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The theaflavins fraction (TF80%, with a purity of 80%) and three theaflavin (TF) derivatives from black tea
have been found to exhibit potent inhibitory effects against influenza virus in vitro. They were evaluated
with a neuraminidase (NA) activity assay, a hemagglutination (HA) inhibition assay, a real-time quantita-
tive PCR (qPCR) assay for gene expression of hemagglutinin (HA) and a cytopathic effect (CPE) reduction
assay. The experimental results showed that they all exerted significant inhibitory effects on the NA of three
different subtypes of influenza virus strains [A/PR/8/34(H1N1), A/Sydney/5/97(H3N2) and B/Jiangsu/10/
2003] with 50% inhibitory concentration (ICsp) values ranging from 9.27 to 36.55 pg/mL, and they also dis-
played an inhibitory effect on HA; these inhibitory effects might constitute two major mechanisms of their
antiviral activity. Time-of-addition studies demonstrated that TF derivatives might have a direct effect on
viral particle infectivity, which was consistent with the inhibitory effect on HA. Subsequently, the inhibitory
effect of TF derivatives on the replication of the viral HA gene as assayed by qPCR and on the nuclear local-
ization of the influenza virus vRNP further demonstrated that they may primarily act during the early stage
of infection. Interestingly, besides the activity against functional viral proteins, TF derivatives also
decreased the expression level of the inflammatory cytokine IL-6 during viral infection, expression of which
may result in serious tissue injury and apoptosis. Our results indicated that TF derivatives are potential
compounds with anti-influenza viral replication and anti-inflammatory properties. These findings will
provide important information for new drug design and development for the treatment of influenza virus

infection.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Influenza viruses cause worldwide outbreaks and pandemics in
humans and animals every year with high morbidity and mortality
(Miller et al., 2009). The severe ‘Spanish flu’ pandemic between
1918 and 1919 resulted in hundreds of millions of cases and led
to approximately 20-50 million human deaths (Taubenberger
et al.,, 2001). The enveloped, negative-stranded influenza virus
belongs to the family Orthomyxoviridae. It is divided into three
types, A, B and C, based on the antigenic and genetic differences
of the inner proteins and genome structure. The viral genome of
the influenza A virus contains eight segmented ssRNAs, which
encode 11 viral proteins and peptides. The two viral glycoproteins
located on the surface of the virus, hemagglutinin (HA) and
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neuraminidase (NA) are crucial for the replication and infectivity
of the influenza virus (Fiers et al., 2004).

Currently, two classes of drugs have been approved by the FDA
for influenza virus prevention and therapy, M2 ion-channel inhibi-
tors (i.e., amantadine and rimantadine) and neuraminidase
inhibitors (i.e., oseltamivir and zanamivir). The former is effective
only against type A viruses and drug resistance has become wide-
spread (Pielak and Chou, 2010), while the later, which is effective
against both type A and B viruses, is also facing drug-resistance in
new strains (Dolin, 2011; Longtin et al., 2011; Hurt et al., 2011;
Ramirez-Gonzalez et al., 2011). These reasons urged us to investi-
gate new antiviral drugs against influenza virus.

Plants have a long history in the treatment of infectious
diseases caused by viruses in traditional Chinese medical practices.
Numerous experiments have shown that polyphenolic compounds
exert a wide range of pharmacological activities, including antino-
ciceptive, antioxidative, antibacterial, anticancer and antiviral
(Hajhashemi et al., 2011; Yook et al., 2010; Szliszka et al., 2011).
Polyphenolic catechins from green tea were studied for their
ability to inhibit influenza virus replication in cell culture


http://dx.doi.org/10.1016/j.antiviral.2012.04.001
mailto:liuailin@imm.ac.cn
mailto:dugh@imm.ac.cn
mailto:zhenglishu2000@sina.com
mailto:zhenglishu2000@sina.com
http://dx.doi.org/10.1016/j.antiviral.2012.04.001
http://www.sciencedirect.com/science/journal/01663542
http://www.elsevier.com/locate/antiviral

