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General Introduction

Background of the viruses of study

Influenza A virus (IAV)

TIAV is a single-stranded, negative-sense, enveloped ribonucleic acid (RNA) virus comprising a
segmented genome, classified within the family Orthomyxoviridae which includes 4 genera:
Alphainfluenzavirus [influenza A virus (IAV)], Betainfluenzavirus [influenza B virus (IBV)],
Gammainfluenzavirus [influenza C virus (ICV)] and Deltainfluenzavirus [influenza D virus (IDV)]
(Hause et al., 2014; King et al., 2012). The IAV, IBV, and ICV can be differentiated according to
the antigenic variation between their matrix (M) proteins and nucleoproteins (NPs). IAV and IBV
comprise 8 segmented genomes, whereas ICV and IDV consist of 7 segmented genomes
(Desselberger et al., 1980; Wolff and Veit, 2021). IAV is further subdivided based on the antigenic
difference of the surface glycoproteins, hemagglutinin (HA), and neuraminidase (NA) into diverse
subtypes. Currently, there are 18 subtypes known on HA and 11 subtypes known on NA (Shao et al.,
2017). IAV evolution proceeds through genetic reassortment and mutation, which affect the host
specificity and pathogenicity of this virus (Mehle et al., 2012).

Influenza is one of the contagious diseases that infect people on a worldwide scale. In humans,
the etiological agent causing influenza is IAV or IBV and, to a lesser extent ICV. IAV represents the
highest threat to humans due to its frequent tendency for genetic reassortment, and its pandemic
potential (Russell et al., 2018). The disease can run its course in several ways, from a mild infection
or asymptomatic upper respiratory tract infections to severe sickness characterized by chills, high
fever, pneumonia, muscle pain, and death (Keilman, 2019). The World Health Organization (WHO)

estimates that approximately 290,000-650,000 deaths each year have been caused by seasonal



influenza (World Health Organaization, 2022). As a result, influenza constitutes a medical and
economic global burden (Marbus et al., 2020; Putri et al., 2018).

Consequently, extensive research is continuously conducted to examine the directions of
antigenic deviations in IAV to overcome the influenza problem. Although there are ongoing
researches on vaccines (Swierczyfiska et al., 2022), there is a limitation regarding the antigenic
mismatching of vaccine and field strains due to the antigenic shift and antigenic drift of IAV (Scorza
et al., 2016). Furthermore, there are four registered drug groups targeting IAV: NA inhibitors
(zanamivir, oseltamivir), M2 proton channel antagonists (amantadine), the selective inhibitor of
viral RNA-dependent RNA polymerase (favipiravir), and the cap-dependent endonuclease inhibitor
(baloxavir marboxil) (Furuta et al., 2013; Shirley, 2020). Among these drugs, favipiravir and
baloxavir marboxil, have recently invaded the marketplace for commercial use. Baloxavir marboxil
is licensed in Europe, the United States of America (USA), Japan, Hong Kong, and Australia.
Meanwhile favipiravir is approved for restricted use in Japan and is being under Phase III study for a
clinical trial in the USA and Europe (Heo, 2018; Shiraki and Daikoku, 2020). Although most of those
drugs were being effective, the emergence of resistant strains to the NA inhibitors, M2 ion channel
inhibitor, and the cap-dependent endonuclease inhibitor eventually affected their efficacy (Uehara et
al., 2020; Yin et al., 2021).

Consequently, the unpredictable risk of a novel influenza pandemic constantly exists as one of
the uppermost threats to global health (Mounier-Jack and Coker, 2006; Trock et al., 2015). Therefore,
preventative measures other than vaccination and therapeutic interventions are also needed to combat
influenza such as disinfectants or virucidal agents. Nature affords an enormous library of novel
compounds to be tested against several diseases (Denaro et al., 2020). Specfically, there is growing
attention on natural plant extracts as promising virucidal agents against many viruses (Salinas et al.,

2019; Takeda et al., 2020; Takeda et al., 2021a).



Human noroviruses (HuNoV)

HuNoV, known as Norwalk viruse is non-segmented, non-enveloped RNA virus, belonging
to the genus Norovirus (NoV) of the family Caliciviridae. The genome length of NoV is 7.5-7.7 kb
containing 3 open reading frames (ORFs) encoding 8 viral proteins, and are differentiated into 10
genogroups (GI-GX) (Chhabra et al., 2019), of which GI, GII, and GIV have been demonstrated to
infect humans with GII the most frequently detected genogroup throughout the world in clinical
surveillance studies (Van Beek et al., 2018). Furthermore, the genogroups are subdivided in 49
genotypes, with GIL.4 is the predominant genotype causing both sporadic cases and outbreaks from
HuNoV infection (Hasing et al., 2019). The lack of robust and reproducible cultivation system as well
as animal models available for HuNoV represents a major barrier in the establishment of efficient
interventions against HuNoV. Nevertheless, surrogate viruses such as feline calicivirus (FCV) and
murine norovirus (MNV) (Bosch et al., 2018; Lacombe et al. 2017) have been widely used due to
their high replicability in lab settings, in addition to their genetic or physical relatedness to HuNoV
(Wobus, et al., 2006).

HuNoV is the virus most commonly related to sporadic cases and outbreaks of acute
gastroentiritis (Neethirajan et al., 2017; Pires, et al., 2015), and is globally identified as a food-borne
virus with the highest priority in controlling, with significant economic losses estimated at tens of
billions of dollars (Ahmed et al., 2014; Bartsch et al., 2016; Havelaar et al., 2015). Specifically, in
2017 and 2018, official reports listed HuNoV infection among the most frequently reported food-
borne disease cases being responsible for 211outbreaks (7.8%) in Europe and 140 outbreaks (35%)
in the USA (Centers for Disease Control and Prevention, 2017; European Food Safety Authority,
2019). There are multiple transmission routes for HuNoV to establish infection such as the direct
contact with infected individuals and the indirect transmission, which could be resulted from the

consumption of contaminated foods and water or handling objects and surfaces contaminated with



the virus (Lane et al., 2019; Lopman et al., 2012). The possibility of HuNoV survival for weeks on
diverse environmental surfaces represents a major concern for HuNoV inactivation (Djebbi-Simmons
etal., 2020; Liu et al., 2009). Various virus inactivation approaches were available for the prevention
of HuNoV infection, which represent an efficient way for food-borne disease control such as thermal
inactivation (Bartsch et al., 2019) and irradiation (Molina-Chavarria et al. 2020). Nevertheless, the
nutrient content (e.g., protein and vitamins), as well as the organoleptic characterstics (e.g., texture
and color) of food products, could be altered by such approaches (Aadil et al., 2019; Molina et al.,
2014). Consequently, alternative strategies to combat food-borne viruses are necessary, not only to
decrease the number of infections in humans and ensure food safety, but also to diminish the direct
economic costs associated with food-borne viruses (Bartsch et al., 2016). Recently, intensive research
has been conducted on the properties of natural plants derived components such as tea polyphenols
with health promoting potential, which may be utilized to ensure the food safety in terms of viral

diseases (Amankwaah et al., 2020; Solis-Sanchez et al., 2020).

Protective effects of tea polyphenols on human health

Tea is regarded as the world’s most widespread beverage, with daily consumption of more
than 2 billion cups (Drew, 2019). Tea is originated from the plants of Camellia sinensis, an evergreen
tree that belongs to the family Theaceae, which is home-grown in Southeast Asia and China. There
are 3 main teas: black, green, and oolong tea, which could be produced form the harvested leaves of
Camellia sinensis treated with various methods. Because of its health benefits and high nutritional
value, tea beverages have been popularly consumed. For example, tea contains considerable amounts
of flavonoids, mineral elements, amino acids, and organic acids (Das et al., 2019; He et al., 2020;

Koch et al., 2018), which provide numerous physiological benefits to consumers. Furthermore, tea



extracts are known to have antimicrobial, anti-inflammatory, anti-diabetic, and anti-cancer activities
(Lietal., 2017; Liao et al., 2016; Rha et al., 2019; Striegel et al., 2015; Xu et al., 2017), which were
mainly related to its polyphenolic secondary metabolites, in particular, the theaflavins (TFs) and
catechins. Therefore, these dietary and health benefits have increased the research demand for tea
polyphenolic metabolites to be further tested for different therapeutic purposes such as the virucidal
and anti-inflammatory effects. Specfically, Eggers et al. (2022) analyzed the virucidal efficacy of 10
mg/mL of green tea extract (GTE) against respiratory viruses such as AV and severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2). They demonstrated that the titers of IAV and SARS-CoV-
2 were reduced by > 99% and 80%, within 5 and 1 mins, respectively. Furthermore, the antiviral and
the virucidal activities of (-)-epigallocatechin-3-gallate (EGCG)-palmitate (EC16), a polyphenolic
compound extracted from green tea, were evaluated against MNV. The results showed that > 99% (>
2 logio) reduction of MNYV titer was found after 1h incubation of 0.1% w/v EC16 with the Murine
leukaemia macrophage-like cell line RAW264.7 cells either before or after MNV inoculation (Zhong
et al., 2021). Additionally, Randazzo et al. (2017) showed that the 10 mg/mL of GTE inactivated
MNYV and hepatitis A virus within 30 mins on stainless steel and glass discs by 1.79 and > 2.8 logio
reduction, respectively. The results concluded that GTE had the potential to be used as a natural
disinfectant to improve food quality and safety. Furthermore, for Zika virus (ZIKV), the virucidal
efficacy of EGCG was evaluated by Cameiro et al. (2016). They found that EGCG at higher
concentrations (> 100 uM) inhibited ZIKV entry by at least 1-log (> 90%). Recently, because of the
fast spread of SARS-CoV-2 and the shortage of specific antiviral drugs against it, testing alternative
medicine from natural plant extracts is considered one of the suggested approaches to strive this
pandemic. Accordingly, Mhatre et al. (2020) summarized various evidence and reports supporting
the use of tea polyphenols, specifically EGCG and TFs, as potential candidates in prophylaxis and

treatment of SARS-CoV-2 infection. Overall, EGCG was reported to strongly bind with various



molecules in different viruses, specifically protease; therefore, EGCG interrupts their functional
activities. Furthermore, EGCG affects the interaction between virus and host cells through attaching
the receptors on the host cell membrane or the virion surface. In addition, EGCG could suppress viral
protein expression and viral genome replication (Wang et al., 2021).

The potential anti-inflammatory activity of tea polyphenols has been widely investigated with
particular explanation for the various mechanisms of action, indicating their feasibility in managing
and treating inflammatory diseases (Hamer, 2007). For example, Cyboran et al. (2015) reported that
GTE exhibited robust anti-inflammatory activity on red blood cells without any evident of toxicity.
Furthermore, GTE demonstrated an anti-inflammatory action in primary human rheumatoid arthritis
synovial fibroblasts, in which (-)-epicatechin (EC), (-)-epigallocatechin (EGC), and EGCG showed a
different anti-inflammatory effect. Specifically, EGCG and EGC inhibited matrix metalloprotease 2
(MMP-2), interleukin (IL)-6, and IL-8 production and selectively suppressed the expression of
cyclooxygenase 2 (COX-2); meanwhile, EC did not show any suppressive activity against these
factors. These results proposed that EGCG and EGC contributed mainly to the anti-inflammatory
effect of green tea, besides EGCG being the most potent catechin to suppress the downstream
signaling of inflammation (Fechtner et al., 2017). Moreover, Ben Lagha and Grenier (2017) showed
that black tea TFs inhibited the secretion of inflammatory factors, such as tumor necrosis factor
(TNF)-a, IL-1, IL-6, MMP-3, MMP-8, MMP-9, and chemokine C-X-C motifligand &, and attenuated
the nuclear factor (NF)-«xB signaling pathway in Porphyromonas gingivalis-stimulated macrophages.
In this study, tea extracts and their bioactive components have robust anti-inflammatory activity,
mainly through regulating inflammatory factors, like cytokines, chemokines, COX-2, and NF-«B, as
well as the related signaling pathways. Overall, the use of tea polyphenols for treating different
inflammatory disorders such as systemic lupus erythematosus, atherosclerosis, arthritis and sepsis

could be considered a feasible approach.



