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Abstract We examined the influence of Ginkgo biloba
leaf extract (EGb) on the infectivity of influenza viruses in
Madin-Darby canine kidney (MDCK) cells. Plaque assays
demonstrated that multiplication of influenza viruses after
adsorption to host cells was not affected in the agarose
overlay containing EGb. However, when the viruses were
treated with EGb before exposure to cells, their infectivity
was markedly reduced. In contrast, the inhibitory effect
was not observed when MDCK cells were treated with EGb
before infection with influenza viruses. Hemagglutination
inhibition assays revealed that EGb interferes with the
interaction between influenza viruses and erythrocytes. The
inhibitory effect of EGb was observed against influenza A
(HIN1 and H3N2) and influenza B viruses. These results
suggest that EGb contains an anti-influenza virus sub-
stance(s) that directly affects influenza virus particles and
disrupts the function of hemagglutinin in adsorption to host
cells. In addition to the finding of the anti-influenza virus
activity of EGb, our results demonstrated interesting and
important insights into the screening system for anti-
influenza virus activity. In general, the plaque assay using
drug-containing agarose overlays is one of the most reli-
able methods for detection of antiviral activity. However,
our results showed that EGb had no effects either on the
number of plaques or on their sizes in the plaque assay.
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These findings suggest the existence of inhibitory activities
against the influenza virus that were overlooked in past
studies.

Keywords Antiviral effect - Ginkgo biloba leaf extract -
Hemagglutination - Influenza virus

Introduction

Influenza viruses, members of the Orthomyxoviridae fam-
ily, cause epidemics in the human population every year
despite the availability of effective vaccines. In a severe
pandemic year, millions of people die from the infection.
Influenza viruses are classified on the basis of the antigenic
properties of two surface glycoproteins: hemagglutinin
(HA) and neuraminidase (NA). Sixteen HA subtypes
(H1-H16) and nine NA subtypes (N1-N9) have so far been
defined. Influenza virus infection is initiated by the inter-
action between HA and sialic acid moieties of glycocon-
jugates on host cells [16].

Several synthetic drugs such as amantadine and riman-
tadine (M2 ion channel inhibitors) and oseltamivir and
zanamivir (NA inhibitors) have been available for decades,
but all have side effects and thus somewhat limited use-
fulness [6, 11]. Therefore, novel substances and approaches
are needed to control and prevent this viral disease. Vari-
ous natural products have distinct anti-influenza virus
activities [14]. We have demonstrated that a high-molec-
ular-weight lignin-related fraction extracted from cones of
Pinus parviflora Siebold et Zucc. suppresses the multipli-
cation of influenza viruses by preventing viral RNA syn-
thesis [9, 15]. We also reported that Sanicula europaea L.
leaf extract contains an anti-influenza virus sub-
stance(s) that selectively inhibits influenza A viruses, but
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not influenza B viruses [13]. Studies on the anti-influenza
virus activity of natural products have dramatically
increased over the past several years [14].

Ginkgo biloba leaf extract (EGb) is a potential phyto-
medicine with various pharmacologic effects: in particular,
anticoagulant, vasodilator, and anti-inflammatory effects
[17]. In many countries, EGb and similar products are
prescribed as therapeutic agents for cerebral or peripheral
vascular inefficiency and for cognitive impairments asso-
ciated with aging [2, 3]. Unlike other herbal drugs, how-
ever, EGb has hardly been tested for its anti-influenza virus
activity. In the present study, we examined the inhibitory
effect of EGb on influenza viruses.

Materials and methods
Reagents

The powder of Ginkgo biloba leaf extract was prepared by
Mitsubishi Paper Mills Co., Ltd., Japan. In brief, the dried
Ginkgo biloba leaves were finely ground and then extracted
with water containing alcohol. After removing the residue,
the extracts were concentrated under reduced pressure. The
concentrate was then filtered and treated with adsorption
resin to eliminate the impurities. Finally, the extracts were
concentrated under reduced pressure again and then dried
to use as powder. The powder of Ginkgo biloba leaf extract
was dissolved in DMSO at a concentration of 100 mg/ml
and stored at —30 °C until use.

As main active ingredients, it is known that the extract
contains not only flavonoids such as kaempferol, quercetin
and isorhamnetin but also terpene lactones such as
bilobalide, ginkgolide A, B, C and J as specific components
derived from Ginkgo biloba leaves [1, 4, 5].

Cells and viruses

Madin—Darby canine kidney (MDCK) cells were main-
tained in Eagle’s minimum essential medium (MEM) at
37 °C,in a 5 % CO, atmosphere, supplemented with 10 %
fetal bovine serum, 0.03 % L-glutamine, 100 U/ml peni-
cillin and 100 pg/ml streptomycin.

Influenza A/PR/8/34 (HIN1), A/Udorn/72 (H3N2), and
B/Lee/40 viruses were grown at 35.5 °C for 48 h in
allantoic sacs of 11-day-old embryonated eggs (Miyake
Hatchery), and then the infected allantoic fluid was col-
lected and stored at —80 °C until use.