218 M. Zu et al./Antiviral Research 94 (2012) 217-224

(Song et al., 2005). Especially, as one of the major catechins of
green tea polyphenols, (—)-Epigallocatechin gallate (EGCG) inhibits
influenza A virus endonuclease with chemical groups of catechin as
an important determinant for this activity (Kuzuhara et al., 2009).
Theaflavins (TFs), a group of polyphenolic compounds, are a major
component of black tea, which are made by the oxidation and
dimerization during the manufacture of black tea and oolong tea
from green tea catechins and account for 2-6% of the dry weight
of solids (Robert, 1958). Up to now, more than 28 TF derivatives
have been isolated, and the most abundant TFs in black tea are
theaflavin (TF), theaflavin-3-gallate (TF-3-G), theaflavin-3'-G (TF-
3'-G), theaflavin-3,3’-DG (TF-3,3’-DG). The bioavailability and bio-
activity of tea polyphenols (PP) and theaflavins in mouse tissue
indicated that PP and theaflavins were found in the small and large
intestine, liver, and prostate in conjugated and free forms.
Although tea PP were not detectable in serum for the human study,
the inhibitory effect against ex vivo LNCaP prostate cancer cell pro-
liferation was obtained when treated the cells with media contain-
ing patient serum collected after black tea and green tea
consumption (Henning et al., 2006). However, antiviral activity in
theaflavins has not been reported before. To discover new drugs
against influenza virus, we have established a NA inhibitory assay
and carried out high throughput screening (HTS) (Liu et al.,
2008a,b). The HTS results showed that theaflavin extracts and
theaflavin derivatives including TF-3-G, TF-3’-G and TF-3,3'-DG
exhibited NA inhibition; therefore, their anti-influenza virus effect
and the underlying mechanism were further investigated in the
present study.

2. Materials and methods
2.1. Cells and virus strains

Madin-Darby canine kidney (MDCK) cells were grown in
Dulbecco’s modified Eagle medium (DMEM) containing 10% fetal
bovine serum (FBS). A549 cells (an epithelial cell line through ex-
plant culture of lung carcinomatous tissue) were maintained in
RPMI1640 medium containing 10% FBS. Before infection, cells were
washed with PBS (pH 7.2-7.4) and cultured in media supple-
mented with 2 pg/mL trypsin TPCK treated from bovine pancreas
(Sigma-Aldrich, Lot# 031M7358V).

The human influenza virus strains A/PR/8/34(A/HINT1),
A/Sydney/5/97(A/H3N2) and B/Jiangsu/10/2003 were kindly do-
nated by the Institute for Viral Disease Control and Prevention, Chi-
na Centers for Disease Control and Prevention. Viral stocks of these
laboratory-adapted strains were prepared by passaging them in
9-day-old embryonated chicken eggs for 48 or 72 h.

2.2. Extract and compounds

The 80%TF containing of TF, TF-3-G, TF-3’-G and TF-3,3'-DG with
more than 80% purity was provided by DeHe Bio-technology Com-
pany in Jiangsu province in China. The three TF derivatives, specif-
ically TF-3-G, TF-3'-G and TF-3,3'-DG, were provided by the
National Center for Pharmaceutical Screening in the Institute of
Materia Medica, Chinese Academy of Medical Sciences, China
(Fig. 1), and their purity was greater than 98%. Ribavirin with
>98% purity (Sigma-Aldrich, Lot# 020M4003) and the active form
of Tamiflu, oseltamivir carboxylate/oseltamivir acid (J&K Scientific
Ltd.) were used as reference compounds in CPE and NA inhibition
assay, respectively. All the compounds and extracts were dissolved
in DMSO to 10 mg/mL as a stock solution. Serum-free medium or
2-(N-morpholino) ethanesulfonic acid (MES) hydrate buffer or sal-
ine was used as the dilution buffer in the follow-up experiments.

TF X;=OH X;=H Xs=H X,4=OH

TF-3-G: X;=OH Xo=H Xs=H X4=OCOR

TF-3'-G: X;=0COR  Xp=H Xsz=H X4=OH

%X OH

3 4 TF-3,3-DG:  X;=0OCOR  X;=H Xs=H X,;= OCOR

Fig. 1. Chemical structures of theaflavin and its derivatives.

2.3. Neuraminidase inhibition assay

A neuraminidase (NA) inhibition assay was developed to detect
antiviral effects and to determine the potential mechanism of “hit”
compounds. The NA inhibition assay was conducted using NAs from
three types of influenza viruses as follows: A/PR/8/34(H1N1), A/Syd-
ney/5/97(H3N2) and B/Jiangsu/10/2003. Influenza virus NA activity
was assayed by quantifying the fluorescent product resulting from
the cleavage of the substrate 4-methylumbelliferyl-o-D-N-acetyl-
neuraminic acid sodium salt hydrate solution (MUNANA) by NA (Po-
tier et al., 1979). The reaction mixture consisted of the tested
compounds, virus (as the source of NAs) and MUNANA in 32.5 mM
MES buffer (containing 4 mM CaCl,, pH =6.5) in a 96-well plate.
After incubation for 60 min at 37 °C, the reaction was terminated
with 150 pL 34 mM NaOH and the fluorescence of the mixture was
recorded for the excitation wavelength 360 nm and emission wave-
length 450 nm (Kwon et al., 2010). The inhibition ratio was obtained
using the equation:

Inhibition activity (%) = (Fvirus — FSample)/(FVirus — Fsubstrate) * 100

where Fy;.ys is the fluorescence of the influenza virus control (virus,
buffer and substrate), Fsypstrate iS the fluorescence of the substrate
control (buffer and substrate), and Fsampie is the fluorescence of
the tested samples (virus, sample solution and substrate). Subse-
quently, the 50% inhibitory concentration (ICsg) was determined
by extrapolation of the results from various doses tested using a lin-
ear equation. The experiment was repeated at least twice with a
similar finding each time. At least three independent measurements
were collected to determine the mean and SD values.