TFs-enriched tea leaf extract TY-1

In this research, the powder of TFs-enriched tea leaf extract TY-1 was provided by Yokoyama
Food Co., Ltd. (Hokkaido, Japan). TY-1 was produced from the raw tea leaves according to the
method described by Takemoto (2011). Briefly, the fresh tea leaves were mixed with water and then
crushed into a slurry with a mixer (Figure 1a). This step liberated catechins, tannase, polyphenol
oxidase, hydrolase, caffeine, peroxidase, and other compounds from the tea leaves into the water.
Thereafter, the tea slurry was slightly stirred for 10 min—8 h with minimum aeration, which enhanced
the interaction between the slurry components and various enzymes; hence the alteration of catechins
into gallic acid and TFs took place. For sterilization, the slurry was further heated, followed by a
collection of the liquid layer, which was further filtered and dried (Figure 1b). To assess the safety of
TY-1, mutagenicity and genotoxicity tests were conducted through the investigation of multiple tests
such as the comet assay, the ames test, and the micronucleus test. Thereafter, TY-1 components and
their related yields were analyzed by Eurofins Food Testing JP., K.K (Shizuoka, Japan), and are listed
in Table 1. Specfically, TFs concentration was measured by high-performance liquid
chromatography; meanwhile, the amount of dietary fiber and total polyphenol were quantified by
Prosky and the Folin—Ciocalteu methods, respectively. Then, the concentration of catechins, gallic
acid, theanine, and caffeine was investigated by liquid chromatography—tandem mass spectrometry.
TFs and their derivatives' chemical structures were illustrated according to Chen et al. (2012) and

shown in Figure 2.



Table 1. Chemical constituents of 5 mg of TY-1 powder

Item Value
Theaflavin (TF1) 0.056 mg
Total TFs Theaflavin-3-gallate (TF2A) 0.015 mg
(0.083 mg) Theaflavin-3"-gallate (TF2B) 0.007 mg
Theaflavin-3,3-digallate (TF3) 0.005 mg
Epicatechin (EC) 0.017 mg
Total catechins Epigallocatechin (EGC) 0.003 mg
(0.034 mg) Epigallocatechin gallate (EGCG) 0.013 mg
Epicatechin gallate (ECG) 0.001 mg
Caffeine 0.09 mg
Theanine 0.065 mg
Gallic acid 0.052 mg
Total polyphenols 0.8 mg
Dietary fiber 0.22 mg
Dextrin 2.5 mg
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Figure 1. Schematic diagram showing the process of TY-1 powder production from raw green tea

leaves.
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Figure 2. The chemical structures of TF1, TF2A, TF2B, and TF3 (Chen et al., 2012).
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Objectives and chapter structures

The present study consists of 2 chapters:

Chapter I: Describes the in vitro virucidal efficacy of the TFs-enriched tea leaf extract TY- 1 against
IAV as an example of enveloped-RNA viruses. Additionally, the possible mechanism of the TY-1
virucidal activity was elucidated via the hemagglutination assay, NA assay, Western blotting (WB),
reverse transcription polymerase chain reaction (RT-PCR), and the observation of viral particules

using transmission electron microscope (TEM).

Chapter II: Gives insight into the virucidal efficacy of TY-1 against FCV and MNV as surrogate

viruses of HuNoV, as an example of non-enveloped-RNA viruses. Moreover, the inactivating action

of TY-1 against FCV and MNV was investigated using WB, RT-PCR, and TEM.
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Chapter 1

The virucidal efficacy of the theaflavins-enriched tea extract TY-1

against influenza A virus: In vitro study

1.1. Introduction

The causative agent of all influenza pandemics in the past was IAV only, and the world
witnessed, within the past 100 years, 4 pandemics by novel IAV strains which left 500,000-50 million
deaths (Saunders-Hastings and Krewskl, 2016). Applying the efficient prophylaxis and antiviral
therapies are highly recommended for preventing and controlling such highly infectious and
contagious diseases. Vaccination has been recognized as one of the most common and effective
procedures for preventing IAV infection. Nevertheless, because of the antigenic drift and the
antigenic shift, [AV can evade the neutralizing activity of previously established antibodies, causing
them to become ineffective against next-year infection (Scorza et al., 2016). On the other hand, the
therapeutic effectiveness of antiviral drugs prompted their use; however, the appearance of resistant
IAV strains and the side effects of some medicines are regarded as a matter of concern (Morimoto et
al., 2015; Omoto et al., 2018). Accordingly, the availability of daily intervention strategies seems to
be urgent for preventing IAV infection. Such preventive strategies include commonly recommended
measures such as hand washing or wearing masks (Aiello et al., 2010). Even though it is practically
feasible, hand washing could only eliminate viruses from primitive contact places, and it becomes
further effective when combined concomitantly with other virucidal agents. Currently, the virucidal
agents stockpile markets are enriched with numerous virucidal agents (Lin et al., 2020); however,

some of these chemical substances exhibit toxic effects and corrosive action causing environmental

12



pollution, thus limiting their practical use as virucidal agents on the human body and environmental
surfaces (De Benedictis et al., 2007).

As a result of the limited efficacy of vaccination, the emergence of drug resistance against
novel IAV strains, and the insufficiency of safety and durability of currently available chemical
virucidal agents, having supportive safe strategies is crucial to prevent IAV infection and decrease its
severity.

Tea polyphenols have gained research attention as a natural-origin and safe compound for
therapeutic purposes for multiple diseases. For example, it was reported that ECG, EGC, and EGCG
extracted from green tea suppressed the infectivity and replication of influenza virus and adenovirus
in vitro (Nakayama et al.,1993; Song et al., 2005; Weber et al., 2003). Black tea, represents 78% of
the consumed tea worldwide (Yang et al., 2009), and is known as a rich source of TFs, which is a
polyphenol processed via the dimerization and enzymatic oxidation of catechins. The antiviral
(Cantatore et al., 2013; Liu et al., 2005; Zu et al., 2012), antimicrobial (Friedman, 2007), and anti-
inflammatory (Zu et al., 2012) activities of TFs have been widely investigated. Therefore, this study
was focused on exploring the virucidal efficacy of TY-1, which contains abundant TFs and other
polyphenols, against IAV as a representative of enveloped-RNA viruses. Thereafter, the virucidal
mechanism of action of TY-1 against IAV was further invistaged aiming to introduce TY-1 as a

promising virucidal supplement or alternative to the currently available virucidal agents.
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1.2. Materials and methods

1.2.1. Virus and cells

HINI subtype IAV (A/Puerto Rico/8/1934 strain: ATCC® Catalog No. VR-95TM) was
purchased from ATCC (Manassas, VA, USA). The virus was inoculated into the allantoic cavity of a
10-day-old chicken egg embryo for viral propagation. Subsequently, the allantoic fluids comprising
IAV were used as viral solutions in some experiments in this study. In other experiments, the purified
virus was also used. Accordingly, for the purification of IAV, sucrose gradient ultracentrifugation
was done, as previously described (Imai et al., 2012). Madin-Darby canine kidney (MDCK) cells
were obtained from Dr. Hideki Nagano (Hokkaido Institute of Public Health, Sapporo, Hokkaido,
Japan). For MDCK cell culture, Dulbecco’s modified Eagle’s minimal essential medium (DMEM:
Nissui Pharmaceutical Co., Ltd., Tokyo, Japan) was used as the growth medium, and it was
supplemented with 0.15% NaHCOs3, 10% fetal bovine serum, 2 mM L-glutamine, (FUJIFILM Wako
Pure Chemical Co., Osaka, Japan), 100 pg/mL kanamycin (Meiji Seika Pharma Co., Ltd., Tokyo,
Japan), and 2 pg/mL amphotericin B (Bristol-Myers Squibb Co., New York, NY, USA). After viral
inoculation, DMEM supplemented with 0.2% bovine serum albumin, 0.01% glucose, 2.5 mM HEPES,
0.0006% trypsin, and 0.15% NaHCO; (FUJIFILM Wako Pure Chemical Co.) was used as viral

growth medium (VGM) for MDCK cell culture.
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1.2.2. Preparation of a TY-1 stock solution and other test solutions

For the preparation of stock solution from TY-1 powder, 1 g of TY-1 powder was dissolved in
100 mL of phosphate-buffered saline (PBS) and centrifuged at 9000 x g for 10 min. Thereafter, using
a 0.2 pum syringe filter (Sartorius AG, Gottingen, Germany), the water-soluble layer was filtered, and
the filtered solution was stored at —80°C until use. As dextrin represents 50% of TY-1 powder
chemical composition, 50% dextrin solution was used as a solvent control in all the experiments. This
solution was prepared by dissolving 0.5 g of dextrin powder in 100 mL PBS. Thereafter, using a 0.2
um syringe filter, the water-soluble layer was filtered and the filtered solution was stored at —80°C
until use. The measured pH for TY-1 and dextrin solutions was 6.8 and 7.1, respectively. TY-1 and
dextrin stock solutions' final concentrations were 10 and 5 mg/mL, respectively. To prepare 0.165
mg/mL of TFs solution, 0.010 mg of TF3, 0.043 mg of TF2B, 0.112 mg of TF1 (FUJIFILM Wako
Pure Chemical Co.), and 5.000 mg of dextrin were dissolved in 1 mL PBS. To prepare 0.067 mg/mL
of catechins solution, 0.067 mg of catechins mixture (FUJIFILM Wako Pure Chemical Co.) and 5.000
mg of dextrin were dissolved in 1 mL PBS. Additionally, for the preparation of 0.232 mg/mL of
TFs+catechins mix solution, 0.010 mg of TF3, 0.043 mg of TF2B, 0.112 mg of TF1, 0.067 mg of
catechin mixture, and 5.000 mg of dextrin were also dissolved in 1 mL PBS, and all the prepared

solutions were centrifuged, filtered and stored at —80°C until use.

