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Abstract

:

Influenza antiviral drugs are important tools in our fight against both annual influenza epidemics and pandemics. Polyphenols are a group of compounds found in plants, some of which have demonstrated promising antiviral activity. Previous in vitro and mouse studies have outlined the anti-influenza virus effectiveness of the polyphenol epigallocatechin-3-gallate (EGCG); however, no study has utilised the ferret model, which is considered the gold-standard for influenza antiviral studies. This study aimed to explore the antiviral efficacy of EGCG in vitro and in ferrets. We first performed studies in Madin-Darby Canine Kidney (MDCK) and human lung carcinoma (Calu-3) cells, which demonstrated antiviral activity. In MDCK cells, we observed a selective index (SI, CC50/IC50) of 77 (290 µM/3.8 µM) and 96 (290 µM/3.0 µM) against A/California/07/2009 and A/Victoria/2570/2019 (H1N1)pdm09 influenza virus, respectively. Calu-3 cells demonstrated a SI of 16 (420 µM/26 µM) and 18 (420 µM/24 µM). Ferrets infected with A/California/07/2009 influenza virus and treated with EGCG (500 mg/kg/day for 4 days) had no change in respiratory tissue viral titres, in contrast to oseltamivir treatment, which significantly reduced viral load in the lungs of treated animals. Therefore, we demonstrated that although EGCG showed antiviral activity in vitro against influenza viruses, the drug failed to impair viral replication in the respiratory tract of ferrets.
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1. Introduction


Influenza virus infections cause a significant global burden on human health. Seasonal influenza epidemics may cause up to 1 billion infections and 650,000 deaths worldwide each year [1,2]. In combination with seasonal influenza vaccines, anti-influenza virus drugs are an important tool to reduce the disease severity of infected patients. The antiviral drugs currently available include the four neuraminidase inhibitors (NAIs), oseltamivir (OST), zanamivir, laninamivir, and peramivir. Additionally, baloxavir marboxil, a polymerase acidic (PA) endonuclease inhibitor, which was first licenced in 2018 in Japan and the USA, is now available in many countries [3]. All licenced antiviral drugs have known resistance mutations that can occur after treatment, and therefore drugs with novel mechanisms of action are important to develop and evaluate. Broad-spectrum compounds that demonstrate anti-influenza properties may provide alternative treatment options compared to currently licenced antiviral drugs. Drugs with novel mechanisms of action are particularly important in the event of widespread viral resistance to licensed antivirals and also provide an opportunity for combination therapy with the current standard of care (SOC) influenza treatment, oseltamivir [4].



Polyphenols are ubiquitous in the plant kingdom and are notably found in grains, vegetables, fruits, spices, and tea leaves [5]. Green tea (Camellia sinensis (L.) Kuntze) is one of the most consumed beverages in the world. The leaves are particularly rich in flavan-3-ols such as epigallocatechin (EGC) and epigallocatechin-3-gallate (EGCG). Green tea extract-derived EGCG (and other polyphenols) are proposed to reduce oxidative stress associated with many diseases. EGCG has been researched for its potential therapeutic benefits in treating numerous chronic conditions such as inflammatory disorders, neurodegenerative diseases, cancer, and heart disease, with some promising results [6,7,8,9,10].



EGCG has also been shown to have antiviral activity against influenza viruses in vitro. Studies have demonstrated a half-maximal inhibitory concentration (IC50) between 5 and 30 µM against several influenza A virus strains, such as A/Puerto Rico/8/1934 (H1N1), A/Hong Kong/1968 (H3N2), and a recent A(H1N1)pdm virus A/Korea/1/09 [11,12,13,14,15,16]. In vitro activity has also been shown for severe-acute respiratory syndrome coronavirus 2 (SARS-CoV-2) [14,17,18,19,20], hepatitis C virus (HCV) [21,22], herpes simplex virus (HSV-1), vaccinia virus (VACV), adenovirus (AdV), reovirus (RV) [16], and others. Colpitts and Schang [16] have shown that EGCG interacts with several viruses (HCV, HSV-1, VACV, AdV, RV, and IAV) surface proteins and postulate that inhibition of influenza virus may be due to EGCG binding to the influenza surface glycoprotein haemagglutinin (HA) [16,18,23]. Another group demonstrated interactions between EGCG and influenza HA by crosslinking-mass spectrometry [23]. While these in vitro studies all cite an antiviral role, further research is needed to confirm the efficacy of EGCG in relevant in vivo models.



Small clinical trials have demonstrated the prophylactic benefits of EGCG against influenza and other upper respiratory tract infections [24]. However, a proportion of these studies were not randomised placebo-controlled trials (RCTs) and were classified by two meta-studies as having either ‘some concerns’ or a ‘high risk’ of bias [25,26]. The two blinded RCTs were conducted on health care workers in Japan, one of which demonstrated that drinking three cups of green tea per day (approximately 60 mg EGCG/day) reduced the incidence of upper respiratory tract infections from 28% (placebo, n = 86) to 13% (treated, n = 84) [27], and the other showed that six green tea extract capsules per day (270 mg EGCG/day) reduced the incidence of clinically defined influenza (fever and any two of the following symptoms; cough, sore throat, headache, or myalgia) from 13% (placebo, n = 99) to 4% (treated, n = 99) [28]. Two studies in mice demonstrated varying levels of antiviral efficacy for influenza A virus-infected animals, 10 or 40 mg/kg/day of oral EGCG treatment improved survival and reduced lung viral titres [15,29].



In vitro studies of EGCG against influenza (and other viruses, particularly SARS-CoV-2) are abundant, but this has not yet translated to any large cohort of human clinical trials; all previous studies have had fewer than 400 participants, and therefore uncertainty remains about the therapeutic benefits. Prior to human trials, robust in vivo studies are required, ideally against influenza virus strains that are currently circulating in the human population. Ferrets are considered the gold standard for influenza virus studies because they can be infected with human influenza viruses without any adaptation, and they display similar clinical signs and receptor distribution in the airways as humans [30].



Our study therefore aimed to explore the potential antiviral effect of EGCG (excluding other components of green tea extract) against human influenza A(H1N1)pdm09 viruses in vitro and in the ferret animal model, as well as the benefits of EGCG in combination with oseltamivir (the SOC for influenza treatment).




2. Materials and Methods


2.1. Cells


Madin–Darby Canine Kidney (MDCK CCL-34) cells (ATCC, Manassas, VA, USA) were cultured at 37 °C and 5% CO2 in Dulbecco’s Modified Eagle Medium (DMEM, high glucose pyruvate; Gibco, Waltham, MA, USA). DMEM was supplemented with 10% foetal bovine serum (FBS, Bovogen Biologicals, Australia), 1× GlutaMAX (Gibco, USA), 1× MEM non-essential amino acid solution (Gibco, USA), 0.05% sodium bicarbonate (Gibco, USA), 20 μM HEPES (Gibco, USA), and 100 U/mL penicillin-streptomycin solution (Gibco, USA). Maintenance medium (DMEM medium containing the above constituents excluding only serum) was used for virus dilutions. Maintenance medium supplemented with 2 µg/mL TPCK-treated trypsin (Infection medium; SAFC Biosciences, Lenexa, KS, USA) was used for virus infection protocols [3].



