T., Yusa, K., Asano, K., and Sunagawa, M. (2021).
Inhibition of angiogenic factor productions by quercetin in vitro and in vivo. Medicines
8:22.

Park, H. J., Lee, C. M,, Jung, I. D,, Lee, J. S,, Jeong, Y. I, Chang, J. H., et al.
(2009). Quercetin regulates Th1/Th2 balance in a murine model of asthma. Int.
Immunopharmacol. 9, 261-267. doi: 10.1016/j.intimp.2008.10.021

Patil, B. S., Jayaprakasha, G. K., Chidambara Murthy, K. N., and Vikram, A. (2009).
Bioactive compounds: historical perspectives, opportunities, and challenges. J. Agric.
Food Chem. 57, 8142-8160.

Peng, D., Chen, L, Sun, Y., Sun, L., Yin, Q,, Deng, S., et al. (2020). Melanoma
suppression by quercein is correlated with RIG-I and type I interferon
signaling. ~ Biomed. ~ Pharmacother. 125:109984. doi: 10.1016/j.biopha.2020.
109984

Qian, S., Fan, W,, Qian, P., Zhang, D., Wei, Y., Chen, H., et al. (2015). Apigenin
restricts FMDYV infection and inhibits viral IRES driven translational activity. Viruses
7,1613-1626. doi: 10.3390/v7041613

Ramakrishnan, M. A. (2016). Determination of 50% endpoint titer using a simple
formula. World J. Virol. 5, 85-86. doi: 10.5501/wjv.v5.i2.85

Rojas, A, Del Campo, J. A., Clement, S., Lemasson, M., Garcia-Valdecasas, M., Gil-
Gomez, A, et al. (2016). Effect of quercetin on hepatitis C virus life cycle: from viral to
host targets. Sci. Rep. 6:31777. doi: 10.1038/srep31777

Sadeghipour, S., Bek, E. J., and Mcminn, P. C. (2012). Selection and characterisation
of guanidine-resistant mutants of human enterovirus 71. Virus Res. 169, 72-79. doi:
10.1016/j.virusres.2012.07.005

Salt, J. S., Barnett, P. V., Dani, P., and Williams, L. (1998). Emergency vaccination
of pigs against foot-and-mouth disease: protection against disease and reduction in
contact transmission. Vaccine 16, 746-754.

Sartori, A., Ma, X,, Gri, G., Showe, L., Benjamin, D., and Trinchieri, G. (1997).
Interleukin-12: an immunoregulatory cytokine produced by B cells and antigen-
presenting cells. Methods 11, 116-127. doi: 10.1006/meth.1996.0395

Schneider, W. M., Chevillotte, M. D., and Rice, C. M. (2014). Interferon-stimulated
genes: a complex web of host defenses. Annu. Rev. Immunol. 32, 513-545. doi: 10.1146/
annurev-immunol-032713-120231

Singh, D., Tanwar, H., Jayashankar, B., Sharma, J., Murthy, S., Chanda, S., et al.
(2017). Quercetin exhibits adjuvant activity by enhancing Th2 immune response
in ovalbumin immunized mice. Biomed. Pharmacother. 90, 354-360. doi: 10.1016/j.
biopha.2017.03.067

Su, C,, Duan, X,, Zheng, J., Liang, L., Wang, F., and Guo, L. (2013). IFN-a as
an adjuvant for adenovirus-vectored FMDV subunit vaccine through improving the
generation of T follicular helper cells. PLoS One 8:¢66134. doi: 10.1371/journal.pone.
0066134

Sun, D., Chen, S., Cheng, A., and Wang, M. (2016). Roles of the picornaviral 3C
proteinase in the viral life cycle and host cells. Viruses 8:82. doi: 10.3390/v8030082

Sweeney, T. R., Roqué-Rosell, N., Birtley, J. R, Leatherbarrow, R. J., and Curry, S.
(2007). Structural and mutagenic analysis of foot-and-mouth disease virus 3C protease
reveals the role of the beta-ribbon in proteolysis. J. Virol. 81, 115-124. doi: 10.1128/J V1.
01587-06