1.2.3. Evaluation of TY-1 virucidal efficacy

The virucidal efficacy of TY-1 against [AV was evaluated as follows. The viral solutions were
mixed with 5 different concentrations of TY-1 and 1 concentration of dextrin solution. The final

concentrations in the mixture were 0.3, 0.6, 1.3, 2.5, and 5.0 mg/mL of TY-1 and 2.5 mg/mL of

15



dextrin. Additionally, the viral solution was mixed with 1 concentration of each TFs solution,
catechins solution, and TFs+catechins solution. The final concentrations of the TFs, catechins, and
TFs+catechins were 0.083, 0.034, and 0.116 mg/mL, respectively in the mixture. The IAV titer in all
the mixtures was approximately 7.45 logio 50% tissue culture infectious dose (TCIDsp)/mL. Then,
these mixtures were incubated at 25°C for various reaction times (10 min—24 h). Subsequently, 10-
fold serial dilutions were performed following inoculation of the mixtures into MDCK cells. Three
days later, by detecting the cytopathic effects (CPE) on the cells, the viral titers of test solution-treated
virus were evaluated and calculated using the Behrens-Karber method (Karber, 1931). The virucidal
activity of each test solution represents the difference in viral titer between each test solution-treated
group and the dextrin-treated group. Furthermore, the detection limit of viral titers in all groups was
calculated based on the cytotoxicity in a virus-free condition of each test solution in MDCK cells.
Briefly, MDCK cells were cultured in trypsin-free VGM in the presence of various concentrations of
TY-1 and one concentration of each of TFs, catechins and dextrin. The final concentrations of TY-1
in the medium were ranged from 0.3 to 5.0 mg/mL. Meanwhile, the final concentration of TFs,
catechins, and dextrin in the medium were 0.083, 0.034, and 2.5 mg/mL, respectively. After 3 days
incubation at 37°C, the cytotoxic concentrations of the tested solutions were estimated using Cell
Titer-Glo® Luminescent Cell Viability Assay (Promega Co., Madison, WI, USA). The luminescence
was analyzed with Glomax®-Multi+ Detection System (Promega Co.). Bsed on the cytotoxic
concentration of each test solution, the detection limit of the viral titers in the TY-1 groups of 2.5 and
5.0 mg/mL was set to be 2.25 logio TCIDs¢/mL. Meanwhile, the detection limit of the viral titers in
the 0.3, 0.6, and 1.3 mg/mL groups of TY-1, as well as the detection limit of the viral titers in the
0.083 mg/mL of TFs, 0.034 mg/mL catechins, 0.116 mg/mL TFs+catechins, and 2.5 mg/mL of

dextrin groups was set to be 1.25 logio TCIDso/mL.
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1.2.4. SDS-PAGE

The mixtures containing purified [AV (6.58 logio TCIDso/mL) and either 5.0 mg/mL of TY-
1 or 2.5 mg/mL of dextrin were placed at 25°C for 48 h. After that, the one-third volume of 4 X SDS
sample buffer with and without 2-mercaptoethanol (2-Me) (FUJIFILM Wako Pure Chemical Co.)
was combined with the mixtures, then SDS-PAGE was performed on these samples, followed by
either coomassie brilliant blue (CBB) staining or WB, as previously mentioned (Takeda et al., 2020).
Briefly, rabbit anti-HIN1 (A/Puerto Rico/8/34) HA polyclonal antibody (Sino Biological Inc.,
Beijing, China: Catalog No. 11684-T62) and mouse anti-rabbit IgG peroxidase conjugate (Sigma-
Aldrich, Inc., St. Louis, MO, USA: Catalog No. A1949, Clone: RG-96) were utilized as the primary
and secondary antibodies, respectively to detect IAV HA protein in WB. Meanwhile, rabbit anti-
HINI NA (Gentex Inc., Zeeland, MI, USA: Catalog No. GTX125974) and mouse anti-rabbit IgG
peroxidase conjugate were used as the primary and secondary antibodies, respectively, to detect NA

of IAV in WB.

1.2.5. Hemagglutination and NA assays

The mixtures containing purified IAV (7.25 logio TCIDs¢/mL), and 5.0 mg/mL of TY-1 or 2.5
mg/mL of dextrin were prepared and kept at 25°C for 48 h. Then, the hemagglutination and NA assays
were performed according to the WHO manual on animal influenza diagnosis and surveillance

(World Health Organization, 2002).
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1.2.6. RT-PCR analysis

The mixtures of purified IAV (7.25 logio TCIDso/mL) mixed with either 5.0 mg/mL of TY-1 or
2.5 mg/mL of dextrin were prepared and kept at 25°C for 48 h. Following the incubation, extraction
of RNA using ISOGEN-LS (Nippon Gene Co., Ltd., Tokyo, Japan) was performed. Thereafter, using
the FastGene cDNA Synthesis 5 x ReadyMix OdT (NIPPON Genetics Co, Ltd., Tokyo, Japan), the
extracted RNA was reverse transcribed, and the PCR using the GoTaq® Green Master Mix (Promega
Co.) was performed as previously described (Takeda et al., 2020). The primer sequences targeting

the M gene of IAV and each PCR condition used in this experiment are listed in Table 2.

1.2.7. TEM observation

The mixtures of purified IAV (6.58 logio TCIDso/mL) mixed with either 5.0 mg/mL of TY-1 or
2.5 mg/mL of dextrin were prepared and kept at 25°C for 48 h. Thereafter, a two-step protocol for
negative staining was performed as described by Imai et al. (2012). Specifically, the TEM samples
were loaded on a 400-mesh carbon-coated collodion grid (NISSHIN EM Co., Ltd., Tokyo, Japan),
and the treated IAV was negatively stained using 2% phosphotungstic acid (pH 6.5) for 2 min. The

samples were observed under TEM (HT7700; Hitachi High-Tech Co., Tokyo, Japan).
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1.2.8. Statistical analysis

In each experiment performed, a Student’s #-test was conducted to determine statistically
significant differences among the TY-1 and dextrin groups to evaluate the viral and hemagglutination
titers. One-way analysis of variance (ANOVA) followed by Tukey’s post hoc test was conducted to
determine statistically significant differences among the viral titers of the TY-1, TFs, catechins,
TFs+catechins, and dextrin groups. P values less than 0.05 specified the significant difference among
the chosen items. Student’s #-test analyses were conducted using Microsoft Excel 2013 (Microsoft
Corporation, Redmond, WA, USA). One-way ANOVA followed by Tukey’s post hoc test was

conducted using Graphpad Prism version 7 (GraphPad Software, La Jolla, CA, USA).
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1.3. Results

1.3.1. TY-1 virucidal efficacy against IAV

First, the virucidal efficacy of TY-1 against [AV was evaluated using different concentrations of
TY-1. Within 24 h of reaction time, all the concentrations of TY-1 tested (0.3, 0.6, 1.3, 2.5, 5.0
mg/mL) showed statistically significant [AV-inactivating activities, which were concentration- and
time-dependent. Moreover, 5.0 mg/mL of TY-1 exhibited a 1.33 logio TCIDso/mL reduction of the
viral titer within 30 min compared to the dextrin group. In 6 h, the reduction in the viral titer was >
5.17 logio TCIDso/mL, which led to below the detection limit in this group (Figure 3a). The
concentration of TY-1 that did not exhibit a significant reduction in the viral titer at certain contact
times was not evaluated for the subsequent shorter reaction times. The 5.0 mg/mL of TY-1 contains
0.034 mg/mL of catechins and 0.083 mg/mL of TFs (Table 1). To evaluate the contribution of
catechins and TFs, which are two of the main virucidal components of TY-1, in IAV inactivation, the
virucidal activity of 5.0 mg/mL TY-1 was compared to that of 0.034 mg/mL catechins solution, 0.083
mg/mL TFs solution, and 0.116 mg/ mL TFs+catechins solution. As a result, the viral titers of dextrin,
catechins, TFs, TFs+catechins, and TY-1 groups were 6.88, 6.56, 5.88, 5.88, and < 3.06 logio
TCIDso/mL, respectively, after 3 h treatment. Additionally, the viral titers of the dextrin, catechins,
TFs, TFs+catechins, and TY-1 groups were 6.13, 5.94, 4.88, 4.38, and < 2.25 logjo TCIDs¢/mL,
respectively, after 24 h treatment. With this reaction time, the viral titer of the TFs group was partially
lower than that of the dextrin group, but that of the TY-1 group was below the detection limit.
Although the viral titer of the catechins group was comparable to that of the dextrin group, that of the

TFs+catechins group was slightly but significantly lower than that of the TFs group (Figure 3b). The
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5.0 mg/mL TY-1 treatment, which exhibited the strongest virus-inactivating activity, was further

tested against IAV to elucidate the mechanism of its virucidal activity.

1.3.2. Impact of TY-1 on IAV proteins

The impacts of the TY-1 treatment on the functions and structures of IAV structural proteins were
analyzed. Here, a purified IAV was used to eliminate the influence of nonviral proteins. After
treatment with 5.0 mg/mL TY-1 for 48 h, the viral titer decreased to below the detection limit
compared to that in the dextrin group (Figure 4a). The impact of the TY-1 treatment under the same
conditions on the hemagglutination activity of the HA protein was evaluated by a hemagglutination
assay. The hemagglutination titer of IAV treated with 5.0 mg/mL TY-1 for 48 h was significantly
lower than that of the dextrin group (Figure 4b). Subsequently, the impacts of TY-1 on the structures
of viral proteins were analyzed with SDS-PAGE. As a result, CBB staining showed the reduction of
intensity for some viral protein bands in TY-1-treated IAV. Such changes were observed for the viral
HAO protein detected in the absence of 2-Me and for HA1 and HA?2 in the presence of 2-Me, and all
the changes were tentatively recognized according to their apparent molecular mass. Contrarily, the
intensities of bands which were presumed to be the M1 and NP proteins were not affected by TY-1
exposure (Figure 4c¢). To further evaluate the impact of TY-1 on viral HA proteins, WB was
performed using a primary antibody that detects the HA protein of IAV. In line with the CBB staining
results, TY-1 treatment strongly reduced the intensity of the ~60 kDa HAO protein band. Additionally,
the intensities of additional > 75 kDa bands/ladder were stronger after the TY-1 treatment than the
dextrin treatment (Figure 4d-left). While the intensities of the HA1 and HA2 bands were weaker

following the TY-1 treatment than the dextrin treatment, the intensities of additional bands/ladder
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with a higher molecular mass were stronger after the TY-1 treatment than the dextrin treatment
(Figure 4d-right). Meanwhile, the effect of TY-1 on the NA activity and the structure of the NA
protein were analyzed by NA assay and WB, respectively. TY-1-treated IAV displayed substantially
lower NA activity than dextrin-treated IAV (Figure 5a). Accordingly, the results of WB using an
antibody against the NA protein of IAV revealed disappearance of the NA protein band in TY-1-

treated IAV, whereas it was clearly identified in dextrin-treated IAV (Figure 5b).