Calu-3 (HTB-55) cells (ATCC, USA) were cultured at 37 °C and 5% CO2 in Eagle’s Minimum Essential Medium (EMEM; Gibco, USA), supplemented with 10% FBS, 50 U/mL penicillin-streptomycin solution, 1× MEM non-essential amino acid solution, and 1 mM sodium pyruvate (Gibco, USA). During infection, Calu-3 medium was supplemented as above, although modified to include 0.3% FBS and 2 µg/mL TPCK-treated trypsin.




2.2. Compounds


(-)-Epigallocatechin-3-gallate (EGCG), C22H18O11, was produced with a purity of 98.95% by MedChemExpress (Monmouth Junction, NJ, USA). Stock solutions for in vitro work were diluted to 50 mM in dimethyl sulfoxide (DMSO; SAFC, USA) and stored at −80 °C. For in vivo studies, EGCG doses were prepared immediately prior to dosing by diluting EGCG in sugar water (1 g/mL sugar) to achieve a final concentration of 125 or 250 mg/mL. Tamiflu paediatric solution (Hoffman-La Roche, Basel, Switzerland), containing 0.5122 g of oseltamivir phosphate (OST) per bottle, was diluted to 5 mg/mL in sugar water.




2.3. EGCG Cytotoxicity Assays in MDCK and Calu-3 Cells


Confluent 96-well plates (Corning, Manassas, VA, USA) seeded with MDCK or Calu-3 cells were incubated at 35 °C in a 5% CO2 incubator for 24 h in the presence of two-fold serial dilutions of EGCG (concentration range of 1000 μM–4 μM). Negative control wells contained infection medium only. Cell viability was determined using the CellTiter-Glo® Luminescent Cell Viability Assay as per the manufacturer’s instructions (Promega, San Luis, CA, USA), and luminescence was measured using a FLUOstar Optima luminometer (BMG Labtech, Cary, NC, USA). The EGCG concentration that reduces cell viability by 50% compared to the cell-only control (CC50) was calculated using non-linear regression analysis (GraphPad Prism 10, Boston, MA, USA). Each fit line had a goodness of fit greater than 0.90 R2.




2.4. Viruses


Two influenza A(H1N1)pdm09 virus strains, A/California/07/2009 and A/Victoria/2570/2009, were plaque purified, as previously outlined [31]. Virus stocks were prepared in MDCK cells and stored at −80 °C. The infectious virus titre was determined prior to use by a virus titration assay as described below and sequenced by Illumina iSeq 100 (the whole genome sequencing protocol outlined previously [31]). Sequence information are available on the GISAID database: A/California/07/2009 ID: EPI_ISL_31553 (although acquired HA-S200P and NP-G102R) and A/Victoria/2570/2009 ID: EPI_ISL_417210.




2.5. MDCK Cell-Based EGCG Viral Foci Reduction Assay


The susceptibility of influenza viruses to EGCG was determined using a cell-based assay described by Koszalka et al. [32], with modifications. Briefly, all viruses were initially titrated by half-log dilutions to 1000 focus-forming units (FFU)/well in the absence of drugs before proceeding with drug susceptibility. Confluent MDCK cells in 96-well plates were washed twice with PBS, and 50 µL of 2-fold serially diluted EGCG (100 to 0.4 µM final concentration) were added to the wells before the addition of 50 µL of virus diluted in infection medium. After incubation for 90 min at 35 °C, 5% CO2 100 μL of overlay containing equal parts of 3.2% carboxymethyl cellulose (CMC) (1.6% final) (Sigma Aldrich, St Louis, MO, USA) and 2× MEM (1× final) (Sigma Aldrich, USA), supplemented with 2 μg/mL trypsin, were added to each well. The 2× DMEM was supplemented with 20 μM HEPES (Gibco, USA), 100 U/mL Penicillin-Streptomycin (Gibco, USA), and 0.06% Sodium Bicarbonate (Gibco, USA). Plates were incubated at 35 °C in a 5% CO2 gaseous incubator for 24 h before fixation with 10% formalin (Sigma Aldrich, USA) and permeabilisation with 0.5% Triton X-100 (Sigma Aldrich, USA). The cell monolayer was washed with wash buffer (0.05% Tween 20 (Sigma Aldrich) in PBS) and strained with influenza A nucleoprotein antibody MAB8251 (Millipore, Burlington, MA, USA) in 2% skim milk, followed by a goat anti-mouse IgG-horse radish peroxidase (Biorad, Hercules, CA, USA) and TrueBlue™ Peroxidase Substrate (KPL, Gaithersburg, MD, USA).



FFU were quantified using the Immunospot BioSpot 5.1.36 (CenturyLink Inc., Shaker Heights, OH, USA) as an average of duplicate wells. Using the mean FFU, the percentage inhibition of FFU was calculated using the following formula: Percentage inhibition = (100 − (X − CC)/(VC − CC)) × 100, where CC = FFU in cell control wells (no virus, no drug), VC = FFU in virus control wells (virus, no drug), and X = Mean FFU. Using the percent inhibition, the IC50 for EGCG of each virus was determined using non-linear regression analysis (GraphPad Prism, USA). Each fit line had a goodness of fit greater than 0.90 R2. Selective index (SI) was calculated as a quotient of the toxicity and IC50.




2.6. Calu-3 Cell-Based EGCG Virus Yield Reduction Assay


The susceptibility of influenza viruses to EGCG was determined in Calu-3 cells using a viral yield reduction assay, given that the foci reduction assay was not validated for Calu-3 cells. Cells were seeded 2–3 days prior to infection at 1.2 × 105 cells/well in a 96-well plate. Confluent wells were washed with PBS, and the medium was replaced with infection medium containing EGCG at 2-fold dilutions (200 to 1.6 µM final concentration). A/California/07/2009 and A/Victoria/2570/2019, the virus was simultaneously added at a MOI of 0.01 (103.5 TCID50/well) and incubated for 24 h at 35 °C in a 5% CO2 incubator before the virus-containing cell supernatant was stored for virus titration by the TCID50 assay (described below). The percentage of viral inhibition was quantified relative to the virus-only control titre. Using the percent inhibition, the IC50 for EGCG of each virus was determined using non-linear regression analysis (GraphPad Prism, USA). Each fit line had a goodness of fit greater than 0.92 R2. Selective index (SI) was calculated as a quotient of the toxicity and IC50.




2.7. Virus Titration Assay


Infectious virus titres were determined by a 50% tissue culture infective dose (TCID50) assay in MDCK cells, as previously described [33]. In brief, MDCK cells were seeded at 3.5 × 104 cells/100 µL into a 96-well plate and cultured overnight at 35 °C in 5% CO2. The infectivity is determined by recording the presence of cytopathic effect (CPE) at four days post-infection when an inoculum of 20 µL of influenza virus, nasal washes, or tissue homogenates is applied in quadruplicate on a 96-well tissue culture of MDCK cells and is ten-fold serially diluted. The dilution at which 50% of the wells are infected is calculated using the Reed and Muench method [34].




2.8. Ferrets


Outbred male and female ferrets (Mustela putorius furo) were obtained from commercial breeders (Animalactic Animals & Animal Products Pty Ltd., Melbourne, Australia) and were a minimum of 12 weeks of age and 0.6 kg in body weight. Seronegativity against two recent A/(H1N1)pdm, A(H3N2) and B Victoria lineage human influenza virus strains (A/Victoria/2570/2019, A/Sydney/5/2021, A/Cambodia/e0826360/2020, A/Darwin/6/2021, B/Austria/1359417/2021, B/Phuket/3073/2013) was confirmed by haemagglutination inhibition assay. Ferrets were housed individually in high-efficiency particulate air-filtered cages with ab libitum food, water, and enrichment equipment throughout the experimental period. All animal procedures conducted in this study were approved by the University of Melbourne Animal Ethics Committee (project licence no. 20033) in accordance with the Australian Government, the National Health and Medical Research Council, and the Australian code of practise for the care and use of animals for scientific purposes (8th edition).