2.4. Cytotoxicity test

MDCK cells (2 x 10* per well) or A549 cells (1 x 10% per well)
grown in 96-well plate for 24 h were washed once with serum-free
medium and were then treated with TF derivatives at the concentra-
tions between 1 and 200 pg/mL or mock control solutions (DMSO of
2%) at 37 °C and 5% CO, for 72 h. Proliferation of cells was measured
by the MTS assay. According to the Manufacturer’s protocol, 2 mg/
mL MTS (Promega) completely dissolved in Dulbecco’s phosphate-
buffered saline (DPBS) combined with 0.92 mg/mL PMS (Sigma)
was added to the cell culture medium for 2 hat 37 °Cin a humidified,
5% CO, atmosphere. The absorbance was recorded at 490 nm using
an ELISA plate reader. Cytotoxicity of the compounds was estimated
by comparison of the cell survival rate of TF derivatives treated cells
with that of mock-treated. The survival rate of mock-treated control
was set as 100%.

2.5. Cytopathic effect (CPE) reduction assay
MDCK cells were seeded into 96-well plates at 2 x 10% cells per

well 24 h prior to infection and incubated at 37 °C 5% CO,. To
evaluate the pharmacological characteristics of TF derivatives,
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three different time points for drug administration were utilized in
our experiments. (1) Pre-incubation treatment assay: A/PR/8/
34(H1N1) at MOI of 0.1 was pre-incubated with serial dilutions
of test samples for 1 h at 4 °C before adding virus combined with
samples to MDCK cells for virus titer determination. (2) Simulta-
neous treatment assay: serial dilutions of the test samples were
added to the cells at the same time as influenza virus strain (MOI
0.1). (3) Post-treatment assay: the test samples were added to
the cells 1 h after the adsorption of the influenza virus A/PR/8/34
(MOI 0.1). The positive control was ribavirin. At 24 h post-infec-
tion, microscopy was performed to determine the antiviral effect,
which was expressed as the concentration that reduced the
virus-induced CPE by 50% (50% effective concentration, [ECsg])
(Liu et al., 2008a,b), and to determine the nonspecific cytotoxicity
of the theaflavins, expressed as the maximal non-cytotoxic concen-
tration (MNCC). The data were confirmed using a crystal violet-
based cell viability assay (Schmidtke et al., 2001), and the resulting
spectrophotometric data were used to calculate the ECso and the
50% cytotoxic concentration (CCsp) (Liu et al., 2008a,b). The exper-
iment was repeated at least three times. At least nine parallel
measurements were obtained for the mean and SD values.

2.6. Hemagglutination inhibition (HI) assay

The HI assay was performed to evaluate the inhibitory effects of
TF derivatives on viral adsorption into target cells. The hemagglu-
tinin (HA) titers of viral stocks were initially determined by the
standard HA assay in round-bottomed 96-well microplates. HI
tests were subsequently performed using 4 times the HA units
(HAU) of virus per well. A volume of 25 pL of the theafavins and
TF derivatives from a twofold serial dilution in saline were added
into the microwell plate prior to the addition of an equal volume
of virus (4HAU). Subsequently, 50 pL of guinea pig erythrocytes
(1% v/v in saline) were added to each well. The hemagglutination
reaction results were read after incubation for 1 h at room temper-
ature (Chen et al., 2010; Kwon et al., 2010). The experiment was re-
peated twice independently with similar results, with three
parallel measurements each time.