Neutral red assay

The neutral red assay is based on incorporation of neutral
red into lysosomes in living cells. To determine the effect
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of EGb on cell viability, MDCK cells (3.5 x 10* cells/
well) were seeded into 24-well tissue culture plates and
kept at 37 °C overnight. After removal of the culture
medium, 0.4 ml of MEM containing various concentrations
of EGb or DMSO was added to each well of the plates.
After incubation for 24 h at 37 °C, 0.2 ml of neutral red
solution (0.15 mg/ml) was added to each well. After
incubation at 37 °C for 3 h, wells were washed with 0.2 ml
of a fixative (1 % formalin and 1 % CaCl,). To extract the
dye, 0.2 ml of 1 % acetic acid in 50 % ethanol was added
to each well. After incubation at room temperature for
20 min, the amount of neutral red in each well was
determined by measuring absorbance at 550 nm using a
spectrometer. Results were represented as the cell number
that was calculated from the standard curve of cell num-
bers. Furthermore, to determine the effect of EGb on the
cell growth, MDCK cells (2.0 x 10* cells/well) were see-
ded into 24-well tissue culture plates and kept at 37 °C
overnight. After removal of the medium, 0.4 ml of MEM
containing 0, 10 and 100 pg/ml of EGb were added to each
well. As control groups, DMSO was added to each well at
final concentrations of 0.01 or 0.1 %. After incubation at
37 °C for 0, 24, 48 and 72 h, viable cells were determined
with the neutral red assay as described above.

Treatment of viruses and cells by EGb

For pre-treatment of viruses by EGb, influenza A/PR/8/34
virus (500 pfu/ml) was mixed with EGb at several con-
centrations, incubated at room temperature for 10 min, and
then subjected to the plaque formation assay. For post-
treatment by EGb, MDCK cells infected with influenza
viruses were overlaid with 0.8 % agarose containing EGb
at several concentrations in the plaque formation assay. To
investigate the direct effect of EGb on host cells, MDCK
cells were exposed to EGb at several concentrations and
incubated at 37 °C for 1 h. After removing the medium
containing EGb, MDCK cells were infected with influenza
viruses followed by the plaque formation assay.

Plaque formation assay

A confluent monolayer culture of MDCK cells in a 6-well
tissue culture plates was washed with serum-free MEM
and then infected with 0.5 ml of influenza virus solu-
tion [500 pfu/ml = multiplicity of infection (MOI) of
2.5 x 107%] in serum-free MEM. After allowing 1 h at
37 °C for virus adsorption, the cells were washed with
serum-free MEM and then overlaid with MEM containing
0.8 % agarose, 0.2 % BSA and 1 pg/ml L-1-tosylamide-2-
phenylethyl chloromethyl ketone (TPCK)-treated trypsin
(Sigma). After incubation at 37 °C for 2-3 days, plaques
were visualized by staining cells with 0.5 % amido black.
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Results were represented as a ratio of the plaque number
formed in the presence of EGb to that in the absence of
EGb.

Hemagglutination assay

Influenza A/PR/8/34 virus (2 x 10° pfu/ml) was diluted
nine times with phosphate buffered saline (PBS) (—) by
twofold dilution each time, while 200 pg/ml of EGb was
also diluted ten times with PBS (—) containing 0.2 %
DMSO by twofold dilution each time. Fifty microliters of
each diluted virus was mixed with 50 pl of each diluted
EGDb. These mixtures were then maintained at room tem-
perature for 5 min. One hundred microliters of 0.5 %
chicken erythrocyte suspension (Nippon Bio-Test Labora-
tories Inc., Japan) was added to each of these mixtures in
96-well round-bottom plates, and then the plate was incu-
bated at room temperature for 30 min for hemagglutina-
tion. Results were represented as a plot where the x-axis
and y-axis indicate concentrations of EGb and HA titer,
respectively.

Statistical analysis

All of the data were represented as mean =+ standard error
of the mean (SEM). Comparisons for all pairs were per-
formed by Student’s 7 test. A p value >0.05 was considered
to be not significant. The calculations of 50 % cytotoxicity
concentration (CCsg) and inhibitory concentrations with
50 % plaque reduction (ICsq) were performed by nonlinear
regression using GraphPad Prism’s “log (inhibitor) versus
response — variable slope” function (GraphPad Prism
Version 5.01 for Windows, GraphPad Software Inc.).

Results

Effect of EGb on the viability and growth
of MDCK cells

Before examining the anti-influenza virus activity of EGb,
we investigated whether EGb affects the viability and
growth of MDCK cells, which are routinely used as host
cells for influenza viruses. We evaluated the cell viability
and growth by counting the number of living cells as
a function of time using the neutral red assay as described
in “Materials and methods”. Cytotoxic -effects of
EGb were not observed at concentrations of <10 pg/ml
(CCsp = 180 pg/ml) (Fig. 1a). Neither the growth rate nor
the final cell density was affected by the presence of 10 pg/ml
of EGb, whereas a marked decrease in the cell growth rate
was observed at 100 pg/ml (Fig. 1b). Thus, EGb at a
concentration of <10 pg/ml could be considered essentially
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Fig. 1 Effect of EGb on the viability and the growth of MDCK cells.
a MDCK cells (3.5 x 10%) were seeded in 24-well tissue culture
plates and incubated at 37 °C in the presence of various concentra-
tions of EGb (closed circles) or solvent DMSO alone (open circles).
After incubation for 24 h, the viable cell number was determined by
the neutral red assay. b MDCK cells (2 x 104) were seeded in
24-well tissue culture plates and incubated at 37 °C in the absence
(open circles) or presence of 10 pg/ml (closed square) and 100 pg/ml
(closed triangles) of EGb, and 0.01 % (v/v) and 0.1 % (v/v) of DMSO
alone (open square and open triangle, respectively). After incubation
for the indicated periods, the viable cell number was determined by
the neutral red assay