2.9. Ferret Toxicity Study


The ferret toxicity study included three groups of four ferrets treated with 1 mL/kg sugar water (placebo), 125 mg/kg EGCG, or 5 mg/kg paediatric oseltamivir treated twice daily (8 h apart) for 4 days. Treatment dosage was calculated as per individual ferret weight, delivered orally by syringe, and diluted in sugar water to encourage ingestion.



Blood was collected on D0, as well as D4 post-dosing commencing, and D14. Sera was sent for external analysis by Gribbles Veterinary Pathology, Melbourne (Australia). Serum biochemistry tests were performed to quantify: Albumin, ALP, ALT, Amylase, Anion gap, AST, Bicarbonate, Bilirubin (Total), Calcium, Cholesterol, Chloride, Creatinine, CK, CRP, GGT, Globulins, Glucose, Lipase, Magnesium, Phosphate, Potassium, Protein (Total), Sodium, and Urea.




2.10. Ferret Antiviral Treatment Study


The ferret drug efficacy study included four groups of four ferrets treated with 1 mL/kg sugar water (placebo), 250 mg/kg EGCG, 5 mg/kg paediatric oseltamivir, or their combination (dosage delivered as before). All ferrets received anaesthesia (1:1 (v/v) ketamine (100 mg/mL) and xylazine (20 mg/mL)) via intramuscular injection (IM), and 1 × 105 TCID50 of influenza A(H1N1)pdm09 A/California/07/2009 virus in 500 µL of PBS were delivered by the intranasal route (250 µL per nostril). One ferret was found dead on day four post-infection, and a veterinary autopsy determined mortality by cardiovascular collapse.



Animals were treated twice daily (8 h apart) for 4 days, starting 1 h prior to intranasal infection, to align with our in vitro assays and maximise any treatment benefit of EGCG, as mechanism of action studies suggest an antiviral role in the early stages of influenza infection/replication. Also, previous in vivo studies have started EGCG treatment between 4 h prior and 2 h post-inoculation [15,29,35]. Twice daily treatment was performed to address the short plasma half-life of EGCG, demonstrated to be between 2 and 6 h in humans [36,37,38], and similar in rats, suggesting a more frequent dose may improve therapeutic benefit [39].



Ferrets were sedated daily (Xylazine; 5 mg/kg), monitored for clinical signs (subcutaneous microchip temperature and body weight), and nasal wash samples were collected with 1 mL of PBS. At day four post-inoculation, all animals were euthanised (Lethabarb; 0.5 mL/kg), and the five major lung lobes, nasal turbinates, and soft palate tissue were excised, weighed, and separately homogenised in PBS (10% w/v dilution for nasal turbinates and soft palates and 25% w/v dilution for lung lobes) using an Omni TipTM Homogenizer (PerkinElmer, Waltham, MA, USA). Residual cells and connective tissue were removed by twice centrifugation at 3000 rpm for 10 min. Tissue homogenate supernatants were stored at −80 °C. The infectious viral load of samples was determined by a virus titration assay.




2.11. Pyrosequencing


Viral RNA was extracted from a 140 µL ferret nasal wash or tissue homogenate aliquots using the QIAamp viral RNA mini kit (Qiagen, Melbourne, Australia). RT-PCR amplification of NA-275 gene regions was performed using biotin-tagged primers (Forward—GACAGGCCTCATACAAGATCTTC, Reverse—Biotin-TGCCAGTTATCCCTGCACACACA) and the MyTaq One-Step RT-PCR kit (Bioline, Sydney, Australia). The pyrosequencing analysis was performed on amplified cDNA with sequencing primers (AATGAATGCCCCTAATT) and the PyroMark Q96 ID system (Qiagen). Sequence analysis revealed the relative proportion of wild-type and SNPs at position NA-275, as previously outlined [40].




2.12. Statistics and Reproducibility


All statistical analysis performed throughout was named with the statistical test used and information about the exact sample size, any assumptions or corrections, and the resulting p value of the null-hypothesis tests. A standard deviation was used to capture errors from the mean in graphical representations. In terms of general reproducibility, in vitro studies were conducted with three or more independent experiments performed in triplicate, except for the yield reduction assay with five independent experiments performed with a single replicate (given 64 samples to be analysed by the TCID50 assay per experiment). In vivo, the antiviral treatment study was performed with four ferrets per group, and the toxicity study was performed with three ferrets per group.





3. Results


3.1. EGCG Demonstrated Antiviral Efficacy in MDCK and Calu-3 Cells


Using a cell-based drug susceptibility assay, we explored the efficacy of EGCG against two strains of influenza A(H1N1)pdm09 virus, A/California/07/2009 and the more contemporary A/Victoria/2570/2019, in Madin-Darby Canine Kidney (MDCK) and human lung carcinoma (Calu-3) cells. EGCG was active against both viruses, with a 50% inhibitory concentration (IC50) of 3.0 and 3.8 µM, respectively, in MDCK cells (Figure 1a) and 24 and 26 µM in Calu-3 cells (Figure 1c). This resulted in a selection index score (SI, 50% cytotoxic concentration (CC50)/IC50) of 96 µM for A/California/07/2009 and 77 µM for A/Victoria/2570/2019 in MDCK cells, given that the CC50 was 290 µM (Figure 1b). The CC50 in Calu-3 cells was 420 µM (Figure 1d), therefore the resulting SI was 18 and 16 for each virus, respectively, a 4 to 6-fold lower than the SI in MDCK cells.




3.2. EGCG Treatment in Uninfected Ferrets Reveals No Signs of Toxicity


Before EGCG antiviral studies in ferrets, we first determined the toxicity of 250 mg/kg/day oral EGCG dosage by measuring weight loss and blood biochemistry of uninfected ferrets, given that toxicity studies of EGCG in the literature had not previously included ferrets. Ferrets (n = 3 per group) were treated orally with EGCG, OST, or placebo twice daily for five days, and no significant effect on body weight or temperature was observed (Figure 2a,b). Blood sera biochemistry prior (d0), during (d4), and post-treatment (d14) revealed liver enzyme and substrate concentrations were within normal ranges except ALT levels for one ferret, which remained high before and after treatment (Figure 2c–h), as well as additional enzymes, substrates, and electrolytes (Table S1), indicating healthy sera biochemistry in all EGCG or placebo-treated ferrets. Therefore, we deemed 250 mg/kg/day to be a safe dose of EGCG in the ferret model.