1.3.3. Impact of TY-1 on the viral genome and viral particle

morphology of IAV

The impact of TY-1 on the genome of IAV was evaluated with RT-PCR, in which three diverse
regions of the IAV M gene were amplified to produce amplicons of various lengths using the
designated primers for this study (Table 2). As a result, no PCR products were detected following the
48 h treatment with 5.0 mg/mL TY-1; meanwhile, the PCR products were clearly detected in the
dextrin-treated IAV (Figure 6). Additionally, TEM obserbation of IAV particles treated with 5.0
mg/mL TY-1 for 48 h was performed. The results revealed that the number of IAV particles was
drastically reduced after TY-1 treatment compared to the IAV treated with dextrin group.
Nevertheless, TY-1-treatment did not induce clear morphorogical abnormalities in IAV particles

compared to the dextrin-treated group (Figure. 7a, b).
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1.4. Discussion

In recent decades, natural products have been widely investigated as alternatives to conventional
treatments for several diseases. Medicinal plants were an example of these natural products, which
could provide an effective and safe therapeutic option for many diseases (Dattner, 2003; Pan et al.,
2013). Specifically, among medicinal plant extracts, tea might be the most consumed beverage
worldwide with historical background (Martin and Cooper, 2011). In this study, the virucidal efficacy
of TY-1, a natural tea leaf extract, against IAV was evaluated. TY-1 exhibited concentration- and
time-dependent A V-inactivating efficacy, in line with SARS-CoV-2-inactivationg activity (Takeda
et al., 2021b). TY-1 not only contains considerable amounts of TF derivatives, gallic acid, and
catechins but also an abundant amount of other polyphenols. Although TY-1 contains theanine and
caffeine (Table 1), the virucidal activity of caffeine against any enveloped virus has not been reported
(Utsunomiya et al., 2008), and there have been no reports proving obvious virucidal activity of
theanine. On the contrary, polyphenols, particularly TFs and catechins, are extensively investigated
and found to exhibit the virucidal efficacy against several types of viruses (Chowdhury et al., 2018;
Clark et al., 1998; Lee et al., 2018; Nakayama et al., 1993; Ohba et al., 2017; Ohgitani et al., 2021).
Results obtained in this study showed that TFs partially contributed to the virucidal potential of TY-
1. Inrerestingly, the TFs+catechins treatment exhibited the additive inactivation of IAV compared to
that of the TFs treatment alone. However, catechins' contribution to the inactivation of IAV was
limited (Figure 3b). Accordingly, these finding suggests that not only TFs but also catechins and other
polyphenols included contribute to the comprehensive virucidal activity of TY-1 against IAV. From
an economic point of view, the possible application of TY-1 could be a feasible approach to control
IAV infection as it will be expensive to prepare large quantities of pure TFs and other compounds

with similar bioactive levels of TY-1. The data obtained in the hemagglutination assay, NA assays
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and SDS-PAGE showed the destruction of both HA and NA proteins of IAV by TY-1 treatment
(Figures 4 and 5). Specifically, the target sites of TY-1 in the HA and NA proteins likely included
regions that are involved in hemagglutination activity and NA activity, which may be related to the
virucidal activity of TY-1. Moreover, the impact of TY-1 on the HA protein is consistent with
previous reports in which TFs, ECG, and EGCG inhibited the hemagglutination activity of IAV
(Nakayama et al., 1993; Song et al., 2005; Zu et al., 2012). Likewise, the effect of TY-1 on the NA
protein is also consistent with previous reports in which TFs, ECG, and EGCG inhibited NA activity
(Muller and Downard, 2015; Song et al., 2005; Zu et al., 2012). As a result of WB targeting HA
protein, it was found that TY-1-induced reduction of the band intensity of HAO, which consists of
HA1 and HA2 subunits, and seemed to be greater than the reduction of the band intensities of
individual HA1 and HA2 subunits. Furthermore, it was observed that TY-1 treatment enhanced the
presence of high molecular mass ladders/bands of the HA proteins (Figure 4d). These ladders/bands
are considered as HA aggregates or HA multimers. Similarly, high molecular mass ladders/bands of
some viral spike proteins have been detected with the treatment by other polyphenolic compounds
(Takeda et al., 2021a). Additionally, it has been reported that polyphenols could interact with proteins
in either covalent or non-covalent interactions, which enhances the cross-linking of proteins and
hence the development of a high molecular mass complex (Ozdal et al., 2019). Accordingly, our data
proposes that the polyphenolic compounds present in TY-1 may interact with some regions of both
HA1 and HA2 subunits, hence the aggregation of these proteins was induced. Furthermore, the
reduction of the band intensity of HA0, which possesses multiple sites of action present in both HA1
and HA2 subunits, was stronger than those of separate subunits. On the contrary, the result of WB
targeting IAV NA protein revealed that TY-1 treatment did not induce the appearance of such high
molecular ladders/bands despite the complete disappearance of the NA band (Figure 5b). These

differences in the TY-1-treated HA and NA proteins band patterns may be explained due to the
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differences in the amino acid sequences and secondary/tertiary constructions of both HA and NA
proteins. TEM observation performed in this study revealed a substantial decrease in the number of
TIAV particles after TY-1 treatment, suggesting that TY-1 might damage the virions and subsequently
inhibited viral adsorption onto and penetration into host cells. Moreover, it was also observed that
TY-1 treatment disrupted IAV genomes. This result was consistent with other polyphenol-enriched
plant extracts that induced the destruction of the RNA of various virus species (Takeda et al., 2020;
Takeda et al., 2021a; Takeda et al., 2021b).

Overall, the results in this study propose that the virucidal mechanism of TY-1 could be attributed
to numerous factors rather than a single action. Some specific chemical structures of compounds
contained in TY-1 could contribute to the virucidal activity of TY-1; for example, it has been
reported that the number of galloyl groups of TFs and catechins seems to have a direct relation to
their virucidal efficacy (Liu et al., 2005; Quosdorf et al., 2017; Song et al., 2005).

For the future application of TY-1, it may be recommended to be applied as a virucidal troche or
mouthwash. This recommendation is supported by previous reports suggesting that gargling with
black tea and GTE reduced the incidence of influenza (Ide et al., 2014; Iwata et al., 1997; Yamada et
al., 2006). Furthermore, Lee et al. (2012) found that water and diet comprising green tea components

suppressed influenza virus replication in animal experiments.
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1.5. Conclusion

This study showed TY-1, a tea leaf extract enriched with TFs and other polyphenols, exhibited a
concentration- and time-dependent IAV virucidal efficacy. Of note, TY-1 destroyed the spike proteins
and genome of AV in addition to destruction of viral particles. In advance, these findings suggest

the potential contribution of TY-1 as a virucidal agent for the prevention and control of AV infection.
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Table 2. The primers sequences and the RT-PCR conditions utilized in this study targeting M
gene of IAV

Primers Primer sequences RT-PCR condition
mane
IAV-Primer Fwd: 95°C for 5 min
set 1 5'-ATGAGTCTTCTAACCGAGGTC-3' l
(982 bp) [95°C for 30 sec,
Rev: 52°C for 30 sec,
5'-GTCAGCATAGAGCTGGAGTAA-3"  72°C for 1min]
X 25 times
!
72°C for 10 min
IAV-Primer Fwd: 95°C for 5 min
set 2 5'-AAGACCAATCCTGTCACCTC-3' l
(253 bp) [95°C for 30 sec,
Rev: 52°C for 30 sec,
5'-CAGTTGTATGGGCCTCATATAC-3’ 72°C for 1min]
X 22 times
!
72°C for 10 min
IAV-Primer Fwd: 95°C for 5 min
set3 5'-ACAGATTGCTGACTCCCA-3' l
(320 bp) [95°C for 30 sec,

Rev:
5'-TGATCCTCTCGCTATTGCC-3'

52°C for 30 sec,
72°C for 1min]
x 20 times

}
72°C for 10 min
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Figure 3. Evaluation of TY-1 virucidal impact at several concentrations and contact times. (a, b)
Dextrin (2.5 mg/mL) was used as a solvent control. The results are shown as the mean = SD (n =>4
per group). (a) Student’s t-test was done to analyse the statistical differences between each TY-1
group and the dextrin group: *p < 0.05, **p <0.001, ***p <0.001. NT: not tested. (b) To analyze the
statistical differences between all test solution groups, ANOVA proceeded by Tukey’s post hoc test
was done; test solution groups of different letters were considered significantly different (*p < 0.05).
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Figure 4. Evaluation of the impact of TY-1 on IAV HA protein. TY-1 and dextrin solutions were
mixed with the purified IAV solution and kept at 25°C for 48 h. (a) The viral titer of the mixture was
evaluated. The results are presented as the mean = SD (n = 3 per group). (b) The mixtures'
hemagglutination titers were evaluated. The results are presented as the mean = SD (n = 3 per group).
Student’s #-test was achieved to analyze statistical differences between the TY-1 and dextrin groups:
***p <0.001. (c) CBB staining of the gel from SDS-PAGE. Dex: dextrin, 2-Me: 2 mercaptoethanol,
M: Marker. (d) Results of WB to detect IAV HA proteins. (¢, d) SDS-PAGE without or with 2-Me
was achieved to evaluate the bands of HAO or HA1/HA2. The results are representative of three
individual experiments.
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Figure 5. Evaluation of the impact of TY-1 on IAV NA protein. TY-1 and dextrin solutions were
mixed with the purified IAV solution and kept at 25°C for 48 h. (a) The NA activity of the mixture
was evaluated. The results are presented as mean £ SD (n = 3 per group). (b) The result of WB for
IAV NA detection is shown. Dex: dextrin, 2-Me: 2 mercaptoethanol. The results represent two
independent experiments.
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Figure 6. Impact of TY-1 on the IAV genome. TY-1 and dextrin solutions were mixed with the
purified IAV solution and kept at 25°C for 48 h. The extracted viral RNA from the mixtures was used
for the RT-PCR. Using IAV-Primer sets 1, 2, and 3. RT-PCR was performed to amplify 982, 253,
and 320 bp of the M gene of IAV, respectively. The results are representatives of more than two
individual experiments. M: marker, Dex: dextrin.
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Figure 7. TEM of TY-1-treated IAV virions. Dextrin (a) and TY-1 (b) solutions were mixed with the
purified IAV solution and kept at 25°C for 48 h. Subsequently, the IAV particles were observed under
TEM. The results are representative of TY-1- and dextrin-treated viral particles within a single 6.25
um? field and 0.52 um? field of the upper and lower panel, respectively. Dex: dextrin.
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Chapter II

In vitro virucidal efficacy of theaflavins-enriched TY-1 tea leaf extract

against human norovirus surrogates

2.1. Introduction

In humans, infection with enteric food-borne viruses represents the primary cause of acute
gastroenteritis (AGE) (Banyai et al., 2018). Amongst the food-borne viruses, in low- and high-
income countries, HuNoV causes about one-fifth of AGE cases, leading to over 200,000 deaths
per year between all age categories (Ahmed et al., 2014; Atmar et al., 2018; Banyai et al., 2018).
Moreover, the economic losses resulting from HuNoV outbreaks cost approximately 4.2 billion
USD annually (Bartsch et al., 2016). HuNoV likely could persist on hands, environmental
surfaces, and inanimate objects for a considerable time. Specifically, after 2 h of incubation, the
RNA of HuNoV can be detected on the finger pads of humans (Liu et al., 2009), and after > 28
days on environmental surfaces (Djebbi-Simmons et al., 2020; Lamhoujeb et al., 2009).
Accordingly, this feature could contribute to the outbreaks and the high prevalence of HuNoV
infection detected in closed environments, such as schools, cruise ships, long-term care facilities,
and food service foundings (Cook et al., 2016; Lopman et al., 2012). Currently, no approved
antiviral drugs or vaccines are available for HuNoV. However, several virucidal chemical
compounds have been tested on environmental surfaces for disinfection of HuNoV surrogate
viruses (Girard et al., 2016; Magulski et al., 2009; Zonta et al., 2018). Nevertheless, the residual
property in the environment and the adversative health impacts of some of these virucidal

compounds accounted for their limited application as a daily-use sanitizer. Therefore, it is
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necessary to develop effective and environmentally-friendly strategies to inhibit and prevent

HuNoV infection.