nontoxic to MDCK cells. We confirmed that the solvent
DMSO had no effect on the viability and growth of MDCK
cells in the range of concentrations used in this study (data
not shown).

Inhibition of influenza virus infectivity by EGb
To examine whether EGb inhibits multiplication of influ-
enza viruses, plaque assays were carried out as described in

“Materials and methods”. Cells were infected with influ-
enza A/PR/8/34 virus at 37 °C for 1 h. The cells were
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washed extensively with serum-free MEM and then over-
laid with 0.8 % agarose in MEM containing EGb at various
concentrations. The number of plaques and their sizes in
the presence of EGb did not differ from those in the
absence of EGb (Fig. 2a), indicating that EGb does not
inhibit plaque formation by influenza virus infection. We
further examined whether EGb is effective when mixed
with viruses before exposure to cells. Influenza viruses
were mixed with EGb at various concentrations at room
temperature for 10 min and then exposed to MDCK cells.
Under these conditions, EGb markedly inhibited viral
infectivity in a dose-dependent manner (Fig. 2b). EGb at a
concentration of 5 pg/ml almost completely inhibited the
plaque-forming activity. These findings suggest that EGb
inhibits the initial step of influenza virus infection before
the virus enters the cytoplasm. Next, we examined whether
the inhibitory effect of EGb against influenza virus was
direct or indirect. Plaque assays were performed using
MDCK cells treated with EGb at various concentrations for
1 h before infection with the influenza viruses. The number
and sizes of the plaques of the tested groups in the presence
of EGDb did not differ significantly from those of the control
group in the absence of EGb (Fig. 3), suggesting that EGb
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Fig. 2 Effect of EGb on plaque formation. Plaque assays were
carried out as described in “Materials and methods”. a MDCK cells
were infected with virus suspension (500 pfu/ml) and then overlaid
with the overlay medium containing various concentrations of EGb.
The profile of plaques is shown in the right panels. Panels 1,2, 3,4, 5
and 6 represent assays carried out in the presence of 0, 0.625, 1.25,
2.5, 5 and 10 pg/ml of EGb, respectively. b Influenza A virus
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directly interacted with the influenza viruses and markedly
reduced their infectivity.

Inhibition of hemagglutination by EGb

Influenza virus infection is initiated by the interaction of
hemagglutinin (HA) on the virion with sialic acids on the
host cell surface. To understand how EGb prevents virus
adsorption to cells, we examined whether EGb competi-
tively inhibits influenza virus-mediated hemagglutination.
As shown in Fig. 4, EGb inhibited hemagglutination in a
dose-dependent manner, suggesting that EGb interferes
with the interaction between HA and sialic acids.

Susceptibility of other influenza virus strains to EGb

Our results suggest that EGb binds to HA and prevents virus
adsorption to cells. We further examined whether the
inhibitory effect of EGb is dependent on the type of influenza
virus. EGb inhibited the infectivity of both influenza
A/Udorn/72 (H3N2) and influenza B/Lee/40 viruses as well
as of influenza A/PR/8/34 (HIN1) virus in an adsorption
inhibition-dependent manner (compare Fig. 5a and b), albeit

(500 pfu/ml) was incubated with various concentrations of EGb prior
to exposure to MDCK cells. The profile of plaques is shown in the
right panels. Panels 1, 2, 3,4, 5 and 6 represent assays in the presence
of 0, 0.625, 1.25, 2.5, 5 and 10 pg/ml of EGb, respectively. Results
are represented as the percentage of the plaque number formed in the
absence of EGb
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Fig. 3 Effect of pre-treatment of host cells with EGb on influenza
virus infection. MDCK cells were exposed to EGb at various
concentrations and incubated at 37 °C for 1 h prior to virus infections.
After removing EGb, MDCK cells were inoculated with influenza
A/PR/8/34 viruses (500 pfu/ml), and plaque formation assays were
carried out as described in “Materials and methods”. Results are
represented as the percentage of the plaque number formed in the
absence of EGb. All data are represented as mean + SD, and the
statistical analysis was performed using the ¢ test to compare two
groups
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Fig. 4 HA titers of influenza A virus treated with various concen-
trations of EGb. Influenza A/PR/8/34 virus and EGb were diluted by
twofold dilution each time and then mixed. After incubation at room
temperature for 5 min, 0.5 % chicken erythrocyte suspension was
added to each of these mixtures in a 96-well assay plate, and the plate
was incubated at room temperature for 30 min for hemagglutination.
Results are represented as a plot where the x-axis and y-axis indicate
concentrations of EGb and HA titer, respectively. The result is
representative of three independent experiments