3.3. EGCG Shows No Reduction in Viral Titres of Influenza Infected Ferrets Compared to OST Treatment


To determine the antiviral efficacy of EGCG against influenza virus in vivo, oral treatment of ferrets commenced one hour prior to intranasal infection with A/California/07/2009, and animals were treated twice daily for four days (Figure 3a). A dosage of 500 mg/kg/day EGCG was used, given that no signs of toxicity were observed at 250 mg/kg/day, to maximise any antiviral effects observed. Daily nasal wash samples were collected from the ferrets over the course of the experiment, as well as tissue samples from the lungs, nasal turbinates, and soft palate. Infectious viral titres from daily nasal washes collected from four ferrets per group indicated no significant differences in EGCG-treated ferrets compared to placebo at all time points. Animals treated with OST and a combination of OST + EGCG had significantly reduced nasal wash viral titres at day 1 post-infection (Figure 3b). Area under the curve analysis confirmed no differences in the total viral shedding for any of the four treatment groups (Figure 3c). OST monotherapy significantly reduced mean pulmonary viral load by greater than 2 log10TCID50 compared to placebo. In contrast, treatment with EGCG alone had no significant reduction in lung viral titres. When OST and EGCG treatments were administered in combination, there was no difference in viral titre reduction compared to OST alone. Animals in all treatment groups observed no difference in viral loads in the nasal turbinate and soft palate tissues compared to placebo (Figure 3d,e). EGCG-only-treated ferrets also demonstrated significant weight loss three- and four-days post-infection compared to placebo, while OST-treated ferrets had reduced weight loss, although not significantly different from placebo (p = 0.14 at day 4) (Figure 3f). We also performed pyrosequencing to test for amino acid mutations that lead to oseltamivir antiviral resistance, in particular the mutation NA-H275Y, in nasal washes and tissue samples from each animal on day 4 post-infection. Only low levels of NA-H275Y were identified (<10% of the virus sample) (Table S2).





4. Discussion


The efficacy of influenza antiviral drug therapy is threatened by the frequent emergence of antiviral-resistant influenza viruses; therefore, alternative treatment options such as polyphenol compounds are useful to explore for influenza treatment. EGCG, a lead candidate in several studies of polyphenol antiviral efficacy [11,42], led us to pursue this antiviral efficacy study. Our results indicate that EGCG has promising antiviral activity against influenza A(H1N1)pdm09 viruses in vitro; however, testing with the same A(H1N1)pdm09 influenza virus in the ferret challenge model showed that EGCG treatment was not able to reduce influenza viral load in the upper or lower respiratory tract and had no beneficial effect when combined with OST treatment.



In vitro cell-based drug susceptibility assays highlighted EGCG inhibition of virus replication but also indicated a disparity between the two cell lines utilised for these assays. MDCK cells demonstrated a lower IC50 value, resulting in a 4 to 6-fold increase in the SI compared to Calu-3 cells. Furubayashi et al. outlined differences in MDCK and Calu-3 tight junction integrity (measured by transepithelial electrical resistance) and transcellular drug absorption (measured by liquid chromatography) [43], which may differentially impact EGCG absorption. Discrepancies between these cell lines can impact influenza virus infection efficiency [44] as well as the uptake and localisation of exogenous compounds [45], underscoring the need to test antiviral efficacy in more than one relevant cell line.



Our in vivo results differ from previous EGCG oral treatment studies in mice. Ling et al. showed that treatment with 40 mg/kg/day of EGCG significantly reduced viral lung titres and mortality following a lethal dose of an influenza mouse-adapted virus (A/FM/1/47), comparable to the observed antiviral effects of OST. However, at 10 mg/kg/day of EGCG, this effect was no longer observed [15]. Another mouse study demonstrated that EGCG treatment with 10 mg/kg/day reduced mortality, weight loss, lung damage, and lung viral titres after swine influenza A(H9N2) virus infection (A/swine/HeBei/012/2008) [29]. Lee et al., however, could not repeat these results with green tea extract (including EGCG) treatment of mice infected with an influenza mouse-adapted virus (A/NWS/33), as there was no reduction in mortality at 1, 10, or 100 mg/kg/day; however, a significant reduction in lung viral titres was observed at the highest concentration [35]. These studies failed to determine a consistent effective concentration of EGCG treatment in mice, although likely greater than 10 mg/kg/day. Our study with a human influenza A(H1N1)pdm09 virus infection in ferrets, the gold-standard animal model for influenza, had a much higher dose (500 mg/kg/day), twice daily dosing (unlike once daily for the above mouse studies), and still did not yield an observed antiviral effect. However, ferret pharmacokinetics studies are necessary to confirm plasma and tissue EGCG levels.



The ferret antiviral efficacy study showed that OST treatment significantly reduced viral pulmonary burden but had no effect on the viral titres in the upper respiratory tract (nasal turbinates and soft palate) compared to placebo, which closely aligns with previous antiviral studies in ferrets [46,47,48]. EGCG alone had no effect on viral titers. In addition, combination therapy (EGCG + OST) had no effect on viral titres compared to OST alone treated ferrets, indicating that EGCG is unlikely to have additive benefits with OST in vivo. Thus, given the efficacious results of OST treatment, the early timing of EGCG treatment (immediately prior to infection), and the high EGCG dose relative to other animal studies, it is unlikely that EGCG has an antiviral effect against influenza A virus infection in ferrets.



EGCG has demonstrated promising antiviral properties in vitro, although there have been mixed reports of its efficacy in animal models. Previous conclusions about antiviral efficacy from poorly designed in vivo or purely in vitro studies may misrepresent relevant clinical utility. It may be especially important for naturally occurring antiviral compounds to be supported by gold-standard animal studies; for example, Vitamin D (calcitriol) showed strong inhibition of SARS-CoV-2 in vitro but no effect in mice [49]. Several factors may explain the inconsistency between in vivo studies, such as bioavailability in different animals, compound instability (rapid oxidation), and inactivation in the gut [50]. EGCG bioavailability and stability are partially improved when mixed with salmon oil and ascorbic acid [50,51]. Another improvement may include a different route of drug administration; for example, black tea extracts (theaflavin polyphenols) were shown not to be well absorbed by oral dosing and may be better administered by intraperitoneal route [52,53]. Nasal vapour delivery may also bypass the inactivation of EGCG in the gut, improving EGCG bioavailability at the site of infection. Aree and Jongrungruangchok showed that EGCG had improved stability and anti-oxidant properties when combined with cyclodextrin [54]; these findings were recently utilised to demonstrate the antiviral efficacy of the EGCG-cyclodextrin mixture against several influenza viruses in vitro [14]. Interestingly, mouse models used to date have demonstrated the antiviral efficacy of oral EGCG in the absence of drug-stabilising compounds [15,29,35]. Further studies may explore plasma and mucosal tissue concentrations of EGCG post-oral, peritoneal, or nasal vapour delivery, as well as different stabilising additives such as cyclodextrin to improve bioavailability.



EGCG is a compound metabolised by the liver [55], and toxicity studies have demonstrated some liver toxicity, which may potentially counteract any antiviral effects. Two 14-week dosing studies observed no adverse effect level (NOAEL) for the liver in mice, rats, and non-fasted dogs when 500 mg/kg/day of EGCG was administered. However, treatment-related mortality likely related to liver necrosis was observed at 1000 or more mg/kg/day [56,57]. No toxicity studies have been performed on ferrets until now. We have found that 250 mg/kg/day in ferrets did not result in changes to liver function, according to enzyme and substrate homeostasis, nor did it result in significant weight loss. However, at the higher dose of 500 mg/kg/day (increased from 250 mg/kg/day to maximise the potential antiviral effect), influenza-infected ferrets treated with EGCG had higher weight losses than placebo-treated animals, indicating that at this higher dose level, EGCG may have had some adverse effects in ferrets. It is also worth noting that weight loss as an indicator of disease/toxicity severity in ferrets is difficult to conclusively analyse given the genetic variability between animals [58,59].