2.7. Quantitative real-time PCR assay

A549 cells were grown to approximately 90% confluence in 6-
well plates with 4 x 10° cells per well at 37 °C 5% CO,, infected
with influenza virus at MOI 0.1 and cultured in the presence of
TF derivatives at concentrations of 3 or 10 pg/mL. Cells were lysed
by directly adding 500 puL TRizol (Invitrogen) to each well
following medium removal 7 h after A/PR/8/34(H1N1) virus infec-
tion, and the cell lysates were collected (Kwon et al., 2010). To
determine the expression level of mRNA from the HA gene of the
influenza virus, a total RNA isolation procedure was carried out
in accordance with the instructions. Total RNA was reverse tran-
scribed into cDNA using the TransScript First-Strand cDNA Synthe-
sis SuperMix (TransGen Biotech) according to the Manufacturer’s
protocol. The enzyme was inactivated at 85 °C for 5 min. The cDNA
was stored at —20 °C or directly used for qPCR. The primer se-
quences, which were designed by Primer-BLAST from NCBI, for
gPCR of the influenza virus HA gene were 5-CCTGCTCGAAGA-
CAGCCACAACG-3' (sense) and 5'-TTCCCAAGAGCCATCCGGCGA-3'
(antisense). GAPDH primers were used as internal control of cellu-
lar RNAs: 5-AGGCGTCGGAGGGCCCCCTC-3’ (sense) and 5-AGGG-
CAATGCCAGCCCCAGCG-3’ (antisense). qPCR was conducted using
cDNA, the sense and antisense primers, and SsoFast EvaGreen
PCR 2 x master mix (Bio-Rad). Cycling conditions for the qPCR were
as follows: 95 °C for 3 min, followed by 40 cycles of 95 °C for 3 s,
65 °C for 30 s and 72 °C for 1 s. Finally, a melting curve was gener-
ated by increasing the temperature at a gradient of 0.05 °C from 65

to 95 °C. qPCR was conducted using the CFX96 Realtime PCR sys-
tem (Bio-Rad). The data were analyzed with the Bio-Rad CFX man-
ager using the mode for normalized expression (2-24€9). The
experiment was performed for three times with three parallel
measurements each time.

2.8. Indirect immunofluorescence microscopy

Confluent monolayers A549 cell infected with influenza virus
A/PR/8/34 (HIN1) at MOI 0.1 were treated with the three TF deriva-
tives in a dose range of 3-30 pug/mL. At 12 h post-infection, the
supernatant was removed, and the cells were fixed with 4% parafor-
maldehyde for 15 min at room temperature, permeabilized with
0.3% Triton-X100 for 10 min at room temperature and blocked with
5% BSA (Amoresco) for 2 hat 4 °C. After labeling with a mouse mono-
clonal antibody directed against influenza A virus nucleoprotein
(NP) [9G8] (abcam, ab43821) (1:100 in 5% BSA) at 4 °C overnight
and 5% Anti-Mouse IgG (Alexa Fluor® 488 Conjugate) as a secondary
antibody (Cell Signaling Technology. #4408) (1:50 in 5% BSA) at 4 °C
overnight, the nuclei were stained with 4’,6-diamidino-2-phenylin-
dole (DAPI) (1 pg/mL in methanol) at 37 °C for 10 min. Fluorescence
was observed using an Olympus fluorescence microscope (Olympus,
Germany) (Geiler et al., 2010). In total, three independent experi-
ments were performed with similar results, in which at least three
photographs were randomly taken for each well.

2.9. Cytokine secretion assay

Confluent monolayers A549 cells in 96-well plate at 37 °C 5%
CO,, infected with influenza virus (HIN1) at MOI 0.1 were treated
with TF derivatives at the serially diluted, non-cytotoxic concen-
trations of 1, 5 or 25 pg/mL. Supernatants from mock or HIN1-
infected cells at 24 h post-infection were compared for the expres-
sion of IL-6 by ELISA (4A biotech Co. Ltd.) according to the Manu-
facturer’s protocol (Geiler et al, 2010). The experiment was
repeated twice with similar results in three parallel measurements.

2.10. Statistical analysis

All data are given as the mean + SD. Statistical analysis of the re-
sults was performed with Students’ t-test. p values of <0.01 were
considered to be statistically significant.

3. Results
3.1. Neuraminidase inhibition activity

To detect any antiviral effect of TF derivatives and to determine
the corresponding mechanisms, an NA activity assay was per-
formed. The results (Table 1) showed that TF derivatives all exhib-
ited an inhibitory effect on the NAs from three subtypes of
influenza virus strains with ICsq values ranging from 10.67 + 0.31
to 49.60 + 4.74 pM. The inhibitory effects of the three TFs against
influenza A virus were more potent than influenza B virus, and
the inhibitory effect against the H3N2 subtype virus was stronger
than against HIN1. Interestingly, the positive control, oseltamivir
carboxylate, showed the same inhibitory trend against the three
types of NAs. TF-3,3’-DG displayed the highest inhibitory activity
against the NAs, with an ICso of 10.67 £ 0.31 pM.