with slightly different sensitivities. To confirm the difference
in infectivity inhibition, the 50 % inhibitory concentration
(ICsq) value of EGb was calculated for these three different
strains of influenza viruses. Furthermore, the selectivity
index (SI) was also calculated as the ratio of CCsq to ICsy
(Table 1). The influenza A/PR/8/34 virus showed most
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Fig. 5 Effect of EGb on plaque formation by two different subtypes
of influenza virus. Plaque assays were carried out as described in
“Materials and methods”. a MDCK cells were infected with 0.5 ml of
500 pfu/ml of influenza A/Udorn/72 (H3N2) and B/Lee/40 viruses
and then overlaid with the overlay medium containing various
concentrations of EGb. b Each influenza virus strain was diluted to
500 pfu/ml and incubated with various concentrations of EGb prior to
exposure to MDCK cells. One hour after virus inoculation, MDCK
cells were washed with serum-free MEM and subsequently overlaid
with the overlay medium without EGb. Results are represented as the
percentage of the plaque number formed in the absence of EGb.
a, b Results of A/Udorn/72 (H3N2) and B/Lee/40 are represented
by gray bars and black bars, respectively

sensitivity to EGb (Table 1). These findings suggest that the
antiviral activity of EGb is not dependent on the type of
influenza virus.

Discussion

In this study, we revealed the anti-influenza virus activity
of Ginkgo biloba leaf extract (EGb). EGb acted directly on
the influenza viruses and prevented their adsorption to the
host cell surface, suggesting that EGb interfered with the
interaction between the HA on the influenza virion and
sialic acids on the host cell surface, although we could not
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Table 1 Selectivity indices of EGb in three different influenza virus
strains

Virus strain 1Cso (pg/ml)* §17

A/PR/8/34 (HINI) 1.86 96.8
A/Udorn/72 (H3N2) 441 40.8
B/Lee/40 6.79 26.5

# ICsp: 50 % inhibitory concentration of EGb was calculated from the
results of the plaque formation assay performed as shown in Figs. 2b
and 5b

b SI: selectivity index was evaluated as the ratio of CCsq to ICsy, i.e.,
SI = CC50/IC50

CCsp: 50 % cytotoxic concentration of EGb was calculated from the
dose—response curve shown in Fig. 1a and its value (=180 pg/ml) was
used for the calculation of each SI

All calculation was performed by using GraphPad Prism software as
described in “Materials and methods”

exclude the possibility that EGb had a viricidal activity and
directly inactivated the influenza virus.

The active constituents of EGb are standardized around
the world; i.e., they contain 24 % flavonol glycosides
(quercetin, kaempferol and isorhamnetin) and 6 % terpene
lactones (ginkgolides and bilobalide). EGb also contains a
class of condensed tannins, which are polymers composed
primarily of flavan-3-ols (catechin and epicatechin) with a
covalent bond between the individual flavonol units.
Nakayama et al. [10] previously reported that two con-
densed tannins present in teas, (—)-epigallocatechin gallate
(EGCQG) and theaflavin digallate, bind to the HA of the
influenza virus and inhibit its adsorption to MDCK cells.
Furthermore, Song et al. [12] showed that catechin deriv-
atives, including EGCG from green tea, inhibit not only the
hemagglutination but also the NA activity of the influenza
virus. The neuraminidase activity is thought to play a key
role in the release of progeny virions from infected cells by
cleavage of the sialic acid moieties of host cell receptors
and in the prevention of self-aggregation of virions by
cleavage of sialic acid still bound to the virus surface.
These findings provide important insights into the molec-
ular mechanisms of action of EGb.

Ginkgetin, a biflavone originally isolated from Ginkgo
biloba leaves, has been found to inhibit the influenza virus
sialidase [7]. However, our results showed that EGb pre-
vented adsorption in the initial step of influenza virus
infection. Therefore, in our study, a substance(s) in EGb
other than ginkgetin may have been effective against
influenza virus infection.

EGb was effective against the three different types of
influenza viruses tested here, viz., the influenza A/PR/8/34
(HIN1), A/Udorn/72 (H3N2), and B/Lee/40 viruses,
although the sensitivity towards EGb was slightly different
among the three viruses. This finding suggests that EGb

@ Springer

may be a potential wide-range inhibitor against influenza
virus infection.

When plaque assays were performed with overlay
medium containing EGb, neither the number of plaques nor
their sizes were affected (Fig. 2a). Since our results suggest
that EGb acts directly on the influenza virus and prevents
the initial step in viral infection, we expected that the
infectivity of the progenitor virions would be decreased
owing to interaction with EGb present in the overlay
medium and, consequently, that the size of individual
plaques would be reduced in the plaque assay. This dis-
crepancy between the predicted and the experimental
results may be explained by our recent findings: we dis-
closed a novel transmission mode for influenza viruses, the
so-called cell-to-cell transmission mode [8]. Influenza
viruses have generally been believed to be capable of
spreading via cell-free virions released from infected cells
depending on the activity of NA. However, in cell-to-cell
transmission, progeny virions are retained on the infected
cell surface even after budding and transmitted from
infected cells to adjacent uninfected cells without being
released into the outer environment. The cell-to-cell
transmission of the influenza virus is dependent on func-
tional HA but independent of NA activity. The present
study may demonstrate that EGb cannot inhibit the cell-to-
cell transmission of influenza viruses but is highly effective
in decreasing the infectivity of cell-free virions. This sug-
gestion is in line with the findings of a previous study in
which higher concentrations of anti-HA antibody were
needed for inhibition of infection through cell-to-cell
transmission than for that through cell-free viruses [8].