A limitation of this study was to focus on the influenza A(H1N1)pdm09 subtype alone. Experiments performed with contemporary A(H3N2) and B influenza viruses would improve our understanding of EGCG in vitro activity. A(H3N2) and B viruses do not replicate well in the lungs of ferrets; therefore, antiviral efficacy studies in vivo would be difficult to assess and relate to in vitro findings.



The promising antiviral effect observed in vitro for influenza and other viruses may present opportunities for alternative uses for EGCG outside of antiviral therapy. EGCG has also shown potential as an adjuvant for influenza vaccines, improving vaccine immunogenicity in combination with aluminium salts [23,60], as well as dietary EGCG improving influenza vaccine response [61].



Although our study demonstrated the in vitro antiviral efficacy of EGCG against the influenza A(H1N1)pdm09 viruses tested, the in vivo results obtained in this study do not support EGCG as an effective anti-influenza therapeutic drug in the conditions tested in this study. However, further studies in ferrets should include different EGCG dosages and routes of administration, as well as compounds to support EGCG stability and bioavailability, as these factors may have contributed to poor antiviral efficacy.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/v15122447/s1, Table S1: Ferret sera biochemistry post treatment with 125 mg/mL/kg EGCG at day 0, 4, and 14 post treatment on set of EGCG treatment for 5 days (d0–d4) with 125 mg/kg twice daily compared to reference ranges from Hein et al. [41]; Table S2: Ferret nasal wash and tissue virus genome pyrosequencing resulting proportion of NA-H275Y oseltamivir resistance mutation.





Author Contributions


Conceptualization, M.B.; Formal analysis, H.S., P.K., Y.D. and M.B.; Methodology, H.S., P.K., N.D. and M.B.; Supervision, M.B.; Writing—original draft, H.S. and M.B.; Writing—review and editing, H.S., P.K., N.D., Y.D. and M.B. All authors have read and agreed to the published version of this manuscript.




Funding


This research was funded by the Australian Government Department of Health and Age Care.




Institutional Review Board Statement


The animal study protocol was approved by University of Melbourne Animal Ethics Committee (License no. 20033 and 19/08/2020) in accordance with the Australian Government, the National Health and Medical Research Council, and the Australian code of practice for the care and use of animals for scientific purposes (8th edition).




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are included in this published article and its Supplementary Information. Virus sequence information can be found here: gisaid.org.




Acknowledgments


The authors thank the BioResources Facility at the Peter Doherty Institute for Infection and Immunity.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of this study, in the collection, analysis, or interpretation of data, in the writing of this manuscript, or in the decision to publish this results.




References


	



Iuliano, A.D.; Roguski, K.M.; Chang, H.H.; Muscatello, D.J.; Palekar, R.; Tempia, S.; Cohen, C.; Gran, J.M.; Schanzer, D.; Cowling, B.J.; et al. Estimates of global seasonal influenza-associated respiratory mortality: A modelling study. Lancet 2018, 391, 1285–1300. [Google Scholar] [CrossRef] [PubMed]

	



WHO. Up to 650,000 People Die of Respiratory Diseases Linked to Seasonal Flu Each Year. Available online: https://www.who.int/news/item/13-12-2017-up-to-650-000-people-die-of-respiratory-diseases-linked-to-seasonal-flu-each-year (accessed on 25 January 2023).

	



Koszalka, P.; George, A.; Dhanasekaran, V.; Hurt, A.C.; Subbarao, K. Effect of Baloxavir and Oseltamivir in Combination on Infection with Influenza Viruses with PA/I38T or PA/E23K Substitutions in the Ferret Model. Mbio 2022, 13, e01056-22. [Google Scholar] [CrossRef] [PubMed]

	



Sarker, A.; Gu, Z.; Mao, L.; Ge, Y.; Hou, D.; Fang, J.; Wei, Z.; Wang, Z. Influenza-existing drugs and treatment prospects. Eur. J. Med. Chem. 2022, 232, 114189. [Google Scholar] [CrossRef] [PubMed]

	



Arts, I.C.; Hollman, P.C. Polyphenols and disease risk in epidemiologic studies. Am. J. Clin. Nutr. 2005, 81, 317S–325S. [Google Scholar] [CrossRef] [PubMed]

	



Rudrapal, M.; Khairnar, S.J.; Khan, J.; Dukhyil, A.B.; Ansari, M.A.; Alomary, M.N.; Alshabrmi, F.M.; Palai, S.; Deb, P.K.; Devi, R. Dietary Polyphenols and Their Role in Oxidative Stress-Induced Human Diseases: Insights Into Protective Effects, Antioxidant Potentials and Mechanism(s) of Action. Front. Pharmacol. 2022, 13, 283. [Google Scholar] [CrossRef] [PubMed]

	



Cory, H.; Passarelli, S.; Szeto, J.; Tamez, M.; Mattei, J. The Role of Polyphenols in Human Health and Food Systems: A Mini-Review. Front. Nutr. 2018, 5, 87. [Google Scholar] [CrossRef] [PubMed]

	



Trisha, A.T.; Shakil, M.H.; Talukdar, S.; Rovina, K.; Huda, N.; Zzaman, W. Tea Polyphenols and Their Preventive Measures against Cancer: Current Trends and Directions. Foods 2022, 11, 3349. [Google Scholar] [CrossRef] [PubMed]

	



Yang, C.S.; Wang, H. Cancer Preventive Activities of Tea Catechins. Molecules 2016, 21, 1679. [Google Scholar] [CrossRef]

	



Musial, C.; Kuban-Jankowska, A.; Gorska-Ponikowska, M. Beneficial Properties of Green Tea Catechins. Int. J. Mol. Sci. 2020, 21, 1744. [Google Scholar] [CrossRef]

	



Kim, M.; Kim, S.Y.; Lee, H.W.; Shin, J.S.; Kim, P.; Jung, Y.S.; Jeong, H.S.; Hyun, J.K.; Lee, C.K. Inhibition of influenza virus internalization by (-)-epigallocatechin-3-gallate. Antivir. Res. 2013, 100, 460–472. [Google Scholar] [CrossRef]

	



Song, J.-M.; Lee, K.-H.; Seong, B.-L. Antiviral effect of catechins in green tea on influenza virus. Antivir. Res. 2005, 68, 66–74. [Google Scholar] [CrossRef] [PubMed]

	



Onishi, S.; Mori, T.; Kanbara, H.; Habe, T.; Ota, N.; Kurebayashi, Y.; Suzuki, T. Green tea catechins adsorbed on the murine pharyngeal mucosa reduce influenza A virus infection. J. Funct. Foods 2020, 68, 103894. [Google Scholar] [CrossRef]

	



Matsuura, R.; Kawamura, A.; Matsumoto, Y.; Iida, Y.; Kanayama, M.; Kurokawa, M.; Aida, Y. Epigallocatechin Gallate Stabilized by Cyclodextrin Inactivates Influenza Virus and Human Coronavirus 229E. Microorganisms 2022, 10, 1796. [Google Scholar] [CrossRef] [PubMed]

	



Ling, J.X.; Wei, F.; Li, N.; Li, J.L.; Chen, L.J.; Liu, Y.Y.; Luo, F.; Xiong, H.R.; Hou, W.; Yang, Z.Q. Amelioration of influenza virus-induced reactive oxygen species formation by epigallocatechin gallate derived from green tea. Acta Pharmacol. Sin. 2012, 33, 1533–1541. [Google Scholar] [CrossRef] [PubMed]