The difficulty in HuNoV propagation and cultivation in major cell culture systems represents
a significant concern that hindering the research on this virus. Meanwhile, HuNoV was
successfully cultivated in some recent studies using human enteroids, B cells, and zebrafish larvae
model (Duizer et al., 2004b; Ettayebi et al., 2016; Van Dycke et al., 2019). However, some
limitations hindered the use of these methods (e.g., low reproducibility, complicated procedures,
or lower virus amplification efficiency). The quantitative RT-PCR is regarded as the gold
standard for HuNoV detection due to its high sensitivity and specificity for detecting and
evaluating the RNA of HuNoV in different clinical and environmental samples (Vinjé, 2015).
However, to distinguish between infectious and non-infectious HuNoV, genome-based molecular
approaches like quantitative RT-PCR assay cannot be used. Altogether, the deficiency of a well-
established cell culture model for HuNoV has hindered the evaluation of the virus infectivity by
the plaque or TCIDso assays. Accordingly, the assessment of inactivation activities of
disinfectants against HuNoV remains mainly dependent on the use of readily available cultivable
surrogates with comparatively close genetic and structural similarities to HuNoV, such as the
FCV, MNV, and Tulane virus (Duizer et al., 2004a; Kamarasu et al., 2018; Tree et al., 2005;
Wobus et al., 2006). FCV belongs to the Vesivirus genus, infecting domestic cats and causing
respiratory disease. Even though the disease signs are dissimilar from those of HuNoV, FCV was
approved for a long time as a surrogate virus by the U.S. Environmental Protection Agency to
evaluate the effectiveness of various virucidal agents against HuNoV (United States
Environmental Protection Agency, 2017). Meanwhile, in 2003, MNV was first detected when
researchers recognized sporadic deaths in severely immunocompromised mice due to the virus

infection (Karst et al., 2003). In addition, a further study identified MNV as a new member of the
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Nov genus with genetic and structural features similar to those of HuNoV (Wobus et al., 2006).
Therefore, in virus inactivation studies, both FCV and MNV have been commonly used as
surrogate viruses of HuNoV (Cromeans et al., 2010; Fraisse et al., 2011; Kahler et al., 2010;

Nowak et al., 2011; Predmore and Li., 2011).

Many herbal plants are found to be harmless to humans and the environment. As a result,
their potential use as hand sanitizers against different pathogens has become a research focus
(Daverey and Dutta, 2021; Kalaivani et al., 2018; Malabadi et al., 2021). Thus, the ability of these
herbal plants to prevent HuNoV infection should be tested. Accordingly, in this study, the
virucidal efficacy of TY-1 against HuNoV surrogates FCV and MNV, as representatives of non-
enveloped-RNA viruses, was evaluated. In addition, the virucidal mechanism of TY-1 was
investigated, and the possible application of TY-1 to prevent HuNoV transmission and infection

was discussed.
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2.2. Materials and methods

2.2.1. Viruses and cells

Dr. Ken Maeda (Yamaguchi University, Yamaguchi, Japan) kindly provided the FCV F9
strain, and Crandell-Rees feline kidney (CRFK) cells. Dr. Yukinobu Tohya (Nihon University, Tokyo,
Japan) kindly provided the MNV S7 strain. The RAW264 cells were purchased from the RIKEN
BRC (Ibaraki, Japan). After FCV and MNV inoculation, CRFK and RAW264 cells were cultivated
in the VGM, as previously mentioned (Takeda et al., 2020). In some experiments, purified FCV and
MNYV solutions were used. For the preparation of purified virus solutions, the supernatant of the virus-
inoculated cells were layered on 30% sucrose (Nacalai Tesque Inc., Kyoto, Japan.) in an
ultracentrifuge tube (Hitachi Koki Co., Ltd., Tokyo, Japan), and ultracentrifugation was performed
for 3 h at 100,000 x g. After that, the pellets of viruses were resuspended in PBS and these purified

virus solutions were stored till use at —80°C.

2.2.2. Preparation of test solutions

The chemical structure of the TY-1 powder, the process of producing of TY-1, the yields of
compounds in TY-1, and the preparation methods of test solutions were specifically described in the

general introduction and Chapter I.
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2.2.3. Evaluation of TY-1 virucidal efficacy against FCV and MNV

The virucidal efficacy of TY-1 against FCV and MNV was investigated by mixing equal
volume of the unpurified viral solutions with either 0.6 to 10.0, or 50.0 mg/mL of TY-1 or 5.0 or 25.0
mg/mL of dextrin. The final concentrations of TY-1 and dextrin were 0.3 to 5.0, or 25.0 mg/mL and
2.5 or 12.5 mg/mL in the mixtures, respectively. Furthermore, the virucidal efficacy of the different
chemical components present in TY-1 was evaluated by mixing 0.165 mg/mL of TFs, 0.067 mg/mL
of catechins, and 0.232 mg/mL of TFs+catechins solutions with equal volume of FCV or MNV
solutions. The final concentrations of TFs, catechins, and TFs+catechins were 0.083, 0.034, and 0.116
mg/mL, respectively in the mixture. The viral titers of FCV and MNV were approximately 6.6 and
5.3 logio TCIDs¢/mL in the mixture, respectively. Thereafter, all the mixtures were incubated at 25°C
for 10 s to 24 h contact times, and the viral titers (logjo TCIDso/mL) were measured as mentioned in
Chapter 1. The cytotoxicity of each test solutions in CRFK and RAW264 cells under a virus-free
condition was measured. Briefly, CRFK and RAW264 cells were cultured in VGM in the presence
of various concentrations of TY-1, TFs, catechins and dextrin. The final concentrations of TY-1 in
the medium were ranged from 0.3 to 5.0 mg/mL or 25.0 mg/mL, and the final concentration of TFs
and catechins were 0.083, 0.034 mg/mL, respectively. Meanwhile, the final concentration of dextrin
were 2.5 or 12.5 mg/mL. After that the cytotoxic concentrations of the tested solutions were estimated
as mentioned in Chapter 1. Based on the result of the cytotoxicity test, the detection limit of the viral
titers was determined as 1.25 logio TCIDso/mL for the solutions containing TFs, catechins,
TFs+catechins, dextrin, or 0.3, 0.6, and 1.3 mg/mL TY-1. Meanwhile, the detection limit of the viral
titers was 2.25 logio TCIDso/mL for the solutions containing 2.5 or 5.0 mg/mL TY-1, and 3.25 logio

TCIDso/mL for the 25.0 mg/mL TY-1 solution.
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2.2.4. Evaluation of TY-1 virucidal efficacy against FCV and MNV

on a dry surface

The volume of 0.06 mL of unpurified FCV and MNV solutions were added to six-well plates
(Nunc, Rochester, NY, USA). The viral titers of FCV and MNV solutions were set approximately to
6.9 and 5.3 logio TCIDso/mL, respectively. Subsequently, 0.1 mL of 5.0 mg/mL TY-1 or 2.5 mg/mL
dextrin were applied after complete dryness of the virus solutions over the entire surface of each well,
and the plates were kept at 25°C for 10 min. Then, the solutions were harvested, and the viral titers

were measured as mentioned in Chapter 1.

2.2.5. WB analysis

WB was performed to evaluate MNV VP1 as previously described (Takeda et al., 2020).
Briefly, a purified MNV solution (5.6 logio TCIDso/mL) was mixed with an equal volume of the TY-
1 or dextrin solution to achieve the final TY-1 and dextrin concentration of 5.0 and 2.5 mg/mL,
respectively. Thereafter, the one-third volume of a 4 x SDS sample buffer containing 2-Me was added
to the mixtures immediately (0 h contact time) or after 24 h incubation at 25°C (24 h contact time).
Then, SDS-PAGE was performed, followed by WB analysis using a mouse anti-norovirus (MNV-1)
antibody (Merck & Co., Inc., Kenilworth, NJ, USA, Catalog No. MABF2097, Clone: 5C4.10,) and a
goat anti-mouse I1gG2b cross-adsorbed secondary antibody, Horseradish peroxidase (HRP)-labeled
(Catalog No. M32407, Thermo Fisher Scientific Inc. Waltham, MA, USA) to detect the MNV VP1

protein.
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2.2.6. RT-PCR analysis

RT-PCR was performed to investigate the TY-1 impact on FCV and MNV genomes as
previously mentioned (Takeda et al., 2020). In summary, an equal volume of the TY-1 or dextrin
solution was mixed with the purified FCV (7.3 logio TCIDs¢/mL) or MNV (7.3 logio TCIDso/mL).
The final concentrations of TY-1 and dextrin were 5.0 and 2.5 mg/mL, respectively. For RNA
extraction, ISOGEN-LS was added either immediately (0 h contact time) or following 24 h incubation
at 25°C (24 h contact time) to the mixtures. Thereafter, using the FastGene cDNA Synthesis 5 x
ReadyMix OdT, the extracted RNA was reverse transcribed, and the PCR was performed using
various primers sequences, and the ues of GoTaq® Green Master Mix under specific PCR conditions

(Table 3).

2.2.7. Observation of the morphology of FCV and MNYV virions

using TEM

An equal volume of the TY-1 or dextrin solutions was mixed either with the purified FCV
(7.3 logio TCIDso/mL) or the purified MNV (7.3 logio TCIDso/mL). The final concentrations of TY-1
and dextrin were 5.0 and 2.5 mg/mL, respectively. The mixtures were kept for 6 h at 25°C. Then, the
viral particles in the negatively stained samples were observed using TEM as mentioned in Chapter

L
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2.2.8. Statistical analysis

In each experiment performed, a Student’s f-test was conducted to determine statistically
significant differences between the TY-1 and dextrin groups. Furthermore, the Student’s #-test with
Bonferroni correction for multiple comparisons was conducted to determine statistically significant
differences among the viral titers of the TY-1, TFs, catechins, TFs+catechins, and dextrin groups. P
values less than 0.05 specified the significant difference among the chosen items. These analyses

were completed using Microsoft Excel 2013.
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2.3. Results

2.3.1. Virucidal efficacy of TY-1 against FCV and MNV

The virucidal efficacy of TY-1 at various concentrations against FCV and MNV was
investigated. TY-1 showed the virucidal activity against both viruses in a concentration- and -time
dependent manner. Specifically, at 1 min to 24 h contact times, the viral titers of the 1.3, 2.5, and 5.0
mg/mL TY-1-treated FCV solution were significantly reduced compared with that of the dextrin-
treated FCV solution. Furthermore, at the contact times of 6 h and 24 h, the viral titers of the FCV in
either 2.5 or 5.0 mg/mL TY-1-terated group were below the detection limit. Specifically, at the 6 h,
compared with the dextrin group, the reductions in viral titer by 2.5 and 5.0 mg/mL TY-1 were > 3.8
logio TCIDso/mL. Meanwhile, the significant reductions in viral titer in the FCV solutions treated with
either 2.5 or 5.0 mg/mL TY-1 were 0.5 and 1.3 logio TCIDs¢/mL, respectively at the 10 s contact time
(Figure 8a). On the other hand, the significant reductions in the viral titre of MNV solution treated
with 0.3-5.0 mg/mL TY-1 were observed at 1-24 h contact times. Specifically, at the contact time of
24 h, the reduction of the viral titer of 5.0 mg/mL TY-1-treated MNV solution was below the detection
limit (reduction by > 2.7 logio TCIDso/mL). Additionally, compared with the dextrin group, the
treatment with 5.0 mg/mL TY-1 caused a significant decrease in the viral titer by 0.5 logio TCIDso/mL
at the 10 min contact time (Figure 8b). The concentration of TY-1 that did not exhibit a significant
reduction in the viral titer at certain contact times was not evaluated for the subsequent shorter
reaction times. Afterward, the virucidal activities of TY-1 at a higher concentration (25.0 mg/mL)
against FCV and MNV were assessed at 1 min contact time. As a result, the 25.0 mg/mL TY-1
significantly reduced the viral titer of FCV and MNV with > 3.44 and 0.88 logio TCIDso/mL reduction,

respectively (Figure 8c, d).
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Additionally, the virucidal impact of 0.034 mg/mL catechins, 0.083 mg/mL TFs, and 0.116
mg/mL TFs+catechins compared with that of 5.0 mg/mL TY-1 against FCV and MNV was evaluated.
The concentrations of catechins, TFs, and TFs+catechins solutions were equal to their concentrations
in the 5.0 mg/mL TY-1 solution. When each test solution and FCV were mixesd, TFs, TFs+catechins,
and TY-1 significantly reduced the viral titer by 3.1, 3.0, and > 4.3 (below the detection limit) logio
TCIDso/mL at the 3 h contact time, respectively. Meanwhile, no statistical difference was exhibited
in the viral titres between catechins and dextrin groups at that contact time. Furthermore, at the contact
time of the 24 h, the viral titer reduction by catechins, TFs, TFs+catechins, and TY-1 were 0.9, 3.3,
3.7, and > 3.3 (below the detection limit) log;o TCIDso/mL, respectively (Figure 9a). When each test
solution and MNV were mixed, the viral titer reduction by catechins, TFs, TFs+catechins, and TY-1
were 1.4,2.1, 2.5, and 2.1 logjo TCIDso/mL at the 3 h contact time, respectively. Meanwhile, the viral
titer reduction by catechins, TFs, TFs+catechins, and TY-1 were 1.1, 2.4, 2.7, and > 2.4 (below the

detection limit) log;o TCIDso/mL at the contact time of 24 h, respectively (Figure 9b).

