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T-705 (Favipiravir) suppresses tumor necrosis factor a production
in response to influenza virus infection: A beneficial feature of T-705
as an anti-influenza drug
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Summary. - Influenza virus infection induces the production of various cytokines, which play important roles
in the pathogenesis of infection. Among the cytokines induced by influenza, tumor necrosis factor a (TNF-a)
production has been correlated with the severity of lung lesions. We investigated the effects of T-705 (Favipiravir,
6-fluoro-3-hydroxy-2-pyrazinecarboxamide) on cytokine production due to influenza virus infection in vitro
and in vivo, compared with oseltamivir or GS 4071, an active form of oseltamivir. TNF-a production in mouse
macrophage-derived P388D1 cells infected with the influenza virus was lower following treatment with T-705
at concentrations of 0.3 to 100 pg/ml than treatment with GS 4071 at the same concentrations. The effect of
treatment with T-705 on the cytokine production induced by the influenza virus infection was investigated in
mouse influenza virus infection model. At 48 h post-infection (p.i.) T-705 significantly suppressed the viral
load in the lungs and TNF-a production in the airways of infected mice even when viral loads were high.
Furthermore, T-705 suppressed only TNF-a production from the early phase of infection. In this study, T-705
showed the antiviral activity of reducing pulmonary viral load compared with oseltamivir, thereby suppressing

the TNF-a production. This feature of T-705 is benefit against severe influenza infection.
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Introduction

T-705 is a novel pyrazine molecule that shows potent
anti-influenza virus activity in vitro and in vivo by inhibiting
viral RNA synthesis as a chain terminator (Furuta et al., 2002,
2005, 2009; Takahashi et al., 2003; Sangawa et al., 2013). It
inhibits the replication and exhibits therapeutic activity in
murine model against highly pathogenic avian influenza
(HPAI) virus H5N1 (Kiso et al., 2010) and H7N9 virus (Cao
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Abbreviations: HPAI = highly pathogenic avian influenza;
MEM = minimum essential medium; MOI = multiplicity of infec-
tion; p.i. = post-infection; TNF-a = tumor necrosis factor a

et al., 2013; Watanabe et al., 2013). Thus, T-705 is a promising
drug for the treatment of influenza virus infections, including
HPALI infection in humans. T-705 and oseltamivir showed
similar therapeutic activities against mild influenza infection
in mice. However, when mice were infected with a high dose
of intranasal influenza virus, T-705 prevented their death,
while oseltamivir only delayed it (Takahashi et al., 2003).
Thus, T-705 seems to be more effective than oseltamivir in
alleviating influenza infection, especially in infection with
high viral load.

Cytokines are induced by influenza virus infection
and play important roles in the development of influenza
symptoms. Among the cytokines, tumor necrosis factor a
(TNF-a) plays a crucial role in pathogenesis in the lungs of
influenza-infected mice or humans. The severity of gross
and histologic lung lesions correlated positively with peak
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bronchoalveolar TNF-a levels and was ameliorated by anti-
TNF-a treatment without affecting virus titers in the lungs
(Peper and Van Campen, 1995). HPAI has been shown to
induce high levels of TNF-a in human and murine primary
macrophages and to cause severe pneumonia (Cheung et al.,
2002; de Jong et al., 2006; Szretter et al., 2007; Monteerarat
et al., 2010).

Here we examined the effect of T-705 on TNF-a produc-
tion due to influenza virus infection in macrophage-like
P388D1 cells and in the airways of influenza virus-infected
mice to evaluate the contribution of T-705 to the alleviation
of influenza infection in vitro and in vivo, compared with
oseltamivir and the active form.

Materials and Methods

Cells and viruses. P388D1 cells were purchased from the
American Type Culture Collection (Manassas, VA, USA). P388D1
cells were grown and maintained in RPMI-1640 medium sup-
plemented with 5% and 2% heat-inactivated fetal bovine serum
(FBS), respectively. Madin-Darby canine kidney (MDCK) cells
were grown and maintained in Eagle's minimum essential medium
(MEM) supplemented with 10% FBS. The influenza A/PR/8/34
(HINT1) virus was propagated in MDCK cells and used for cytokine
induction in P388D1 cells. The mouse-adapted influenza virus was
propagated in the lungs of mice by intranasal infection (Kurokawa
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Fig. 1