	



Colpitts, C.C.; Schang, L.M. A small molecule inhibits virion attachment to heparan sulfate- or sialic acid-containing glycans. J. Virol. 2014, 88, 7806–7817. [Google Scholar] [CrossRef] [PubMed]

	



Ohishi, T.; Hishiki, T.; Baig, M.S.; Rajpoot, S.; Saqib, U.; Takasaki, T.; Hara, Y. Epigallocatechin gallate (EGCG) attenuates severe acute respiratory coronavirus disease 2 (SARS-CoV-2) infection by blocking the interaction of SARS-CoV-2 spike protein receptor-binding domain to human angiotensin-converting enzyme 2. PLoS ONE 2022, 17, e0271112. [Google Scholar] [CrossRef]

	



LeBlanc, E.V.; Colpitts, C.C. The green tea catechin EGCG provides proof-of-concept for a pan-coronavirus attachment inhibitor. Sci. Rep. 2022, 12, 12899. [Google Scholar] [CrossRef]

	



Rabezanahary, H.; Badr, A.; Checkmahomed, L.; Pageau, K.; Desjardins, Y.; Baz, M. Epigallocatechin Gallate and Isoquercetin Synergize With Remdesivir to Reduce SARS-CoV-2 Replication In Vitro. Front. Virol. 2022, 2, 956113. [Google Scholar] [CrossRef]

	



Liu, J.; Bodnar, B.H.; Meng, F.; Khan, A.I.; Wang, X.; Saribas, S.; Wang, T.; Lohani, S.C.; Wang, P.; Wei, Z.; et al. Epigallocatechin gallate from green tea effectively blocks infection of SARS-CoV-2 and new variants by inhibiting spike binding to ACE2 receptor. Cell Biosci. 2021, 11, 168. [Google Scholar] [CrossRef]

	



Ciesek, S.; von Hahn, T.; Colpitts, C.C.; Schang, L.M.; Friesland, M.; Steinmann, J.; Manns, M.P.; Ott, M.; Wedemeyer, H.; Meuleman, P.; et al. The green tea polyphenol, epigallocatechin-3-gallate, inhibits hepatitis C virus entry. Hepatology 2011, 54, 1947–1955. [Google Scholar] [CrossRef]

	



Calland, N.; Albecka, A.; Belouzard, S.; Wychowski, C.; Duverlie, G.; Descamps, V.; Hober, D.; Dubuisson, J.; Rouillé, Y.; Séron, K. (−)-Epigallocatechin-3-gallate is a new inhibitor of hepatitis C virus entry. Hepatology 2012, 55, 720–729. [Google Scholar] [CrossRef] [PubMed]

	



Lee, Y.H.; Jang, Y.H.; Byun, Y.H.; Cheong, Y.; Kim, P.; Lee, Y.J.; Lee, Y.J.; Sung, J.M.; Son, A.; Lee, H.M.; et al. Green Tea Catechin-Inactivated Viral Vaccine Platform. Front. Microbiol. 2017, 8, 2469. [Google Scholar] [CrossRef] [PubMed]

	



Peltola, V.T.; Murti, K.G.; McCullers, J.A. Influenza Virus Neuraminidase Contributes to Secondary Bacterial Pneumonia. J. Infect. Dis. 2005, 192, 249–257. [Google Scholar] [CrossRef] [PubMed]

	



Rawangkan, A.; Kengkla, K.; Kanchanasurakit, S.; Duangjai, A.; Saokaew, S. Anti-Influenza with Green Tea Catechins: A Systematic Review and Meta-Analysis. Molecules 2021, 26, 4014. [Google Scholar] [CrossRef] [PubMed]

	



Umeda, M.; Tominaga, T.; Kozuma, K.; Kitazawa, H.; Furushima, D.; Hibi, M.; Yamada, H. Preventive effects of tea and tea catechins against influenza and acute upper respiratory tract infections: A systematic review and meta-analysis. Eur. J. Nutr. 2021, 60, 4189–4202. [Google Scholar] [CrossRef] [PubMed]

	



Furushima, D.; Nishimura, T.; Takuma, N.; Iketani, R.; Mizuno, T.; Matsui, Y.; Yamaguchi, T.; Nakashima, Y.; Yamamoto, S.; Hibi, M.; et al. Prevention of Acute Upper Respiratory Infections by Consumption of Catechins in Healthcare Workers: A Randomized, Placebo-Controlled Trial. Nutrients 2020, 12, 4. [Google Scholar] [CrossRef] [PubMed]

	



Matsumoto, K.; Yamada, H.; Takuma, N.; Niino, H.; Sagesaka, Y.M. Effects of green tea catechins and theanine on preventing influenza infection among healthcare workers: A randomized controlled trial. BMC Complement. Altern. Med. 2011, 11, 15. [Google Scholar] [CrossRef]

	



Xu, M.-J.; Liu, B.-J.; Wang, C.-L.; Wang, G.-H.; Tian, Y.; Wang, S.-H.; Li, J.; Li, P.-Y.; Zhang, R.-H.; Wei, D.; et al. Epigallocatechin-3-gallate inhibits TLR4 signaling through the 67-kDa laminin receptor and effectively alleviates acute lung injury induced by H9N2 swine influenza virus. Int. Immunopharmacol. 2017, 52, 24–33. [Google Scholar] [CrossRef]

	



Belser, J.A.; Pulit-Penaloza, J.A.; Maines, T.R. Ferreting Out Influenza Virus Pathogenicity and Transmissibility: Past and Future Risk Assessments in the Ferret Model. Cold Spring Harb. Perspect. Med. 2020, 10, a038323. [Google Scholar] [CrossRef]

	



Stannard, H.L.; Mifsud, E.J.; Wildum, S.; Brown, S.K.; Koszalka, P.; Shishido, T.; Kojima, S.; Omoto, S.; Baba, K.; Kuhlbusch, K.; et al. Assessing the fitness of a dual-antiviral drug resistant human influenza virus in the ferret model. Commun. Biol. 2022, 5, 1026. [Google Scholar] [CrossRef]

	



Koszalka, P.; Tilmanis, D.; Roe, M.; Vijaykrishna, D.; Hurt, A.C. Baloxavir marboxil susceptibility of influenza viruses from the Asia-Pacific, 2012–2018. Antivir. Res. 2019, 164, 91–96. [Google Scholar] [CrossRef]

	



Oh, D.Y.; Barr, I.G.; Hurt, A.C. A Novel Video Tracking Method to Evaluate the Effect of Influenza Infection and Antiviral Treatment on Ferret Activity. PLoS ONE 2015, 10, e0118780. [Google Scholar] [CrossRef]

	



Reed, L.J.; Muench, H. A simple method of estimating fifty per cent endpoints. Am. J. Epidemiol. 1938, 27, 493–497. [Google Scholar] [CrossRef]

	



Lee, H.J.; Lee, Y.N.; Youn, H.N.; Lee, D.H.; Kwak, J.H.; Seong, B.L.; Lee, J.B.; Park, S.Y.; Choi, I.S.; Song, C.S. Anti-influenza virus activity of green tea by-products in vitro and efficacy against influenza virus infection in chickens. Poult. Sci. 2012, 91, 66–73. [Google Scholar] [CrossRef] [PubMed]