The plaque assay using drug-containing agarose gels is
one of the most reliable methods for detecting anti-influ-
enza virus activity and is frequently used as a screening
method. However, our findings raise concerns that a par-
ticular anti-influenza virus activity, such as the inhibitory
effect found here in EGb, may have been largely over-
looked in past studies.

In conclusion, we have shown that EGb interacts
directly with influenza viruses and markedly reduces the
infectivity of the viruses by preventing their adsorption to
host cells. Furthermore, the inhibitory effect of EGb
seemed not to be restricted to a certain subtype of influenza
virus. Taken together, these findings indicate the usefulness
of EGDb as an antiviral agent for influenza, although further
studies are necessary to confirm its anti-influenza virus
activity in vivo.

In addition to the finding of the anti-influenza virus
activity of EGb, we demonstrated an interesting and
important insight(s) into the screening system for anti-
influenza virus activity. As was the case for the anti-
influenza virus activity of EGb found in this study, some
candidates for antiviral agents may have been overlooked
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in past studies because of the existence of the cell-to-cell
transmission mode of influenza viruses. Therefore, our
results signal a need for caution on the part of investigators
trying to find anti-influenza virus compounds.
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Abstract

Retinoic acid inducible gene | (RIG-I)-like receptors (RLRs) function as cytoplasmic sensors for viral RNA to initiate antiviral
responses including type | interferon (IFN) production. It has been unclear how RIG-I encounters and senses viral RNA. To
address this issue, we examined intracellular localization of RIG-I in response to viral infection using newly generated anti-
RIG-I antibody. Immunohistochemical analysis revealed that RLRs localized in virus-induced granules containing stress
granule (SG) markers together with viral RNA and antiviral proteins. Because of similarity in morphology and components,
we termed these aggregates antiviral stress granules (avSGs). Influenza A virus (IAV) deficient in non-structural protein 1
(NS1) efficiently generated avSGs as well as IFN, however IAV encoding NS1 produced little. Inhibition of avSGs formation by
removal of either the SG component or double-stranded RNA (dsRNA)-dependent protein kinase (PKR) resulted in
diminished IFN production and concomitant enhancement of viral replication. Furthermore, we observed that transfection
of dsRNA resulted in IFN production in an avSGs-dependent manner. These results strongly suggest that the avSG is the
locus for non-self RNA sensing and the orchestration of multiple proteins is critical in the triggering of antiviral responses.
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Introduction replication, activates PKR, and the activated PKR inactivates
) ) ) eukaryotic translation initiation factor (eIF) 2a by phosphorylation

rljy.pe I ar'1d' II interferons (IFNS>. 2L cytokines Wlth strong [3]. Another antiviral protein 2'—5' oligoadenylate synthetase
antiviral activity [1,2]. Upon the binding of IFNs with their  (QAS)is also induced to express by IFN. Catalytic activity of OAS
cognate receptor complexes, an intracellular signal is activated requires dsRNA and virus infection activates OAS to produce 2'—
resulting in the activation of transcription factors, IFN stimulated 5 A, 9'-5' A fhen activates cellular RNase L, and viral RINA is

gene factor 3, heterotrimer of signal transducer and activator of degraded [1]. Although, the “dsRNA-activated inhibition” model
transcription (STADI’, STAT?2, and IFN .regulatory factpr (,IRF)' is widely accepted, IFN-treated and virus-infected cells do not
o 2l STAT,I hornodlm_er. These factors induce the activation of necessarily undergo suicide, as conventional IFN bioassays have
hundreds of interferon stimulated genes (ISGs). Some of the ISG demonstrated IFN-induced survival of infected cells [4]. To
products act as antiviral proteins and participate in the blockade of explain these phenomena, it has been hypothesized that viral
vital replicatinn, The level of doublestranded ) RNA-depen- transcription/translation takes place in a specific subcellular

dent px.*otein_ k.inase (PKR) is ephanced by IFN treatment, however compartment, thus the blocking of translation and the degradation
catalytic activity of PKR requires dsSRNA. When IFN-treated cells

are infected by virus, dsRNA, produced as a by-product of viral
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of RINA by these antiviral proteins little affect host metabolism.
However, no one has yet demonstrated such a compartment.

IFNs are not normally produced at biologically significant levels.
Most types of mammalian cells are capable of producing IFN upon
viral infection. Viral replication is sensed by cytoplasmic non-self
RNA sensors; RIG-I, melanoma differentiation-associated gene 5
(MDADJ), and laboratory of genetics and physiology 2 (LGP2),
which are collectively termed RLRs, to initiate the cascade of
events leading to the activation of transcription factors, IRF-3/-7
and nuclear factor-€B (NF-€B), then the activation of IFN genes
[5-9]. Thus, the primary function of the IFN system is to sense
non-self RNA and to eradicate the invading RNA, which includes
RNA derived from the replication of DNA viruses [10,11].
Although genetic evidence shows that RLR is critical for detecting
viral RNA in the cytoplasm, its specific distribution has been
unknown.