Effect of T-705 on TNF-a production due to influenza A/PR/8/34

(H1IN1) virus infection in P388D1 cells
Comparison of TNF-a production in P388D1 cells infected with the in-
fluenza virus (MOI = 2) in the absence or presence of T-705 or GS 4071
at various concentrations 24 h post-infection. TNF-a production of the
mock-infected control was 61 + 10 pg/ml. Data are expressed as the means
+ S.D. of four samples. *P <0.05, **P <0.01, ***P <0.001: significantly dif-
ferent from GS 4071 treatment by t-test.

et al., 1996; 1998; 2010; Furuta et al., 2002; 2005; Takahashi et al.,
2003). The lungs of infected mice were removed and homogenized
in phosphate-buffered saline. The homogenate was centrifuged at
3,000 rpm for 15 min and then the supernatant was stored at -80°C
until its use for intranasal infection.

Compounds. T-705 was synthesized at Toyama Chemical Co.,
Ltd. (Toyama, Japan). GS 4071 was obtained by extraction from
oseltamivir (commercially available drug), followed by hydrolysis
according to a conventional method (Kim et al., 1997). The 50%
inhibition concentrations against the influenza A/PR/8/34 (HIN1)
virus by T-705 and GS 4071 are 0.16 and 0.0039 pg/ml, respectively
(Furuta et al., 2002, 2005). T-705 and oseltamivir were resuspended
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in 0.5% methylcellulose solution and sterile saline, respectively, and
administered orally to mice. As a control, 0.5% methylcellulose
alone was used.

Assay for cytokines secreted from P388D1I cells. The effects of
T-705 and GS 4071 on the secretion of pro-inflammatory cytokines
(TNF-q, IL-la, and IL-6) from P388D1 cells were examined as
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Fig. 2

Effects of T-705 and oseltamivir on cytokine production in BALF and
viral loads in the lungs of influenza A/PR/8/34 virus-infected mice
The influenza A/PR/8/34 virus was inoculated nasally and T-705 or osel-
tamivir was orally administered at doses of 50 or 15 mg/kg, respectively,
twice daily beginning 2 h (a) or 16 h (b) post-infection. Forty-eight hours
post-infection, TNF-a, IL-1a and IL-6 were assessed in BALF of infected
mice treated with T-705, oseltamivir or methylcellulose solution as the
control. The viral loads in the lungs were measured by the plaque reduc-
tion assay. T-705 or oseltamivir was orally administered beginning 2 h or
16 h post-infection (c). The data in bar graph were expressed as the ratio
to control, while setting control to 100%. TNF-q, IL-1a and IL-6 levels of
control were 628 + 135, 378 + 99, 1453 + 174 pg/ml, respectively, and viral
load of control was 8.28 + 0.09 log PFU/g lung. Five or six mice were used for
each experimental assay to determine the mean + S.D. *P <0.05, **P <0.01,

***P <0.001: significantly different from each group by Tukey's test.

described previously (Kurokawa et al., 2003, 2010). P388D1 cells
were seeded at 5 x 10° cells/well in 24-well tissue culture plates and
grown at 37°C overnight. Cells were mock-infected and infected
with the influenza A/PR/8/34 (HIN1) virus at a multiplicity of
infection (MOI) of 2 plaque-forming units (PFU)/cell and cultured
for 1 h without drugs. Infected cells were then treated with T-705 or
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Fig. 3

Time course study of effects of T-705 and oseltamivir on cytokine
production in BALF of influenza A/PR/8/34 virus-infected mice
The influenza A/PR/8/34 virus was inoculated nasally and T-705 or os-
eltamivir was orally administered at a dose of 50 mg/kg four times daily
(6 h intervals) beginning 16 h post-infection. TNF-a, IL-1a, IL-6, MIP-2,
IL-12 and IFN-y were assessed in BALF of infected mice treated with
T-705, oseltamivir or methylcellulose solution as the control 20, 26, 32 and
38 h post-infection. Three to five mice were used for each experimental
assay to determine the mean + S.D. 1P <0.05: vs. oseltamivir by one-way

ANOVA.

GS 4071 at 0.1, 0.3, 1, 3, 10, 30, or 100 pug/ml. The culture medium
was collected and centrifuged at 24 h p.i.