	



Ullmann, U.; Haller, J.; Decourt, J.P.; Girault, N.; Girault, J.; Richard-Caudron, A.S.; Pineau, B.; Weber, P. A single ascending dose study of epigallocatechin gallate in healthy volunteers. J. Int. Med. Res. 2003, 31, 88–101. [Google Scholar] [CrossRef] [PubMed]

	



Naumovski, N.; Blades, B.L.; Roach, P.D. Food Inhibits the Oral Bioavailability of the Major Green Tea Antioxidant Epigallocatechin Gallate in Humans. Antioxidants 2015, 4, 373–393. [Google Scholar] [CrossRef] [PubMed]

	



Chow, H.H.; Hakim, I.A. Pharmacokinetic and chemoprevention studies on tea in humans. Pharmacol. Res. 2011, 64, 105–112. [Google Scholar] [CrossRef]

	



Janle, E.M.; Morré, D.M.; Morré, D.J.; Zhou, Q.; Zhu, Y. Pharmacokinetics of green tea catechins in extract and sustained-release preparations. J. Diet. Suppl. 2008, 5, 248–263. [Google Scholar] [CrossRef]

	



Deng, Y.-M.; Caldwell, N.; Hurt, A.; Shaw, T.; Kelso, A.; Chidlow, G.; Williams, S.; Smith, D.; Barr, I. A comparison of pyrosequencing and neuraminidase inhibition assays for the detection of oseltamivir-resistant pandemic influenza A(H1N1) 2009 viruses. Antivir. Res. 2011, 90, 87–91. [Google Scholar] [CrossRef]

	



Hein, J.; Spreyer, F.; Sauter-Louis, C.; Hartmann, K. Reference ranges for laboratory parameters in ferrets. Vet. Rec. 2012, 171, 218. [Google Scholar] [CrossRef]

	



Yang, Z.-F.; Bai, L.-P.; Huang, W.-b.; Li, X.-Z.; Zhao, S.-S.; Zhong, N.-S.; Jiang, Z.-H. Comparison of in vitro antiviral activity of tea polyphenols against influenza A and B viruses and structure–activity relationship analysis. Fitoterapia 2014, 93, 47–53. [Google Scholar] [CrossRef] [PubMed]

	



Furubayashi, T.; Inoue, D.; Nishiyama, N.; Tanaka, A.; Yutani, R.; Kimura, S.; Katsumi, H.; Yamamoto, A.; Sakane, T. Comparison of Various Cell Lines and Three-Dimensional Mucociliary Tissue Model Systems to Estimate Drug Permeability Using an In Vitro Transport Study to Predict Nasal Drug Absorption in Rats. Pharmaceutics 2020, 12, 79. [Google Scholar] [CrossRef] [PubMed]

	



Hsu, A.C.; Barr, I.; Hansbro, P.M.; Wark, P.A. Human influenza is more effective than avian influenza at antiviral suppression in airway cells. Am. J. Respir. Cell Mol. Biol. 2011, 44, 906–913. [Google Scholar] [CrossRef] [PubMed]

	



Tréhin, R.; Krauss, U.; Beck-Sickinger, A.G.; Merkle, H.P.; Nielsen, H.M. Cellular Uptake But Low Permeation of Human Calcitonin-Derived Cell Penetrating Peptides and Tat(47-57) Through Well-Differentiated Epithelial Models. Pharm. Res. 2004, 21, 1248–1256. [Google Scholar] [CrossRef] [PubMed]

	



Marriott, A.C.; Dove, B.K.; Whittaker, C.J.; Bruce, C.; Ryan, K.A.; Bean, T.J.; Rayner, E.; Pearson, G.; Taylor, I.; Dowall, S.; et al. Low Dose Influenza Virus Challenge in the Ferret Leads to Increased Virus Shedding and Greater Sensitivity to Oseltamivir. PLoS ONE 2014, 9, e94090. [Google Scholar] [CrossRef] [PubMed]

	



Govorkova, E.A.; Marathe, B.M.; Prevost, A.; Rehg, J.E.; Webster, R.G. Assessment of the efficacy of the neuraminidase inhibitor oseltamivir against 2009 pandemic H1N1 influenza virus in ferrets. Antivir. Res. 2011, 91, 81–88. [Google Scholar] [CrossRef]

	



Mifsud, E.J.; Tilmanis, D.; Oh, D.Y.; Ming-Kay Tai, C.; Rossignol, J.F.; Hurt, A.C. Prophylaxis of ferrets with nitazoxanide and oseltamivir combinations is more effective at reducing the impact of influenza a virus infection compared to oseltamivir monotherapy. Antivir. Res. 2020, 176, 104751. [Google Scholar] [CrossRef]

	



Mok, C.-K.; Ng, Y.L.; Ahidjo, B.A.; Aw, Z.Q.; Chen, H.; Wong, Y.H.; Lee, R.C.H.; Loe, M.W.C.; Liu, J.; Tan, K.S.; et al. Evaluation of In Vitro and In Vivo Antiviral Activities of Vitamin D for SARS-CoV-2 and Variants. Pharmaceutics 2023, 15, 925. [Google Scholar] [CrossRef]

	



Mereles, D.; Hunstein, W. Epigallocatechin-3-gallate (EGCG) for clinical trials: More pitfalls than promises? Int. J. Mol. Sci. 2011, 12, 5592–5603. [Google Scholar] [CrossRef]

	



Shammas, M.A.; Neri, P.; Koley, H.; Batchu, R.B.; Bertheau, R.C.; Munshi, V.; Prabhala, R.; Fulciniti, M.; Tai, Y.T.; Treon, S.P.; et al. Specific killing of multiple myeloma cells by (-)-epigallocatechin-3-gallate extracted from green tea: Biologic activity and therapeutic implications. Blood 2006, 108, 2804–2810. [Google Scholar] [CrossRef]

	



Pereira-Caro, G.; Moreno-Rojas, J.M.; Brindani, N.; Del Rio, D.; Lean, M.E.J.; Hara, Y.; Crozier, A. Bioavailability of Black Tea Theaflavins: Absorption, Metabolism, and Colonic Catabolism. J. Agric. Food Chem. 2017, 65, 5365–5374. [Google Scholar] [CrossRef] [PubMed]

	



Sima, M.; Lv, C.; Qi, J.; Guo, J.; Luo, R.; Deng, X.; Li, Y.; Wang, T.; Yue, D.; Gao, Y. Anti-inflammatory effects of theaflavin-3′-gallate during influenza virus infection through regulating the TLR4/MAPK/p38 pathway. Eur. J. Pharmacol. 2022, 938, 175332. [Google Scholar] [CrossRef] [PubMed]

	



Aree, T.; Jongrungruangchok, S. Enhancement of antioxidant activity of green tea epicatechins in β-cyclodextrin cavity: Single-crystal X-ray analysis, DFT calculation and DPPH assay. Carbohydr. Polym. 2016, 151, 1139–1151. [Google Scholar] [CrossRef] [PubMed]

	



Lu, H.; Meng, X.; Yang, C.S. Enzymology of methylation of tea catechins and inhibition of catechol-O-methyltransferase by (−)-epigallocatechin gallate. Drug Metab. Dispos. Biol. Fate Chem. 2003, 31, 572–579. [Google Scholar] [CrossRef] [PubMed]

	