2.3.2. Virucidal efficacy of TY-1 against FCV and MNV on a dry

surface

The virucidal efficacy of TY-1 on a dry surface against FCV and MNV was investigated. At
the contact time of 10 min, the significant viral titers reductions by 5.0 mg/mL TY-1 were 2.75 and

1.5 logio TCIDso/mL against FCV and MNV, respectively (Figure 10a, b).
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2.3.3. TY-1 impact on the structural protein of MNV

The purified MNV solution was mixed with the TY-1 or dextrin solution. Subsequently, the
impact of TY-1 on the VP1 protein of MNV was analyzed by WB. Accordingly, at the 0 h contact
time, there was no difference in protein band patterns in both the dextrin- and TY-1-treated MNV.
Meanwhile, the VP1 band was observed in the dextrin-treated MNYV solution but not in the TY-1-

treated MNV solution at the contact time of 24 h (Figure 11).

2.3.4. TY-1 impact on the genomes of FCV and MNV

The impact of TY-1 on the FCV and MNV genomes was evaluated by RT-PCR at the 0 and
24 h contact times. As a result, at 0 h contact time, there was no observed change in the band
intensities of the specific PCR products in both TY-1-treated and dextrin-treated viruses. Meanwhile,
after 24 h, the PCR products were detected only in the dextrin-treated viruses and were hardly

observed in the TY-1-treated viruses (Figure 12a, b).

2.3.5. TY-1 impact on the viral particles of FCV and MNV

The morphological changes in FCV and MNV particles induced by 5.0 mg/mL TY-1 were
observed using TEM. At the contact time of 6 h, the FCV and MNYV particles appeared to preserve
typical structures, which were observed in the dextrin-treated sample (Figures 13a, ¢, e, g). In contrast,

several TY-1-treated FCV and MNV particles exhibited abnormal structures (e.g., loss of cup-shaped
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depressions on the capsid, reduction in diameter of viral particles), and the aggregation of viral
particles was detected. Moreover, there was a noticeable reduction in the number of intact viruses in

the TY-1 treatment group (Figures 13b, d, f, h).
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2.4. Discussion

Using cultivable surrogate viruses is a proposed procedure for HuNoV research due to the
unavailability of the reproducable and practical cell cultivation system. To prevent outbreaks of food-
borne HuNoV infection, the establishment of virucidal agents became crucial. Sodium hypochlorite
(NaClO) is one of the recommended disinfectants for HuNoV. Duizer et al. (2004a) reported that
sufficient concentrations (around 100-3,000 ppm) of NaClO showed the virucidal efficacy against
FCV and MNYV both on surfaces and in solution within a few minutes, and proposed that the degree
of virus inactivation was proportional to the concentration of NaClO. Unrelatedly with its rapid and
broad virucidal activity, the main disadvantage of using NaClO is that it is not always appropriate or
approved for application on food, skins, and environmental surfaces due to its corrosiveness and
toxicity. On the other hand, there have been many reports demonstrating the virucidal effects of plant
extracts against HuNoV or its surrogate (D’Souza, 2014; Elizaquivel et al., 2013). It has been found
that TY-1 showed multiple modes of virucidal activity against enveloped-RNA viruses like IAV as
described in Chapter I, and SARS-CoV-2 (Takeda et al., 2021b). In this study, the virucidal efficacy
of TY-1 against non-enveloped HuNoV surrogates, FCV and MNV, was further evaluated. TY-1
exhibited concentration- and time-dependent virucidal efficiency against FCV and MNV. In addition,
a potent and rapid TY-1-mediated inactivation of FCV compared with MNV was observed, where
2.5 mg/mL TY-1 inactivated FCV in 10 s, while 5.0 mg/mL TY-1 took more than 10 min for the
inactivation of MNV (Figure 8a, b). However, at the contact time of 1 min, the higher concentration
of TY-1 (25.0 mg/mL) exhibited a statistically significant virucidal efficacy against MNV (Figure
8d). Moreover, unlike FCV on a dry surface, MNV was less sensitive to TY-1 (Figure 10). These
results correspond to the previous findings that FCV was more sensitive than MNV to plant-based

polyphenols (Su et al., 2010a; Su et al., 2010b; Su et al., 2011). Furthermore, Ueda et al. (2013)
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evaluated the virucidal efficacy of GTE against FCV and MNV. They described that both viruses
were inactivated by the GTE at 3 min contact time, with FCV being more affected by the virucidal
impact of the GTE than MNV. An additional study identified that a chitosan-based film containing >
10% of GTE inactivated MNV solutions at 3 h contact time (Amankwaah et al., 2020). Besides, on
clean stainless steel and glass surfaces, 10 mg/mL of GTE exhibited a reduction in viral titer of MNV
by 1.42 and 1.96 logio TCIDso/mL at 15 min contact time, respectively (Randazzo et al., 2017). In
these studies, the GTE exhibited concentration- and time-dependent virucidal efficacy, similarly
detected in our finding. Thereafter, the TY-1 virucidal mode of action against FCV and MNV was
investigated. In the WB analysis, the disappearance of the VP1 capsid protein band in the TY-1-
treated MNV was observed (Figure 11). This result is reliable with the previous report in which
Saxifraga spinulosa, a flavonoid-enriched medicinal herb, affected the structural proteins and viral
capsids of non-enveloped and enveloped-RNA viruses (Takeda et al., 2020). Particularly in non-
enveloped viruses, the capsid protein importantly protect the viral RNA inside and enhances viral
adsorption to the host cell, and facilitates infection establishment (Cliver, 2009). Subsequently, the
impact of TY-1 on viral RNA was investigated using RT-PCR. As anticipated, the specific bands
disappeared in TY-1-treated FCV and MNV (Figure 12). Furthermore, the TEM analysis showed that
TY-1 treatment induced abnormalities in virion morphology (Figure 13). These results suggest that
TY-1 could induce conformational changes in viral proteins or possibly destruction of the capsid
protein, and eventually disruption of the viral genome. These findings are similar to the virucidal
mechanism of action of allspice oil, which induced the disruption of the viral genome and destruction
of the capsid protein of MNV (Gilling et al., 2014). Overall, in this study, TY-1 showed the similar
mode of virucidal action against FCV and MNV as that against IAV mentioned in Chapter I and
SARS-CoV-2 (Takeda et al., 2021b). As described earlier, 5.0 mg/mL TY-1 contains 0.034 mg/mL

catechins and 0.083 mg/mL TFs. As described in Chapter I, the contribution of catechins to IAV
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inactivation by 5.0 mg/mL TY-1 was partial, and that of TFs was stronger. In this study, limited but
confirmed FCV/MNV-inactivation was accomplished under catechins treatment as well as TFs
treatment (Figures 9a, b), which is consistent with the previous findings explained the virucidal
impact of catechin derivatives on FCV/MNV (Cliver, 2009; D’Souza, 2014; Oh et al., 2013;
Randazzo et al., 2017). These findings propose that both TFs and catechins may contribute to the
virucidal efficacy of TY-1. Although the MNV-inactivating activity of 5.0 mg/mL TY-1 and 0.083
mg/mL TFs was comparable (Figure 9b), the FCV-inactivating activity of TY-1 with this
concentration was stronger than the 0.116 mg/mL TFs+catechins (Figure 9a). The result of the
experiment targeting IAV in Chapter I and targeting FCV in this Chapter may propose that TY-1

contains additional virucidal compounds besides TFs and catechins.

Even though these results afford important information regarding the virucidal efficacy of
TY-1 against HuNoV surrogates, there are some limitations. The results obtained from HuNoV
surrogates have been constantly debated and challenged, and such surrogates do not always behave
in the same way as HuNoV. Therefore, their results should be carefully interpreted (Cromeans et al.,
2014; Kniel, 2014; Richards, 2012). This study used FCV and MNV, which are different surrogate
viruses with diverse characteristics. Additional experiments targeting other HuNoV surrogates (e.g.,

Tulane virus) could contribute to a better prediction of the virucidal efficacy of TY-1 against HuNoV.

Furthermore, the viability-quantitative RT-PCR and TEM analysis of HuNoV particles
treated by virucidal agents (Takahashi et al., 2015) may also contribute to the evaluation of the impact
of TY-1 on virus capsids. This study focused only on testing TY-1 as a virucidal disinfectant in
solutions and on environmental surfaces against HuNoV surrogates. However, another point that
should be considered is the frequent incidence of HuNoV food-borne transmissions by ingesting

uncooked or partially cooked virus-infected bivalve shellfish (Gorji et al., 2021). Currently, there are
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no affordable disinfectants to remove HuNoV inside the bivalve shellfish. Hence, it may be feasible
to investigate the possible application of TY-1 regarding this condition. Moreover, the results
described by Falco et al. (2020) suggested the possible synergistic virucidal activity of a gentle heat
treatment with plant-derived components such as TY-1, which may contribute to controlling
foodborne HuNoV transmission. Overall, future studies targeting whether TY-1 can efficiently

deactivate HuNoV in foods, bivalve shellfish, and food contact surfaces are highly warranted.
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2.5. Conclusion

In this study, TY-1 showed the virucidal efficacy against HuNoV surrogate viruses, one of the
most important food-borne viruses. TY-1 exhibited a concentration- and time-dependent virucidal
efficacy against the both viruses in solution. Additionally, it also deactivated the two surrogate viruses
on a dry surface. Furthermore, TY-1 promoted the profound destruction of virion structures, including
the genome and capsid proteins. Hence, our results suggested that TY-1 can be potentially applied as
a harmless virucidal agent that can be applied to the disinfection of HuNoV both in solution and on

various environmental surfaces.
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Table 3. The PCR conditions and primer sequences targeting the VP1 gene of FCV and the
nonstructural polyprotein gene of MNYV used in this study