3.2. Antiviral activities in a CPE reduction assay against influenza A
virus strains

To confirm the antiviral activity of TF derivatives, their reduc-
tion of influenza virus-induced cytopathic effects were evaluated.
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Table 1
ICsp values of NA inhibitory activity of TF derivatives and Oseltamivir carboxylate.
Samples ICso
A/PR/8/34(H1N1) A/Sydney/5/97(H3N2) B/Jiangsu/10/2003
TF80% (ng/mL) 11.65 + 0.66 25.72£0.81 27.98 £3.17
TE-3-G (uM) 31.91+4.18 1329 £2.32 49.60 + 4.74
TF-3'-G (uM) 35.23+7.75 18.26 + 1.07 49.23 £4.20
TF-3,3'-DG (uM) 26.25 £6.20 10.67 £ 0.31 42.07£2.16
Oseltamivir carboxylate (nM) 15.57 £1.73 8.88 £2.17 31.60+2.88
incubated with test samples, TF-3,3'-DG afforded the most active
Table 2 inhibitory effect, with the ICsq 0of 0.70 £ 0.13 pg/mL. TF-3-G showed
CCsp values of TF derivatives in MDCK and A549 cells. the lowest inhibitory effect, with an ICsy of 6.89 +2.70 pg/mL.
Samples CCo (pig/mL) TF80% and TF-3'-G had an intermediate ‘effect, wlth an IC50.S.Of
3.79£0.58 and 1.74 £ 0.31 pg/mL, respectively (Fig. 2). As positive
AS49 MDCK controls, ribavirin and oseltamivir carboxylate showed an inhibi-
TF80% 73.5 1743 tory effect against A/PR/8/34(H1N1) in pre-incubation treatment,
gjf_cc }Zi'g 1;;; with the ICso values of 5.04 and 1.85 pg/mlL, respectively. The
TF-3,3"-DG 767 143.4 ICso values of TF derivatives ranged from 12.45+1.07 to

First, a cell proliferation and viability assay based on MTS was per-
formed to determine the nonspecific cytotoxicity of the TF com-
pounds for MDCK cells. The CCsq of TF80%, TF-3-G, or TF-3'-G, or
TF-3,3'-DG was 174.3, 177.1, 167.8, 143.4 ug/mL, respectively.
For A549 cells, the CCso values were 73.5-172.9 pg/mL (Table 2).
No significant cellular toxic effect was observed within the concen-
tration range of 1-30 pg/mL of TF derivatives in both MDCK and
A549 cells when the compounds and cells were incubated together
at 37 °C for 24 h in a humidified atmosphere of 5% CO,. The data
from the CPE reduction assay demonstrated that TF derivatives
all exhibited inhibitory antiviral effects, not only in the pre-incuba-
tion treatment assay and post-treatment assay after viral adsorp-
tion, but also in a simultaneous treatment assay when co-
incubated to virus and TF compounds. When the virus was pre-

40 - ZZZZ Pre-incubation treatment assay
L] Simultaneous treatment assay
[_]Post treatment assay

304

ECgg(ug/mL)

1| 4 Q*
]| dllw

T T
TF80% TF-3-G TF-3'-G TF-3,3'-DG Ribavirin

Fig. 2. In vitro time-of-addition studies on anti-influenza viral activity of the TF
derivatives by CPE reduction assay in MDCK cells. The cells were divided into three
groups. Group 1 (Pre-incubation treatment): serial dilutions of TF derivatives from
0.1 to 30 pg/mL were pre-incubated with influenza virus (A/PR/8/34, HIN1, MOI
0.1) for 1 h at 4 °C before added to the cells. Group 2 (Simultaneous treatment):
Virus A/PR/8/34 (MOI 0.1) together with serial dilutions of the TF derivatives were
added to cell monolayers cultivated in 96-well culture plates. Group 3 (Post-
treatment): Samples were added to cell monolayers after influenza virus adsorption
at 33 °C under 5% CO, for 1 h. After incubation at 37 °C 5% CO, for 24 h, the cells
form three groups were stained with 1% crystal violet. The optical density of the
cellular lysate after treatment with 1% SDS was measured at a wavelength of
590 nm. Each concentration took up three wells during each assay, three indepen-
dent determinations were carried out.

20.93 +£3.47 pg/mL in the post-treatment assay in which TF-3'-G
showed the strongest suppressive activity. The ICsq values ranged
from 723+3.16 to 12.38+3.57 ug/mL for simultaneous
treatment, and TF-3,3'-DG showed the most potent inhibitory
effect. Interestingly, both TF derivatives and ribavirin showed effi-
cacy against CPE in three kinds of administrations: Pre-incubation
treatment > Simultaneous treatment > Post-treatment (Fig. 2).