In this report, we investigated the cellular localization of RIG-I
in Influenza A Virus -infected cells. We discovered that viral
infection or the transfection of viral RNA causes RIG-I to form
granular aggregates containing stress granule markers, which we
term antiviral stress granules (avSGs). Our analyses revealed that
avSGs are critical for signaling to activate the IFN gene, suggesting
that the avSG serves as a platform for the sensing of non-self RNA
by RLRs. Furthermore, because the granule also recruits PKR,
OAS and RNase L, it is strongly suggested to be the compartment
where some antiviral proteins inhibit viral replication.

Results

Infection of NS1-deficient AV Produces Granules
Containing RIG-|

We generated an anti-RIG-I antibody, which specifically detects
RIG-I by immunostaining and immunoblotting (Figure S1)
(Materials and Methods) [12]. To observe the cellular distribution
of RIG-I, cells were infected with two types of IAV, the wild type
(WT) and ANS1 which lacks the gene for non-structural protein 1
(NS1), a potent inhibitor of IFN production [13]. WT IAV
replication was detectable at 3 h after infection as a nuclear
accumulation of viral nucleocapsid protein (NP) (Figure 1A). Later
in the infection (9-12 h), NP, presumably as a complex with viral
genomic RINA [14], translocated to the cytoplasm. RIG-I was
dispersed in uninfected cells and WT TAV infection did not cause
any change in its distribution. On the other hand, in cells infected
with TAVANS1, NP accumulated in the nucleus at 6 h post-
infection, however only a fraction of NP translocated to the
cytoplasm at 9-12 h (Figure 1B). Unlike WT IAV, the NP of
IAVANSI exhibited a speckle-like distribution in the cytoplasm.
Notably, formation of this RIG-I-containing speckle strongly
correlates with activation of RIG-I-mediated signal activation as
judged by nuclear localization (Figure 1C) and dimerization of
IRF-3 and concomitant enhanced production of ISGs, such as
RLRs and STAT1 (Data not shown). Indeed, the ratio of cells with
IAV- and IAVANS1-induced nuclear IRF-3 was 2.7% and 33.7%,
respectively, and cells containing RIG-I speckles together with
nuclear IRF-3 were 0.0% (IAV) and 72.2% (IAVANSI).

JAVANS1-induced Granules Contain Both Stress Granule

Marker and Anti-viral Proteins

We characterized the nature of these speckles by using various
antibodies and found that interestingly, RIG-I exhibited co-
localization with NP (83.5%) and a stress granule (SG) marker, T-
cell restricted intracellular antigen-related protein (TTIAR) (97.1%)
at 9 h (Figure 1B). Other SG markers are similarly recruited to the
granules produced by IAVANSI: Ras-GAP SH3 domain-binding
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protein (G3BP) (97.6% colocalized with RIG-I), eIF3 (99.8%
colocalized with G3BP) (Figure 1D and 1E), and human antigen R
(HuR) (98.8% colocalized with RIG-I) (data not shown). Further-
more, physical interaction between RIG-I and SG markers was
demonstrated by pull-down assays (Figure 1F). These results
strongly suggest that although IAV infection potentially induces
signaling to activate the IFN gene and the formation of granular
aggregates containing SG markers, NSI strongly blocks both.
Ectopic expression of full-length NS1 and the N-terminal RINA-
binding domain of NSI1 dramatically inhibited both granule-
formation and RIG-I signaling in response to IAVANS! infection,
indicating that the N-terminal domain of NS1 is responsible for
these activities (Figure S2A and S2B).

SGs are an intracellular ribonucleoprotein (RNP) complex
generated by cellular stress, including oxidative, heat shock, and
endoplasmic reticulum stress, and contain translation-stalled
mRNAs and various RNA-binding proteins [15]. Because many
of the SG markers are RNA-binding proteins, we examined the
localization of other RLRs, MDAS, and LGP2, as well as PKR
(see below), RNase L, and OAS by using specific antibodies.
Interestingly, these proteins were also recruited to SG and virus-
induced granules in response to arsenite and JAVANSI, respec-
tively (Figure 2A, 2B, 2C, 2D).