Cytotoxicity assay. The cytotoxicity of T-705 and GS 4071
was evaluated by an assay using 2,3-bis(2-methoxy-4-nitro-
5-sulfopheny1)-5-[(phenylamino)carbonyl]-2H-tetrazolium
hydroxide (XTT) as described previously (Scudiero et al., 1988;
Furuta et al., 2002).

Mice. Female DBA/2 Cr mice (6-7-week-old, 17-22 g, Japan SLC
Inc., Shizuoka, Japan) were housed five per cage in a temperature-
controlled room under a 12 h light/12 h dark diurnal cycle (lights
on at 7.00 a.m.) with food and water provided ad libitum. The
temperature in the room was kept at 23 + 2°C. Mice were acclimated
for at least 4 days before starting experimental procedures. The
animal experimentation guidelines of the University of Toyama
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or the Laboratory Animal Use Management Regulation at Toyama
Chemical Co., Ltd. were followed in the animal studies.

Murine influenza virus infection model. Mice were intrana-
sally infected with the mouse-adapted influenza virus A/PR/8/34
(HIN1) at 1,000 PFU (Kurokawa et al., 1996, 1998, 2010; Furuta
et al., 2002, 2005; Takahashi et al., 2003) and the effects of T-705
and oseltamivir administration on cytokine levels in the bron-
choalveolar lavage fluid (BALF) and viral loads in the lungs of
infected mice at 48 h p.i. were examined. T-705 or oseltamivir
were orally administered at doses of 15 or 50 mg/kg, twice daily,
beginning 2 and 16 h p.i. In time course study, each drug was
administered at a dose of 50 mg/kg four times daily (6 h intervals)
beginning 16 h p.i. BALF was collected via a tracheal cannula to
examine cytokine levels. Three to six mice were used for each
experimental assay.

ELISA. Cytokine levels in the culture supernatants of P388D1
cells or in BALF were measured with ELISA kits (BioSource,
Camarillo, CA, USA or R&D Systems, Minneapolis, MN, USA)
according to the manufacturer's instructions.

Lung virus titration. Virus titers in the lungs of mice were
determined in 12-well plates of MDCK cells with serial dilutions
of lung homogenates in MEM containing 0.001% DEAE-dextran,
2 pg/ml TPCK-treated trypsin, and 0.5% agarose for 2 days at 35°C.
Cells were stained with 0.005% amido black solution and plaque
numbers were counted.

Statistical analyses. Statistical analyses of cytokine levels in
P388D1 cells, in the BALF of mice and in time course study
were performed by t-test, Tukey's test and one-way ANOVA,
respectively. A P-value less than 0.05 was defined as significant.
SAS release 9.2 (SAS Institute Japan Ltd., Tokyo, Japan), Stat Pre-
clinica 1.2 (Takumi Information Technology Inc., Tokyo, Japan)
and Statcel 3 (OMS Publishing, Saitama, Japan) were used as the
analytical software.

Results

Effects of T-705 and GS 4071 on cytokine secretion by
infected P388D1 cells

We investigated the induction of pro-inflammatory cy-
tokines (TNF-a, IL-la and IL-6) in macrophage-like P388D1
cells infected with the influenza virus and observed that
TNF-a was induced at MOI of 1 or more at 24 h p.i., while
no induction of IL-la and IL-6 was observed until 24 h p.i.
(data not shown). As shown in Fig. 1, significant suppression
of TNF-a production by T-705 was observed at 0.3 to 100 pg/
ml, compared with GS 4071 at the same concentrations and
the suppression of TNF-a production by T-705 became
stronger at more than 30 pg/ml. T-705 and GS 4071 showed
no cytotoxicity against P388D1 cells at the concentration
of 100 pg/ml (data not shown). T-705 suppressed TNF-a
production from P388D1 cells more than GS 4071.

Effects of T-705 and oseltamivir on cytokine production
in BALF and viral loads in the lungs of infected mice at 48 h

p.i.