3.3. Hemagglutination (HA) inhibition activity

To study the antiviral mechanism of TF derivatives, inhibition of
HA was evaluated. The HA inhibition assay results (Table 3) showed
that the TF80%, TF-3-G, or TF-3'-G could completely inhibit viral
binding to guinea pig erythrocytes for both A/PR/8/34(H1N1) and
A/Sydney/5/97(H3N2) strains with the minimum effective concen-
tration (MEC) of <25 pg/mL, while TF-3,3’-DG showed no inhibitory
effect on HA from H3N2. For the B/Jiangsu/10/2003 strain, only TF-
3-G exhibited an inhibitory effect with MEC of 25 pg/mL. Addition-
ally, TF-3-G showed the highest level of HA inhibition against both
A/PR/8/34(HIN1) and A/Sydney/5/97(H3N2), with a MEC of
4.69 £2.71 and 3.125 + 0.00 pg/mL, respectively.

3.4. Inhibitory activity on influenza virus replication

To identify any inhibitory effect of TF derivatives on influenza
virus replication, the synthesis of influenza viral HA mRNA was
compared between TF treated and untreated infected cells. Total
RNA extraction was performed at 7 h after influenza virus infec-
tion, and the levels of intracellular influenza mRNA were mea-
sured. After reverse transcription, a standard curve for the
amplification of both the HA gene and reference GAPDH gene
was generated by a serial 10-fold dilution of the template to eval-
uate the efficiencies of both reactions. The resulting standard
curves showed that the amplification efficiencies for the genes
were between 95% and 105% with correlation coefficients greater
than 0.99. The results of the qPCR showed a significantly increased

Table 3
MEC values of HA inhibitory activity of TF derivatives.

Samples Minimum effective concentration (MEC) (png/mL)
A/PR/8/34(HIN1) A/Sydney/5/97(H3N2) B/Jiangsu/10/2003

TF80% 21.87 £5.41 14.58 £9.55 >50

TF-3-G 4.69+2.71 3.125+0.00 25.00 +0.00

TF-3'-G 13.80+10.61 8.33+3.61 >50

TF-3,3-DG  13.15+11.54 >135.42 >50
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level of HA mRNA transcription in the inoculated cells at 7 h after
viral infection compared to the mock. Also, a reduction of HA
mRNA transcription was observed in cells treated with the
80%TF, TF-3-G, TF-3'-G, or TF-3,3’-DG compared with the non-
treated infected cells in a dose-dependent manner using concen-
trations ranging from 1 to 10 pg/mL (Fig. 3).

3.5. Influence on vRNP localization in the nucleus

Typically, the viral ribonucleoprotein (VRNP) is confined to the
nucleus in the early stage of infection, but is transported to the
cytoplasm for packaging into progeny virions in the late stage of
infection. To investigate the influence of three TF derivatives on
the localization of the influenza virus vRNP in the nucleus of
infected cells, A549 cells were co-treated with virus and the TF
derivatives in concentrations of 3, 10 or 30 pg/mL. At 12h
post-infection, cells were analyzed for vRNP localization by immu-
nofluorescence. Compared to untreated infected cells, all the TF
derivatives remarkably decreased the nuclear localization of vRNP
in a dose-dependent manner as demonstrated by immunofluores-
cence staining and inhibition of influenza virus replication (Fig. 4).

3.6. Influence on cytokine production in HIN1-infected cells

The virus-induced “cytokine storm” appears to contribute to the
severe pathogenesis of the reconstructed 1918 HIN1 and H5N1
influenza viruses pandemics (Beigel et al., 2005; de Jong et al.,
2006; Kash et al., 2006); therefore, the inhibition of virus-induced
cytokine release is also important for the treatment of influenza. In
addition to investigating inhibitory effects against the virus, the
influence of derivatives on the production of cytokines that have
been closely linked to the progression of HIN1 infections was stud-
ied. Supernatants from cultures treated or untreated with TF deriv-
atives were compared for the expression level of IL-6 by ELISA
(Fig. 5). Mock-infected cells maintained a level of IL-6 as low as
16.76 £ 8.2 pg/mL, while HIN1 infection dramatically increased
the level of IL-6 by 21.1-fold (352.9 + 17.7 pg/mL). Treatment with
TF derivatives did not significantly alter basal cytokine level of

-
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Fig. 3. qPCR of influenza viral RNA levels normalized to GAPDH. A549 cells were
infected by influenza virus (MOI 0.1) at the same time as treatment with three TF
derivatives (1, 3 or 10 pug/mL). Total RNA extraction was performed at 7 h after
infection. After reverse transcription, the levels of intracellular influenza viral HA
mRNA were measured by qPCR. The 2724 (Livak) algorithm was used to analyze
the C, values based on the approximate efficiencies of the target gene and reference
gene. Influenza viral HA mRNA levels were normalized to GAPDH as 1. In all, three
biological replicates and three technical replicates were performed with similar
results (**p < 0.01; **p < 0.01).

normal cells at concentrations up to 25 pg/mL. The HIN1-induced
cytokine secretion was significantly reduced by TF derivatives in a
dose-dependent manner compared with the untreated H1N1-in-
fected cells.