IAVANS1 Infection Induces Antiviral SGs Containing Viral
RNA

These results prompted us to examine correlation between the
formation of SGs and activation of the IFN gene. Treatment of
cells with arsenite (NaAsO,), which induced oxidative stress,
produced granules similar to those generated by IAVANSI
(Figure 3A). Similarly, artificial overexpression of PKR resulted
in the formation of SGs (58.9%) (Figure 3A). Although TAVANS]
infection activated the IFN-4 gene, neither arsenite nor PKR
activated the gene (Figure 3B). These results suggest that SGs and
virus-induced granules are functionally distinct, possibly due to the
presence of viral RNA in virus-induced granules. Indeed,
fluorescence i situ hybridization (FISH) clearly demonstrated that
viral RNA colocalized with the granules of NP (Figure 3C) and
RIG-I (Figure 3D) in IAVANSI-infected cells whereas IAV-
infected cells showed colocalization of viral RNA with NP (Figure
S3A) but not with RIG-I (Figure S3B). Once viral RNA is engaged
by RIG-I-containing complex, IFN-a promoter stimulator-1 (IPS-
1, also known as MAVS, VISA or Cardif) expressed on the outer
membrane of mitochondria is recruited to facilitate RIG-I-IPS1
signaling in a Mitofusin 1-dependent manner [12,16]. Although
most of IPS-1 localizes on mitochondrial network in uninfected
and IAV-infected cells, IAVANSI infection induces speckle-like
distribution. The re-localized IPS-1 exhibits apparent contacts
with TIAR- (Figure 3E, bottom-right panel), and RIG-I- (Figure
S4) containing SGs. This is consistent with a model that SG
physically contacts with mitochondrion mediated by interaction
between RIG-I and IPS-1 through caspase recruitment domain
(CARD)-CARD homotypic interaction [17-20]. Although associ-
ation of FLAG-tagged IPS-1 with peroxisome membrane protein
(PMP70)-positive peroxisomes after viral infection was reported
[211, we did not observe their apparent association (Figure 3E).

SG production is not a result of RIG-I signaling or IFN
signaling because overexpression of IPS-1 activated the nuclear
translocation of IRF-3 without generating SGs (Figure S5A), and
SGs formed in IFN receptor-deficient HEC-1B cells (Figure S53B).
Furthermore, other viruses including Sindbis (SINV), encephalo-
myocarditis (EMCV), and Adeno (Ad) d1203 viruses also generated
granules containing RIG-I and G3BP (Figure S5C), suggesting this
SG-like granule to be a general response to viral infections. To
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Figure 1. IAV infection causes a speckle-like distribution of RIG-I and stress granule markers. (A-C) Hela cells were mock-treated or
infected with IAV (A) or IAVANST (B) for the indicated period, fixed, stained, and analyzed with confocal microscopy. The cells were stained with anti-
RIG-I (RIG-I), anti-IAV nucleocapsid protein (NP), and anti-TIAR (TIAR) antibodies. Nuclei were stained with DAPI. At 9 h and 12 h after infection, the
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percentage of speckle-like distribution of RIG-l was 0.5% and 0.0% in IAV-infected cells, and 62.4% and 83.6% in IAVANS1-infected cells, respectively.
The zoomed images correspond to the boxed region in each panel. The cells at 9 h post infection were stained with anti-RIG-I and anti-IRF-3
antibodies (C). (D and E) HeLa cells were infected with IAVANS1 for 9 h, and stained with anti-G3BP (G3BP), together with anti-RIG-I (RIG-]) (D) or
anti-elF3 (elF3) (E). The zoomed images correspond to the boxed regions. (F) HeLa cells were mock-treated or infected with IAV or IAVANS1 for 12 h.
Cell extracts were prepared and immunoprecipitated with anti-RIG-I antibody. The precipitates were analyzed by immunoblotting (IP:RIG-I) using
antibody against G3BP, HuR, TIAR and RIG-I. Input: 1/50 of the extracts used for immunoprecipitation were analyzed similarly by immunoblotting.

doi:10.1371/journal.pone.0043031.g001

distinguish virus-induced granules from conventional SGs, we
termed the virus-induced speckles as antiviral SGs (avSGs).

Impairment of Formation of avSGs Inhibits IAVANS1-

induced IFN Activation

In order to address whether the formation of avSGs is required
for IFN expression, we knocked down G3BP, a critical component
for formation of the canonical SGs. G3BP siRNA clearly down-
regulated G3BP expression (Figure 4A). Consistent with a previous
study [22], the knockdown of G3BP strongly inhibited avSG
formation in IAVANS1-infected cells (Figure 4B), and the number
of cells which showed a speckle-like distribution of RIG-I and
TIAR was diminished (Figure 4C and 4D). Moreover, IFN-4 gene
expression was strongly inhibited in G3BP knockdown cells
compared to control siRNA-treated cells (Figure 4E). These results
suggest that avSG formation is required for efficient activation of
type I IFN. Furthermore, knockdown of elF3 or RHAU, both of
which are components of SG, also blocked both avSG formation
and IFN gene activation (data not shown).

A MDAS5

G3BP DAPI merge zoom
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c RIG-I RNaseL DAPI  merge
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ANS1

NaAsO,

IAVANS1 Infection Induces PKR’s Activation and

Accumulation in avSGs

It has been proposed that a family of protein kinases including
PKR, general control non-derepressible 2 (GCN2), PKR-like
endoplasmic reticulum kinase (PERK), and heme-regulated elF24
kinase (HRI) phosphorylate elF24, resulting in formation of SGs.
Arsenite treatment causes oxidative stress leading to the activation
of HRI, and SGs are produced. PKR is activated by dsRNA or
5¢ppp-containing RNA [23], therefore we speculate that the IAV
RNA activates PKR resulting in the formation of avSGs via the
phosphorylation of elF24. To address the involvement of PKR, we
examined the localization of PKR in arsenite-treated and
IAVANS I-infected cells and found that PKR accumulated in
SGs and avSGs (Figure 5A). Interestingly, phosphorylated elF24
was also detected in avSGs specifically generated by IAVANS] but
not in IAV-infected cells (Figure 5B). Immunoblotting confirmed
that IAVANSI specifically induced the phosphorylation of PKR
and elF24 whereas arsenite treatment induced the phosphoryla-
tion of elF24 without PKR activation, indicating that IAVANSI
and arsenite induce SGs via distinct pathways (Figure 5C).