Primers name Primer sequences RT-PCR

condition
FCV-Primer set Fwd: 5'-TCCACACTAGCGTCAACTGG-3' 95 °C for 5 min
(264 bp) Rev: 5'-GACGAGCGTCAAACAGAACA -3' l

[95 °C for 30 sec,
49 °C for 30 sec,
72 °C for 1 min]
x 22 times
l
72 °C for 10 min

MNYV-Primer set Fwd: 5'-GCCCACTGGATTCTGACTCT-3' 95 °C for 5 min
(549 bp) Rev: 5'-GGTCTCAGCATCCATTGTTCG3' l

[95 °C for 30 sec,
56 °C for 30 sec,
72 °C for 1min]
x 35 times
!
72 °C for 10 min
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Figure 8. Evaluation of the virucidal efficacy of TY-1 on FCV and MNV. FCV (a,c) or MNV (b,d) solutions were mixed with TY-1 [final
concentration: 0.3-5.0 mg/mL (a,b) or 25.0 mg/mL (c,d)] or dextrin [2.5 mg/mL (a,b) or 12.5 mg/mL (c,d)]. The mixtures were kept at
25°C from 10 s to 24 h. The data are expressed as mean = SD (rn = > 6 per group). The Student’s ¢-test was performed to evaluate the
statistically significant differences between the dextrin group and TY-1 group with each concentration; *p < 0.05; **p < 0.01; ***p <
0.001; NT: not tested.
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Figure 9. Evaluation of the virucidal efficacy of TY-1, TFs, catechins, and TFs+catechins, on FCV and MNV. FCV (a) or MNV (b)
solutions were mixed with dextrin (final concentration: 2.5 mg/mL), and catechins (0.034 mg/mL), TFs (0.082 mg/mL), TFs+catechins
(0.116 mg/mL), or TY-1 (5.0 mg/mL). Then the mixtures were kept at 25°C for 3 and 24 h. The data were expressed as mean = SD (n
=2> 6 per group). Student’s #-test with Bonferroni correction for multiple comparison was performed to evaluate the statistical
significance of the differences among the different groups; *p < 0.05; **p < 0.01; ***p < 0.001; ns: not significant.
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Figure 10. Evaluation of the virucidal efficacy of TY-1 against FCV and MNV on a dry surface. TY-
1 (final concentration: 5.0 mg/mL) or dextrin (2.5 mg/mL) was applied on the FCV (a) or MNV (b)
on a dry surface, and kept at 25°C for 10 min. The data were expressed as mean = SD (rn => 3 per
group). Student’s ¢-test was performed to evaluate the statistical significance of the differences among
the dextrin group and TY-1 group; **p <0.01; ***p <0.001.
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Figure 11. Impact of TY-1 on MNV VPI structural protein. The purified MNV solution
was either mixed with TY-1 (final concentration: 5.0 mg/mL) or dextrin (2.5 mg/mL) and
kept at 25°C for 0 or 24 h. Then, WB was achieved to detect the MNV VP1 structural
protein. The results were representative of 2 individual experiments. Dex: dextrin.
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Figure 12. Impact of TY-1 on the genomes of FCV and MNV. The purified FCV (a) or
MNYV (b) solutions were mixed with TY-1 (final concentration: 5.0 mg/mL) or dextrin (2.5
mg/mL) and kept at 25°C for 0 or 24 h. Then, RT-PCR was performed to analyze the
extracted viral RNA from the treated FCV and MNV. RT-PCR was done using the primer
set to amplify the region on the gene encoding FCV VP1of 264 bp (a) or the primer set to
amplify the region on the gene encoding the MNV nonstructural polyprotein of 549 bp (b).
Dex: dextrin.
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Figure 13. Morphology of dextrin- or TY-1-treated FCV and MNV particles under TEM at higher (a,
b, ¢, d) and lower (e, f, g, ¢c) magnifications. The purified FCV or MNV solutions were mixed either
with dextrin (final concentration: 2.5 mg/mL) (a, c, e, g) or TY-1 (5.0 mg/mL) (b, d, £, h) and kept at
25°C for 6 h. Then, the viral particles were detected using TEM.
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General Discussion

To prevent viral infection, the use of an efficient natural virucidal substance may be a
powerful approach. In the present study, the virucidal efficacy of TFs-enriched tea leaf extract TY-1,
which comprises a considerable amount of polyphenols including TFs and other catechins, against
enveloped and non-enveloped-RNA viruses was evaluated. In Chapter I, the IAV-inactivating activity
of TY-1 as a representative of enveloped-RNA virus was investigated. TY-1 exhibited concentration-
and time- dependent virucidal efficacy against IAV. Specifically, 5.0 mg/mL TY-1 reduced the viral
titer by 1.33 and > 5.17 logio TCIDso/mL within the reaction time of 30 min and 6 h, respectively.
TY-1 treatment decreased the band intensity of HA and enhanced the appearance of additional
ladders/bands with high molecular mass. In addition, the band intensity of NA was also reduced after
TY-1 treatment which was revealed with WB. Meanwhile, the hemagglutination and NA assay
showed that TY-1 reduced hemagglutination and NA activities. These results specified that TY-1
induced structural abnormalities in the spike proteins of IAV. Moreover, RT-PCR targeting the IAV
genome and TEM analysis of viral particles revealed that upon application of TY-1, the viral genes
were damaged, and the number of intact viral particles were drastically reduced. The virucidal action
of TY-1 was accredited to the combined additive activities of various virucidal compounds including

TFs and catechins

In Chapter II, the virucidal efficacy of TY-1 against the HuNoV surrogates was evaluated as
representatives of non-enveloped-RNA virus. The viral titer of both surrogate viruses FCV and MNV
was reduced in a concentration- and time-dependent manner by TY-1 treatment. Specifically,
statistically significant reductions of viral titers in FCV treated by 5.0 mg/mL TY-1 and MNV treated
by 25.0 mg/mL TY-1 were recognized in 10 sec and 1 min, respectively. Additionally, TY-1 reduced

FCV and MNYV viral titers on a dry surface within 10 min reaction time.
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Thereafter, the impact of TY-1 on viral capsid proteins and viral genome was investigated with
WB, RT-PCR, and TEM. Accordingly, TY-1 induced the profound destruction of capsid proteins,
genomes, and viral particles. The various compounds present in TY-1, including TFs and catechins,

seemed to attributed to the overall virucidal efficacy of TY-1.

Altogether, our findings indicate that the virucidal mechanism of TY-1 could be attributed to
multiple factors rather than a single action. Furthermore, the virucidal efficacy of TY1 could be
attributed to the chemical structures of compounds in TY-1. For example, it has been reported that
the number of galloyl groups of TFs and catechins seems to have a direct relation to their virucidal
efficacy (Liu et al., 2005, Quosdorf et al., 2017; Song et al., 2005). Meanwhile, Ohba et al. (2017)
investigated that the hydroxyl groups of TFs are more significant than the galloyl groups for the
virucidal efficacy against caliciviruses. Overall, these findings suggests the potential usage of TY-1
as a nature-derived virucidal agent in healthcare settings and food processing facilities to reduce IAV

and HuNoV transmission.

Even though our objectives in these studies focused only on the direct virucidal efficacy of TY-
1, additional experiments were also performed to evaluate the anti-IAV activity of TY-1 in infected
cells and lab animal models. However, TY-1 did not show antiviral activities in those studies, which
could be explained as most of the polyphenols, particularly TFs and catechins, are extensively
informed to have mainly the virucidal efficacy against several types of viruses (Chowdhury et al.,
2018; Clark et al., 1998; Lee et al., 2018; Nakayama et al., 1993; Ohba et al., 2017; Ohgitani et al.,
2021). Accordingly, additional studies evaluating the anti-IAV and HuNoV activities of TY-1 in
different experimental settings such as in infected cells, animal models, and patients are essential to
further evaluate the antiviral efficacy of TY-1 against IAV and HuNoV. Moreover, as previously

mentioned, tea polyphenols have been investigated for numerous physiological benefits to have
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antimicrobial, anti-inflammatory, anti-diabetic, and anti-cancer activities (Li et al., 2017; Liao et al.,
2015; Rha et al., 2019; Striegel et al., 2015; Xu et al., 2017). Activating immune cells including
macrophage could play an essential role in the inflammatory response. Lipopolysaccharide (LPS),
which is a constituent of cell wall of gram-negative bacteria, induces the production of pro-
inflammatory cytokines such as TNF-a, IL-1, IL-6, and other inflammatory mediators, including
prostaglandin E2 and nitric oxide (Agarwal et al., 1995; Yun et al., 2008). Therefore, additional
experiments were also conducted in vitro to evaluate the anti-inflammatory potential of TY-1. Briefly,
the anti-inflammatory effect of TY-1 (70 pug/mL) on the LPS-stimulated RAW264 cells was
investigated. The suppressive activity of TY-1 against the increase of gene expression levels of IL-6,
IL-15, IL-10, TNF-a, and COX-2 induced by LPS (0.25 nug/mL) was evaluated. The results revealed
that TY-1 tended to suppress the gene expressions of these infllamatory mediators but did not exhibit
highly significant effect to conclude the possible ant-inflammatory efficacy of TY-1. Accordingly, to
judge the potential anti-inflammatory effect of TY-1 and clarify its mechanism of action, future
studies with modifications, such as changing the cell line or using other inflammatory stimulator other

than LPS are required.
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General Conclusion

Influenza is a highly contagious disease that disturbs human life on a universal scale. There
are ongoing researches on antiviral drugs and novel vaccines, which are reconfigured yearly.
Nevertheless, it remains a challenge to establish a complete strategy against influenza. HuNoV, which
is highly contagious and durable, is also a important agent causing the outbreaks of foodborne
diseases, namley AGE worldwide. Unfortunately, no approved HuNoV vaccine or antiviral drugs
are currently available. The main barrier is the lack of a reproducible and robust in vitro cultivation
system for the virus. Accordingly, establishing effective virucidal agents to compete against such
highly infectious viruses could support the communal health sector. Medicinal plants can be useful
natural resources for virucidal agents, for instance tea extracts have promising health benefits, mainly
through a high concentration of their polyphenolic constituents. In the present study, research was
performed to evaluate the virucidal efficacy of TFs and other polyphenols-enriched tea leaf extract
TY-1 against enveloped and non-enveloped-RNA viruses, IAV and HuNoV surrogates, respectively.
As a result, TY-1 exhibited a concentration- and time-dependent virucidal efficacy against these
viruses in solutions. In addition, TY-1 also inactivated the HuNoV surrogate on a dry surface.
Interestingly, TY-1 promoted the profound destruction of virion components, including the genome

and structural proteins, and futher virion structures.

As the recommended application of TY-1, TY-1 can be potentially applicable as a natural-
derived virucidal agent that can be used against viruses in solution and on environmental surfaces.
Specifically, TY-1 may be applied as troche, mouthwash, nasal mask, food additive, and supplement
with virucidal activity. Furthermore, to approve the validity of implementing the antiviral and anti-
inflammatory effect of TY-1, it will be essential to take on broader and deeper analyses using different

animal models and cell lines to evaluate the usefulness for TY-1 application. In addition, human
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clinical studies are essential to confirm the antiviral, anti-inflammatory and other health-promoting
potentials of TY-1. This could be in the path of synergistic treatments via integrating natural extracts
with heat treatment, ozone, gamma-irradiation, or synthetic chemical therapeutic agents like

nanoparticles.