4. Discussion

The influenza virus life cycle begins with viral HA binding to
sialylated glycoprotein receptors on the host cell surface, followed
by receptor-mediated endocytosis. The virus enters the cell by
internalization. Subsequently, endosomal acidification alters the
conformation of HA and leads to the fusion of the host and viral
membranes, which permits the release of the viral ribonucleopro-
teins (VRNPs) into the cytoplasm. In the nucleus of infected cells,
the viral RNAs are transcribed into mRNAs and replicated. Finally,
the newly synthesised vVRNPs are exported into the cytoplasm, and
after packaging, mature virions are released from the cell surface
which is dependent on sialidase cleaving sialic acid (SA) receptors
(Min and Subbarao, 2010). TF-3,3’-DG has been reported to prevent
the virus from being adsorbed into MDCK cells, which directly
inhibits the hemagglutinin of the influenza virus, as observed with
an electron microscope (Nakayama et al., 1993). However, the
knowledge of the anti-influenza virus activity of TF-3,-3’-DG and
their derivatives, and their potential mechanisms are still limited.
Four probable pathways might be deduced for their antiviral ef-
fects: (1) blockage of viral binding to the cell receptors in the early
stage of a virus infection; (2) attenuation of viral replication after
entry; (3) inhibition of virus release from host cell; and (4) reduc-
tion of the serious inflammatory cytokines storm induced by the
influenza virus infection.

During the time-of-addition assays, the antiviral effects with
pre-incubation treatment, simultaneous treatment and post-
treatment were compared to identify whether TF derivatives could
block viral entry. The CPE reduction assay results showed higher
inhibitory activity with the simultaneous treatment for each drug
than post-infection treatment. Moreover, to corroborate the anti-
influenza virus activity in the simultaneous treatment assay, a
gPCR assay was used to test the in vitro effect of these drugs on
viral replication. Furthermore, the results from the HA inhibition
assay suggest that TF derivatives could inhibit HA by directly bind-
ing to viral HA or by blocking the SA receptor on the cell surface,
which would be consistent with the assay results reported in the
literature (Nakayama et al., 1993). Hence, it is strongly indicated
that blockage of viral adsorption to the host cell might be one of
the mechanisms for their antiviral activity. The CPE, qPCR and
HA inhibition experimental results indicated that TF derivatives
could disturb viral entry. In addition, the results using immunoflu-
orescence staining for NP as a marker of vRNP localization revealed
that the inhibition by three TF derivatives on VRNP synthesis and
localization in the nucleus might be an indirect downstream effect
of blocked entry.

In addition, we first reported the inhibitory effects of TF deriv-
atives on neuraminidase of three different subtypes of influenza
virus strains, which are in accordance with the results from the
CPE reduction assay of the post-treatment. Furthermore, both NA
and HA recognize carbohydrate structures and bind to sialic acid
units on the surface of host cell. By cleaving the a-(2,6) glycosidic
linkage, NA reduces the number of receptor binding sites for HA on
host cells and progeny viruses, which allows the mature virus to be
released from the host cell (Manco et al., 2006). The NA activity
assay results showed that the mild effect of TF derivatives against
influenza viral neuraminidase was crucial for their antiviral activ-
ity in the late stage when the virus detached from the host cells
during release, although their potency was much poorer than that
of oseltamivir carboxylate.
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Fig. 4. TF derivatives treatment on the vVRNP localization in the nucleus of HIN1-infected A549 cells. TF-3-G, or TF-3'-G, or TF-3,3’-DG at 3, 10 or 30 png/mL were added with
influenza virus infection A/PR/8/34 (H1N1) at MOI 0.1. Twelve hours post-infection, NP localization was visualized using specific antibodies with an immunofluorescence
microscope. NP staining is shown in green. Nuclei stained by DAPI is shown in blue. Photographs were taken randomly from one representative experiment. In total, three
independent experiments were performed with similar results. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)
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Fig. 5. Influence of TF derivatives treatment on the production of IL-6 in HIN1-
infected A549 cells. The TF80%, TF-3-G, or TF-3'-G, or TF-3,3'-DG at 1, 5 or 25 pg/mL
was added with influenza virus infection A/PR/8/34(H1N1) at MOI 0.1. At 24 h post-
infection, the level of IL-6 in the supernatants was measured by ELISA. Data were
represented as the mean + SD of three separate experiments. **#p < 0.01, **p < 0.01
relative to the untreated, virus-infected control.