LGP2 G3BP DAPI

merge

zoom

Figure 2. Antiviral proteins are colocalized with SGs. (A-D) Hela cells were mock-treated (mock), infected with IAVANS1 for 9 h, or treated
with NaAsO, for 1 h. Cells were fixed and stained for G3BP and MDA5 (94.2% colocalization) (A), G3BP and LGP2 (97.6% colocalization) (B), RIG-l and
RNase L (84.5% colocalization) (C), RIG-I and OAS (87.4% colocalization) (D) in IAVANS1-infected cells. The zoomed images correspond to the boxed
regions.

doi:10.1371/journal.pone.0043031.g002
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Figure 3. Viral RNA is required for formation of functional SG to activate RIG-I/IPS-1 signaling pathway. (A) 293T cells were transfected
with empty vector (empty) or the HA-PKR expression vector (HA-PKR) for 24 h, or treated with NaAsO, for 1 h and stained with anti-RIG-l, anti-HA
(PKR) and anti-TIAR antibodies and DAPI. The zoomed images correspond to the boxed regions. (B) 293T cells were transfected with empty vector
(empty), or the HA-PKR expression vector for 48 h, or treated with NaAsO, for 1 h, or infected with IAVANST for 12 h. Relative mRNA levels of
endogenous IFN-4 gene were determined by quantitative PCR (qPCR). Data are represented as the mean standard = error of the mean (SEM). (C and
D) Hela cells were mock-treated or infected with IAVANS1 for 12 h. Viral RNA (VRNA) was detected by the FISH method using an RNA probe
complementary to the segment 1 of the IAV, and NP (C) and RIG-| (D) were detected using anti-NP and anti-RIG-| antibodies (97.1%, and 98.2%
colocalization of VRNA with NP and RIG-I, respectively). TO-PRO-3 was used for staining of nuclear DNA (DNA). (E) Hela cell lines stably expressing
FLAG-tagged IPS-1 were mock-treated or infected with IAV or IAVANS1 for 10 h. The cells were stained with anti-PMP70, anti-FLAG, and anti-TIAR
antibodies. The white arrowheads indicated the contacts between FLAG-IPS-1 and TIAR. 67.8% of IAVANS1 infected cells exhibited contacts, whereas
IAV infected cells hardly exhibited the contact (2.7%). The zoomed images of PMP70 (Green) and FLAG (Red), PMP70 (Green) and TIAR (Red), and
FLAG (Green) and TIAR (Red) in IAVANS1-infected cells were shown in the bottom panel.

doi:10.1371/journal.pone.0043031.g003

Critical Role of PKR in avSG Formation and IFN RIG-I, anti-NP, and anti-TIAR antibodies and calculated the
Production in IAV-infected Cells frequency of avSGs. In the case of WT IAV, avSGs did not form

The results described above indicate the formation of viral in WT'" and KO.AJEFS G deter.mined in Figure 1. IAVANSI
RNA-containing avSGs to be essential to RLR-mediated antiviral produced avSGs in VVT.bUt not in PKR KO MEFs (Figure 6A,
signaling. To evaluate the requirement of PKR during IAVANS1 6B, 6C). Moreoyer, delfitlon of PKR resultef:l in a blockade of IFN-
infection, we analyzed the formation of avSGs in mouse a /BENE EXPIESSION (Flg?re _6D)3 PTOQUCUOH of IFN-a protein
embryonic fibroblasts (MEFs) derived from WT and PKR (Figure 6E), and IRF-3 dimerization (Figure 6F). Furthermore, we
knock-out (KO) mice (Figure 6). PKR WT and KO MEFs were confirmed these results using siRINA targeting PKR expression in
infected with either IAV or IAVANSI, and stained with the anti- ~ Hela cells. The siRNA efficiently knocked down endogenous
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Figure 4. Knockdown of G3BP impairs formation of avSG and IFN-a gene activation. (A-E) Hela cells were transfected with control siRNA
(N.C) or siRNA targeting human G3BP (G3BPi). At 48 h after transfection, cells were harvested and G3BP and actin were detected by immunoblotting
(A). Cells were mock-treated (mock) or infected with IAVANS1 for 12 h and fixed and stained with anti-RIG-I, anti-NP and anti-TIAR antibodies and
DAPI (B). The percentage of cells containing foci of RIG-I (C) or TIAR (D) was determined. Relative mRNA level of IFN-a was determined by qPCR (E).
Data are represented as the mean standard * error of the mean (SEM).

doi:10.1371/journal.pone.0043031.g004
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