Isbrucker, R.A.; Edwards, J.A.; Wolz, E.; Davidovich, A.; Bausch, J. Safety studies on epigallocatechin gallate (EGCG) preparations. Part 2: Dermal, acute and short-term toxicity studies. Food Chem. Toxicol. 2006, 44, 636–650. [Google Scholar] [CrossRef]

	



Chan, P.C.; Ramot, Y.; Malarkey, D.E.; Blackshear, P.; Kissling, G.E.; Travlos, G.; Nyska, A. Fourteen-week toxicity study of green tea extract in rats and mice. Toxicol. Pathol. 2010, 38, 1070–1084. [Google Scholar] [CrossRef] [PubMed]

	



Belser, J.A.; Katz, J.M.; Tumpey, T.M. The ferret as a model organism to study influenza A virus infection. Dis. Models Mech. 2011, 4, 575–579. [Google Scholar] [CrossRef]

	



Belser, J.A.; Eckert, A.M.; Tumpey, T.M.; Maines, T.R. Complexities in Ferret Influenza Virus Pathogenesis and Transmission Models. Microbiol. Mol. Biol. Rev. 2016, 80, 733–744. [Google Scholar] [CrossRef]

	



Cheong, Y.; Kim, M.; Ahn, J.; Oh, H.; Lim, J.; Chae, W.; Yang, S.W.; Kim, M.S.; Yu, J.E.; Byun, S.; et al. Epigallocatechin-3-Gallate as a Novel Vaccine Adjuvant. Front. Immunol. 2021, 12, 769088. [Google Scholar] [CrossRef]

	



Kumazoe, M.; Takamatsu, K.; Horie, F.; Yoshitomi, R.; Hamagami, H.; Tanaka, H.; Fujimura, Y.; Tachibana, H. Methylated (−)-epigallocatechin 3-O-gallate potentiates the effect of split vaccine accompanied with upregulation of Toll-like receptor 5. Sci. Rep. 2021, 11, 23101. [Google Scholar] [CrossRef]








[image: Viruses 15 02447 g001] 





Figure 1. EGCG influenza virus inhibition and cell toxicity in vitro. Cells in a 96-well plate were treated with EGCG at 2-fold dilutions for 24 h. (a) MDCK cells infected with A/California/07/2009 and A/Victoria/2570/2019 were quantified for virus focus forming unit (FFU) relative to the infected but not treated control (n = 4, in triplicate). (b) MDCK cell viability was determined by the CellTiter-Glo® Luminescent Cell Viability Assay (n = 3, in triplicate). (c) Yield reduction assay was conducted using Calu-3 cells to determine the relative inhibition of EGCG against A/California/07/2009 and A/Victoria/2570/2019 (n = 5, in single). (d) Calu-3 cell viability was also determined by the CellTiter-Glo® Luminescent Cell Viability Assay (n = 5, in triplicate). Each point represents the mean and standard deviation. IC50 or CC50 is indicated on each graph by vertical dashed lines. 






Figure 1. EGCG influenza virus inhibition and cell toxicity in vitro. Cells in a 96-well plate were treated with EGCG at 2-fold dilutions for 24 h. (a) MDCK cells infected with A/California/07/2009 and A/Victoria/2570/2019 were quantified for virus focus forming unit (FFU) relative to the infected but not treated control (n = 4, in triplicate). (b) MDCK cell viability was determined by the CellTiter-Glo® Luminescent Cell Viability Assay (n = 3, in triplicate). (c) Yield reduction assay was conducted using Calu-3 cells to determine the relative inhibition of EGCG against A/California/07/2009 and A/Victoria/2570/2019 (n = 5, in single). (d) Calu-3 cell viability was also determined by the CellTiter-Glo® Luminescent Cell Viability Assay (n = 5, in triplicate). Each point represents the mean and standard deviation. IC50 or CC50 is indicated on each graph by vertical dashed lines.



[image: Viruses 15 02447 g001]







[image: Viruses 15 02447 g002] 





Figure 2. Weight loss, temperature, and liver enzyme/substrate analysis of uninfected ferrets treated with EGCG. Ferrets were treated with 1 mL/kg of sugar water (placebo) or 125 mg/kg EGCG per dose twice daily (8 h apart) for 5 days (d0–d4) or 5 mg/kg paediatric OST per dose twice daily (8 h apart) for 5 days (d0–d4). (a) The weight change of animals weighed daily is shown by solid lines. (b) Body temperature was recorded daily on a microchip, as shown by solid lines. For liver enzyme analysis, blood was harvested at d0, d4, and d14 post-treatment onset for biochemistry analysis of sera. Liver/biliary tract enzymes/substrates indicative of liver function, including (c) alanine transaminase (ALT), (d) aspartate transaminase (AST), (e) alkaline phosphatase (Alk Phos), (f) gamma-glutamyl transferase (GGT), (g) total bilirubin, and (h) albumin, were quantified with a reference range sourced from Hein et al. [41]. Three ferrets were used in each group. 






Figure 2. Weight loss, temperature, and liver enzyme/substrate analysis of uninfected ferrets treated with EGCG. Ferrets were treated with 1 mL/kg of sugar water (placebo) or 125 mg/kg EGCG per dose twice daily (8 h apart) for 5 days (d0–d4) or 5 mg/kg paediatric OST per dose twice daily (8 h apart) for 5 days (d0–d4). (a) The weight change of animals weighed daily is shown by solid lines. (b) Body temperature was recorded daily on a microchip, as shown by solid lines. For liver enzyme analysis, blood was harvested at d0, d4, and d14 post-treatment onset for biochemistry analysis of sera. Liver/biliary tract enzymes/substrates indicative of liver function, including (c) alanine transaminase (ALT), (d) aspartate transaminase (AST), (e) alkaline phosphatase (Alk Phos), (f) gamma-glutamyl transferase (GGT), (g) total bilirubin, and (h) albumin, were quantified with a reference range sourced from Hein et al. [41]. Three ferrets were used in each group.



[image: Viruses 15 02447 g002]







[image: Viruses 15 02447 g003] 





Figure 3. EGCG and Oseltamivir combination therapy in ferrets infected with A/California/07/2009 (a) Ferrets were treated with 1 mL/kg of sugar water (placebo), 250 mg/kg of EGCG, 5 mg/kg of paediatric oseltamivir (OST), or their combination twice daily (8 h apart) for 4 days, starting 1 h prior to intranasal inoculation with 5 log10TCID50/500 μL with A/California/07/2009. (b) Daily nasal wash samples were analysed by the TCID50 assay, with the mean titre indicated by the lines. The limit of detection (LOD) is indicated by the dashed line at 1.7 log10TCID50/mL. (c) The mean area under the curve (AUC) was determined from the shedding curves of individual ferrets over time. (d) At day four post-infection, respiratory tract tissues were collected for a virus titration assay. (e) The mean titre for all five major lung lobes shown for each animal. LOD is indicated by the dashed line at 2.3 log10TCID50/g. (f) Weight loss was determined daily relative to day 0 starting weight, with the mean percentage weight change indicated by the lines. (g) Body temperature was recorded daily from a subcutaneous microchip, with the mean temperature indicated by the lines. Data from four ferrets determined the mean and SD, compared across each group by Two-way ANOVA. Tukey’s multiple comparisons (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001), or ordinary one-way ANOVA Tukey multiple comparisons for (b,d). Data representing the EGCG-treated group at day four are from only three ferrets due to mortality. 
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