In summary, this study introduced the tea leaf extract TY-1 enriched with TFs and other
polyphenols as a promising candidate of natural-derived virucidal agent for preventing and

controlling IAV and HuNoV infection.
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B

AvInTvHFiE, e PCERT AV ILIVHFTIA LRI > TH ERRZ I NS
CRREDES WRLIETH 5, BHEHEOA Vv IVNZVFIALZRD S b, @EICKE [ v
INZYHFERYTIv 732 TARL vIrz vy Fo AR (JAV) ICk > THlERZ 3N
TWw3, 2o 100 EMic 4[|, FHfo IAV ORBIC X > Ty TF Iy 7235 T &
N, ZDEIT 50 T A~5,000 FADRTEL hoTWwd, 727 Fvikhix 1AV Bk
LRENLENKDO—2TH 2, LorLAado, HFURFY 7 Micha<hilis 7 F 25| 2k
TG TARSEE 2R, BEOBYIC X o CTEA I NP PUES BRI L &8
WERTANAPEL B[R H Y. ZORGBER T AV R L CTEBITY 7 F Vi
KB RREREIE At e e b, —F7. IAV BRBEICHEM W02 DHi Y 4 v ZFI23FHFE &
NERAREL o T3, Lol ZHLEANTH L Ttz &> v 4 v 2D B2 [H#E
&%, fo T, V27 F v EREAIUIMC, BT ANZRE S OWEE 7 4 v ZANEL
Al LCERT 22 REDR, AV IALZVyFRRICEIMBETH S,

/ey ALz (HuNoV) ik, HRIICEEBBROER Y A v 2 & LT d BHE
BYANATHY, ZDREPIC K o T, B, 2FHOL T 20 T AU LEDIEHHIT
W3, HuNoV 2, BN A2 e L CHRNICRDEE RV A LR E I, §IERE
CINBIHEIRICL > TAELZRFRRIBE P VICRELHEI N TS, BlfEDL T A,
HuNoV i LCTHEMZRT 7 F v iy AL BRI TRy, —J7, W 20D
7 AN AATE LA, BRERE O HuNoV 2 Nt T2 0ICAZITH 5 C L MRS LT
W3, LoaL, 20 oA TR~ 0 R LR E ORI &2 O 23 RIE
INBLDHELLIFET S, £ 2T, AT 2EREICP T L WFEKIC X > T HuNoV &
PREPIET 2HBERRD LN TWDE, LALAEESL, TARKS ICEETETH D, 220
HIRMED B % in vitro ® HuNoV LR R LML I LT 2 & 28 HuNoV DOiff5t %
HLAL TS, ZD7®, HuNoV ICE{E I X &R I L, EEfild <o HhE
WA A ah Y > ALR(FCV) BXU~ 2/ a4 Lz (MNV) {8y 4 L=z &
LCHWw., HuNoV Icxf L CHERIZGAREE D B 257 4 V AYE OE, B X U2 oiEt:
FHi 23 T AT\ 5,

TEIFE LIRS L THTDONAHREND 2 WIFEFIN B IC B » T, MY T
IEKERINTECTHS, ZRHDH b, KREFRY 72/ —id, HEOWEY 4 VR
W32 RARHRB T AV AYE L L TIFESED O NTE 7, £ 2T, RKWFFETIE. A
Camellia sinensis HR DK Y 7 = 7 — VB E KRB ©H 5 TY-1 (BEILE SRS
FLBRTHT . ALfRE) ICo W T, ZORVANVREEZTAR L & L, RFEONEIT 2
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D@ Chapter ICIEXHNTW3, £F Chapter | DIFFETIE, Ty Xu—7%{HEHT 2
RNA 7 A A 2DfRFETH 3 AV i35 TY-1 OV A LV AEEDFE 21T > 72, 2D
%, TY-1 D IAV It T 287 A v Z3EEDERBE T IS O W CfEIT 21T > 72, Chapter Il T
I, Tv_ue—7%FEHLAW RNA YA v zx¢ LT, HuiNoV ORETV A4 L2 TH 3
FCV XU MNV 53 23 TY-1 %7 4 L ZEWZZHE L 72, X 5ic, TY-1 ® FCV &
LU MNV i3 287 A v ATEEOEREF IC O W T 21T o 72, TY-1 IK&EN 2
YEHERD 5 B IAV, FCV B XU MNV x| L T Y 4 v ZR3EH %2 s 3L &P R o figiH
ZHIEL 729t d i1 720

Hip e L2717 720, UTFDHET TY-1 BBEr O R by ZREFRE Lz,
bbb, 1 gD TY-1¥EK%Z 100 mL DV v BEIEE 4B KA X & 725105000 B
2TV, 5O N nEEE D 2 L 7R, R E ©—80 ECTRFL 72, TY-1 Bk
53D 50% 1% dextrin TH 5% 729, 50% dextrin A Z B & U CEEBRICH W2, 7
bbb, TY-1 BL U dextrin DR+ v Z7iEH & LTZNZ i 10 mg/mL, 5 mg/mL % #Efj
L7z,

Chapter I Tlx, U TFDHET, TY-1 @ IAV x4 357 4 4 23D 279 % 1T -
2o 3. SBEMBORED TY-1 5L U 1IRE D dextrin & 7 4 VR LR L 72, RAK
o TY-1 DB 0.3~5.0 mg/mL, dextrin DR X 2.5 mg/mL TH -7z, £ DR
MR % 25°CCRA 7o OGN (10 73~24 IF[E]) FHE L 72, Z D, FIRED TY-1 D
B ANZTEEICOWT, ZFlBR U L 727 4 LR & dextrin W CULEEL 727 4 LR
Dl % s 2 2 & TRHEI L 72, Z DR, TY-1 1% IAV ioxf L TIRE I X OIFEHKEE
BT ANVATEEZRTZEnHL 2L o7z, 5.0mg/mL ® TY-1 1%, 30 s L O
6 RFE D IS & b, dextrin FFICHE L T, Z 4 Z L 1.33 logio 50% A AkE 22 i 4L &
(TCIDsp)/mL ¥ X 18> 5.17 logiy TCIDso/mL ® 7 4 A Z S fli DK T %25 22 2 L 72,

e, TY-1 D IAV IExf 328V A VAT DT 21T o720 V2 AZ v TR0y T 4

27 (WB) iICX->T, TY-THICX D TANADRAANA TRV NRIETH L~ T NTF
ZVDORNY FORIPFHE L. MaTFEOERO Y FHRAMBET HER RGO, T,
D) DDANA I RUYNIETHE /A T7I=2X— (NA) O~V FORI LI L
Tz, ARIMEREEEERIC X o T TY-1 LI X > TY 4 v 2 DFRIMBREEEF DMK T
528, IHLICNAGFBICK > T NAFEEDKT T2 BRI N, Tb DGR
o, TY-1 X IAV D R34 7 2 v 7 ORGEZA L RERFE 25 22 L, RFhhEo
i~ L E L RIREE A RIB S Tz, TY-1 T L 727 4 LV X OB T 2R & L 72 38x
H PCR (RT-PCR) iC X 5T, PCR EYE LA T2 LeBHL2r A0, TY-1 1%
TANAYT ) LMEEER 5 2 ZAREMESR S N, S HiC, EEE FHEMEE (TEM) I X
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27 ANARTOBILZICX D, TY-1 WPIC X - TIEH & v A v 2R TR B A3
2RO 0T,

TY-1 D FE %45 TH % theaflavins (TFs) & U catechins @ IAV RAiELiEE~DF 51T
DWCFHE S % 72® 12, 7 4 L R % TFs, catechins, TFs+catechins, TY-1 & Ufdextrin
BIR LB & 272, IBAMR T @ TFs. catechins. TFs+catechins. TY-1 & TF dextrin D&
REIX, 27 Z£ 4 0.083, 0.034, 0.116, 5.0, 2.5 mg/mL T&H 57z, TFs, catechins KT
TFs+-catechins VAR DIERE X Z L2 1123 5.0 mg/mL @ TY-1 A ICE T 125 2 I P
5, W% 25°CT 3 REAT £ 7213 24 IFEIFHE L 72, Z 0. Z 2 O BRBLEERE
& dextrin WOV A VR Nfiz BT 5 2 i X D, ZilBR OB Y 4 v AT % FE
fiL7, BoNnMEIL. TY-1 OV A VR EHEO—HIE TFs IR T 2 —77.
catechins DR 7= FTHENIRENTH 2 Z L BHL 7572, Lo L., TFs+catechins 4L
H-ciE, TFs MBI T IAV ANE LR T I n s 2 e bl I L, Fo Nk
R2 S, TY-1 DRV ANV REREZE S E{bEWIE TFs TH 2 H DD, catechins &
ZOMDKRY 7 =2/ — VB EENZ R 72 L T 2 A[REMEDSR R X L7z,

Chapter I Tlx, TY-1 ® HuNoV fEEF v 4 V2 CTH %5 FCV KU MNV iZxt3 5%V
ANRHEMEZ . IR R QBRI CRHE L 72, £ 37, 7 4 VAR & TY-1 KU dextrin
BIRZ R L 7=, IBANETF O TY-1 & U dextrin DALEE X, 2 Z£40.3~5.0 £ 7213 25.0
mg/mL, KU 2.5 £721% 12.5 mg/mL TH -7z, ZNHRAMKEZ 25°CT 10 B2 5 24 K
MIFHE L 722, v A v 2 i (logiy TCIDso/mL) %HE L7, Z DGR, TY-1 FRE K
ORI R AFE R I, FCV Y MNV I L TRV ANV REEZ R L, ¥k, 25
mg/mL @ TY-1 #E e 10 BEISEE 2 2 2ick b FCV IAREflbE nzoickt L,
MNV oAELICiE, 5.0 mg/mL @ TY-1 ST 10 A ERICE &5 2 & RRETH -
2o TORERID, TY-11X MNV X b FCVIZx LT & Y58 < Bl A RNiELER 27 3
LU E N, — . EBED 25.0 mg/mL @ TY-1 ZfHw3a 2 Eick by, 1 M0 KIE
KT MNV 0o v A v 2 ifliz AEICET S oh 3 2 epalER I, 5, TY-1
i3, FEBEREICEWTD 10 97D RIGT FCV LU MNV 2 A~iEfk 356 2 & iR S 7z,
TY-1 D FCV LU MNV OV A VA X v 2B RO ) 2T 2 EHIicowT, 2n %
L WB KO RT-PCR Z W C#NT L 72, 2 OFER. TY-1 12, YA NVAK T TH S H
TYRRYANTEROCTANRYT ) LB L BHEI2 2 PHL LR o7, TEM
BEICL Y, VANVARTHEEOREN R INTWE e bR I N, 72, B
FERTIEH 2D DD, catechins KU TFs Ic X 5 FCV O MNV 123 2 A idALAE - 231
mE Tz, LEX Y. TFs 2O catechins 28 TY-1 ® FCV KO MNV 12X 3 2 Aikfbik itk
CHGT 2 eBRRINTESDOD, O OEEET 2 2 L BR®RI T,
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AW IE. TFs % catechins & \WWo 72K Y 7 =/ — 1V Z B EICELRERLEY TY-1
V. RAVBHEOR T ANVAYETH B L 2L IC L7z, TY-1 OJGHE LT, B4
BGTC. e —F, HEESESH. B~ X7 BV~ &H. £ 7-BRIEREICEN S
ERTANAER T L —~DBAIC L Y, IVA X HuNoV D EGHIENIC G & 41 % A RE
HErREZLND,
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