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1121830
https://doi.org/10.1016/j.foodchem.2021.130918
https://doi.org/10.3390/vaccines9040308
https://doi.org/10.3390/vaccines9040308
https://doi.org/10.18632/oncotarget.22556
https://doi.org/10.1021/mp400311j
https://doi.org/10.1021/mp400311j
https://doi.org/10.1038/sj.bjp.0706695
https://doi.org/10.1038/sj.bjp.0706695
https://doi.org/10.1016/j.antiviral.2014.01.014
https://doi.org/10.1016/j.antiviral.2010.06.004
https://doi.org/10.1016/j.antiviral.2010.06.004
https://doi.org/10.1016/j.antiviral.2012.09.009
https://doi.org/10.1016/j.antiviral.2012.09.009
https://doi.org/10.1128/JVI.00766-15
https://doi.org/10.1016/j.vetmic.2018.12.023
https://doi.org/10.1371/journal.pone.0156110
https://doi.org/10.1016/s1074-7613(01)00126-1
https://doi.org/10.1016/s1074-7613(01)00126-1
https://doi.org/10.4049/jimmunol.176.4.2074
https://doi.org/10.4049/jimmunol.176.4.2074
https://doi.org/10.1016/j.antiviral.2020.104920
https://doi.org/10.1016/j.antiviral.2020.104920
https://doi.org/10.1016/j.antiviral.2022.105384
https://doi.org/10.1016/j.antiviral.2022.105384
https://doi.org/10.1016/j.virol.2017.06.023
https://doi.org/10.1016/j.virol.2017.06.023
https://doi.org/10.3390/molecules24071438
https://doi.org/10.3390/molecules24071438
https://doi.org/10.1016/j.bbrc.2021.11.005
https://doi.org/10.1128/JVI.00402-07
https://doi.org/10.1128/JVI.00402-07
https://doi.org/10.1016/j.intimp.2008.10.021
https://doi.org/10.1016/j.biopha.2020.109984
https://doi.org/10.1016/j.biopha.2020.109984
https://doi.org/10.3390/v7041613
https://doi.org/10.5501/wjv.v5.i2.85
https://doi.org/10.1038/srep31777
https://doi.org/10.1016/j.virusres.2012.07.005
https://doi.org/10.1016/j.virusres.2012.07.005
https://doi.org/10.1006/meth.1996.0395
https://doi.org/10.1146/annurev-immunol-032713-120231
https://doi.org/10.1146/annurev-immunol-032713-120231
https://doi.org/10.1016/j.biopha.2017.03.067
https://doi.org/10.1016/j.biopha.2017.03.067
https://doi.org/10.1371/journal.pone.0066134
https://doi.org/10.1371/journal.pone.0066134
https://doi.org/10.3390/v8030082
https://doi.org/10.1128/JVI.01587-06
https://doi.org/10.1128/JVI.01587-06
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

Lee et al.

Tai, Z. F,, Zhang, G. L., and Wang, F. (2012). Identification of small molecule
activators of the Janus kinase/signal transducer and activator of transcription
pathway using a cell-based screen. Biol. Pharm. Bull. 35, 65-71. doi: 10.1248/bpb.
35.65

Tanaka, Y., Furuta, A., Asano, K., and Kobayashi, H. (2020). Modulation of Th1/Th2
cytokine balance by quercetin in vitro. Medicines 7:46.

Tewari, K., Nakayama, Y. and Suresh, M. (2007). Role of direct
effects of IFN-gamma on T cells in the regulation of CD8 T cell
homeostasis. J. Immunol. 179, 2115-2125. doi: 10.4049/jimmunol.179.4.

2115

Theerawatanasirikul, S., Thangthamniyom, N., Kuo, C. J., Semkum, P., Phecharat,
N., Chankeeree, P., et al. (2021). Natural phytochemicals, luteolin and isoginkgetin,
inhibit 3C protease and infection of FMDYV, in silico and in vitro. Viruses 13:2118.
doi: 10.3390/v13112118

Toka, F. N., Nfon, C. K., Dawson, H., Estes, D. M., and Golde, W. T. (2009).
Activation of porcine natural killer cells and lysis of foot-and-mouth disease virus
infected cells. J. Interferon Cytokine Res. 29, 179-192.