As far as we know, polyphenolic compounds belong to one of the
most important secondary metabolites in plant species. Various
polyphenolic compounds have been studied for their NA inhibiting
properties, among which, flavonoids and (oligo) stilbenes are two
major structure types. Some sub-groups of flavonoids have been
studied for their NAls with a classification of their ICsq values into

three groups of good, moderate and weak. Substances belonging
to aurones have been investigated as most potent NAls among fla-
vonoid derivatives (ICso values between 22.0 and 72.0 pM, H1N1)
with essential functionalities of a hydroxyl group in position 6, an
oxo group in position 3, and a double bond between position 2
and phenylidene moiety (Liu et al, 2008a,b). Biflavonoids like
ginkgetin, hinokiflavone and 4’-O-methylochnaflavone with ICsq
values between 2.01 and 97.09 uM (H1N1). Fourteen C-methylated
flavonoids were found to have NA inhibiting properties (ICsqs 2.55-
28.12 uM); among the chalcones, the coumestan glycyrol (ICso
3.1 uM) and isoliquiritigenin (ICso 9.0 tM) have been studied; flav-
ones have also proven significant activities against influenza NA
with ICsps (25.92-33.71 uM, H1N1) and (2.2-8.8 uM, recombinant
H1N1). As isoflavones, daidzein (ICs0 37.1 uM, H1N1) and genistein
(IC50 77.1 uM, H1N1) displayed inhibitory activities against NA. On
the other hand, some (oligo) stilenes were reported to perform anti-
viral activities by targeting influenza NA, with ICsq values from 8.94
t061.16 pM (H1N1) (Liu et al., 2010; Grienke et al., 2012). For flavo-
noids, it was reported that the position and number of hydroxyl
groups, especially in position 4’ and 7, an oxo group in position 4,
and a double bond between position 2 and 3 are essential for good
NA inhibitory activity (Liu et al., 2008a,b). In the present study, as a
subtype of polyphenols in black tea, theaflavin and its derivatives
containing a benzo tropolone ring and two catechins with or with-
out catechin gallates, showed inhibitory effect against NA although
catechin as a polyphenolic compound showed no inhibition on NA.
The studies indicated that the scaffold of TFs is in favor of NA inhi-
bition, and two gallates as substitutes or functional groups at 3 and
3’ positions are more favorable for activity than one at 3 or 3’
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position. So we speculate that the NA inhibition of polyphenols de-
pend on both their scaffolds and substituents or functional groups.

It was concluded that TF derivatives may act as a potent anti-
influenza virus agent primarily at an early stage during the infec-
tion. Typically, vVRNP is confined to the nucleus in the early stage
of infection, but it is exported to the cytoplasm in the late stage.
In our experiment, NP was used as a marker of vVRNP localization
by immunofluorescence staining (Josset et al., 2008). The result
showed potent inhibitory effect of TF derivatives against influenza
virus VRNP nucleus localization at in dose-dependent manner
without apparent cytotoxicity. There have been data indicating
that knockdown of 11 host cell genes including NXF1, COPG,
SON, and ATP6VOC seemed to reduce NP expression and nuclear
export by siRNA transfection and immunofluorescence staining
(Karlas et al., 2010). Interestingly, most of the analyzed genes
had no effect on viral entry, as robust VRNA still could be detected
after gene silencing. Furthermore, most of these genes are related
to RNA biogenesis and viral mRNA synthesis. We have reason to
speculate that besides the inhibitory effect on virus entry, the
theaflavins extract and compounds may affect virus reproduction
by down-regulating the host cell genes at a stage between virus
entry and mRNA synthesis.

Finally, apoptosis might be a direct consequence of both viral
replication and the excessive inflammatory responses to virus
infection. Production of reaction oxygen species (ROS) in leuko-
cytes and epithelial cells may be involved in the pulmonary dam-
age caused by virus infection (Oda et al., 1989). Endogenous
oxidants may stimulate production of cytokines through the acti-
vation of transcription factors and induction of pro-inflammatory
gene expression in influenza A virus-infected cells (Knobil et al.,
1998). The assay results showed that TF derivatives could signifi-
cantly reduce H1N1 virus-induced cytokine IL-6 secretion, which
indicated that they also possess an anti-inflammatory effect.

Therefore, we conclude that TF derivatives possess both anti-
influenza virus and anti-H1N1-induced-inflammation activities.
Although we still lack in vivo experimental data, the activity study
of TFs on influenza and underlying mechanisms will provide a the-
oretical and experimental basis to guide novel anti-influenza virus
drug discovery.
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