Veckenstedt, A., Giittner, J., and Béladi, 1. (1987). Synergistic action of
quercetin and murine alpha/beta interferon in the treatment of Mengo virus
infection in mice. Antiviral Res. 7, 169-178. doi:10.1016/0166-3542(87)90
005-2

Frontiers in Microbiology

11

10.3389/fmicb.2023.1121830

Veckenstedt, A., and Pusztai, R. (1981). Mechanism of antiviral action of quercetin
against cardiovirus infection in mice. Antiviral Res. 1, 249-261. doi: 10.1016/0166-
3542(81)90015-2

Verbist, K. C., and Klonowski, K. D. (2012). Functions of IL-15 in anti-viral
immunity: multiplicity and variety. Cytokine 59, 467-478. doi:10.1016/j.cyt0.2012.0
5.020

WOAH (2022). Manual of diagnostic tests and vaccines for terrestrial animals,
Chapter 3.1.8. Foot-and-mouth disease. Paris: World Organization for Animal Health.

Xu, M., Mizoguchi, L., Morishima, N., Chiba, Y., Mizuguchi, J., and Yoshimoto,
T. (2010). Regulation of antitumor immune responses by the IL-12 family cytokines,
1L-12, IL-23, and IL-27. Clin. Dev. Immunol. 2010:832454.

Yao, C., Xi, C., Hu, K., Gao, W., Cai, X, Qin, J., et al. (2018). Inhibition of enterovirus
71 replication and viral 3C protease by quercetin. Virol. J. 15:116. doi: 10.1186/s12985-
018-1023-6

You, S. H., Kim, T., Choi, J. H., Park, G., Lee, K. N., Kim, B., et al. (2017).
Coinjection of a vaccine and anti-viral agents can provide fast-acting protection from
foot-and-mouth disease. Antiviral Res. 143, 195-204.

Zunszain, P. A, Knox, S. R., Sweeney, T. R, Yang, J., Roqué-Rosell, N., Belsham,
G.J.,, et al. (2010). Insights into cleavage specificity from the crystal structure of foot-
and-mouth disease virus 3C protease complexed with a peptide substrate. J. Mol. Biol.
395, 375-389. doi: 10.1016/j.jmb.2009.10.048

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1121830
https://doi.org/10.1248/bpb.35.65
https://doi.org/10.1248/bpb.35.65
https://doi.org/10.4049/jimmunol.179.4.2115
https://doi.org/10.4049/jimmunol.179.4.2115
https://doi.org/10.3390/v13112118
https://doi.org/10.1016/0166-3542(87)90005-2
https://doi.org/10.1016/0166-3542(87)90005-2
https://doi.org/10.1016/0166-3542(81)90015-2
https://doi.org/10.1016/0166-3542(81)90015-2
https://doi.org/10.1016/j.cyto.2012.05.020
https://doi.org/10.1016/j.cyto.2012.05.020
https://doi.org/10.1186/s12985-018-1023-6
https://doi.org/10.1186/s12985-018-1023-6
https://doi.org/10.1016/j.jmb.2009.10.048
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

	Preventive effects of quercetin against foot-and-mouth disease virus in vitro and in vivo by inducing type I interferon
	1. Introduction
	2. Materials and methods
	2.1. Reagents, cells, and viruses
	2.2. FMDV inhibition assay and cytotoxicity assay in swine cells
	2.3. Dose-dependent antiviral effect of quercetin in swine cells assay
	2.4. Time-of-addition assay
	2.5. IFN-α induction by quercetin in swine cell assay
	2.6. Evaluating quercetin-induced upregulation of interferon and interferon-stimulated genes (ISGs) in swine cells
	2.7. Cytokine assay in mice
	2.8. Measurement of antiviral effects in mice
	2.9. Combined effect of quercetin with the FMD vaccine and virus neutralization test
	2.10. Statistical analysis

	3. Results
	3.1. In vitro antiviral effect of quercetin
	3.1.1. Selectivity of quercetin as a FMDV inhibitor
	3.1.2. Dose-dependent FMDV inhibition in swine cells
	3.1.3. Prophylactic and therapeutic effect against FMDV

	3.2. Induction of porcine IFN-α and activation of ISGs in swine cells
	3.3. Cytokine activation in mice
	3.4. Enhanced survival rate of mice treated with quercetin
	3.5. Antiviral and adjuvant quercetin with FMD vaccine in mice

	4. Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