We measured cytokine levels in BALF of influenza virus-
infected mice treated with each drug to investigate the effects
of T-705 and oseltamivir on cytokine production as shown
in Fig. 2. T-705 and oseltamivir with the treatment from 2 h
p.i. inhibited TNF-a and IL-la production at 48 h p.i. and
especially, TNF-a production was significantly inhibited by
T-705 more than by oseltamivir (Fig. 2a). IL-6 production
was not influenced by T-705 or oseltamivir. When the treat-
ments with T-705 and oseltamivir were started at 16 h p.i.,
TNF-q, IL-1a, and IL-6 were significantly suppressed by
T-705 and oseltamivir (Fig. 2b). The viral loads in the lungs
of mice with treatment started at 16 h p.i. were about 10*
times higher than those in the lungs of mice with treatment
started at 2 h p.i. (6.65 £ 0.06 and 2.57 + 0.24 log PFU/g lung,
respectively). T-705 had tendency to inhibit TNF-a produc-
tion more than oseltamivir at 16 h p.i., but not significantly
(P =0.12). T-705 significantly suppressed the viral load in
the lung of mice treated from 2 h and from 16 h p.i. com-
pared with oseltamivir and control (Fig. 2¢). Cytokine levels
were not necessarily correlated with viral loads in the lungs,
however, TNF-a production was suppressed in proportion
to the lung viral loads.

Effects of T-705 and oseltamivir on cytokine production
in time course study in the BALF of infected mice

T-705 and oseltamivir inhibited pro-inflammatory
cytokines including TNF-a at 48 h p.i. (Fig. 2b). Secondly,
we investigated the inhibitory effect of these compounds
on pro-inflammatory cytokines production from 20 h p.i.,
at earlier phase of infection. When we measured cytokine
levels in the BALF of influenza virus-infected mice treated
with each drug from 16 h p.i., T-705 significantly sup-
pressed TNF-a production among measured cytokines
from 20 h p.i., compared with oseltamivir as shown in
Fig. 3, whereas other cytokines tested, IL-1a, IL-6, MIP-2,
IL-12 and IFN-y, showed no difference between the two
treatments.

Discussion

In this study, we investigated the effect of T-705 on cy-
tokine production in influenza virus infection in vitro and in
vivo. Cytokines, particularly TNF-q, play important roles in
the pathogenesis of influenza, and TNF-a has been correlated
with the severity of infection (Peper and Van Campen, 1995;
Kurokawa et al., 1996, 2010; Hussell ef al., 2001; Cheung et
al., 2002; Peiris et al., 2004; Chan et al., 2005; Szretter et al.,
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2007). The relationship between nasopharyngeal cytokine
responses and symptom formation has been evaluated in
clinical trials assessing the effects of anti-influenza drugs
(Hayden et al., 1998, 1999; Fritz et al., 1999; Watanabe et
al., 2013). The inhibition of viral replication was associated
with the abrogation of cytokine production and reduction
in symptom magnitude in volunteers treated with zanamivir,
oseltamivir or rimantadine. The modes of cytokine produc-
tion in the early phase of influenza virus infection following
treatment with anti-influenza drugs may reflect their efficacy
against influenza symptoms. In this study, we observed that
the production of TNF-a in both cultured cells and influenza
virus-infected mice was lower after T-705 treatment than
after treatment with GS 4071 and oseltamivir. In particular,
TNEF-a production was inhibited by T-705 during the early
phase of infection when mice were treated from 16 h p.i.
The suppression of TNF-a production by T-705 from the
early phase of infection in this study may be associated
with the alleviation of influenza infection in addition to
its anti-influenza virus activity and these effects may have
contributed to its therapeutic efficacy in mouse model of
influenza virus infection under the conditions of both a high
viral challenge dose and the initiation of therapy delayed to
25 h p.i. (Takahashi et al., 2003).

TNF-a is induced due to recognition of single-strand
RNA or double-strand RNA of the influenza virus genome
by Toll-like receptor (TLR)-7/8 or TLR-3, respectively, in
infected cells (MacEwan, 2002; Takeda and Akira, 2004;
Karin and Gallagher, 2009; Yoneyama and Fujita, 2010).
The differential effects on TNF-a production by T-705 and
oseltamivir may be due to differences in their antiviral ac-
tion on the influenza virus. Oseltamivir permits viral RNA
synthesis and progeny virus production in infected cells,
while T-705 inhibits intracellular viral RNA synthesis and
viral replication. TNF-a was first induced and declined
in P388D1 cells and IL-1a and IL-6 followed. Therefore,
TNF-a might be the most suitable cytokine for evaluating
the effect of both drugs on cytokines. The difference in
genomic RNA synthesis may explain the differential induc-
tion of TNF-a production through TLR signaling among
cytokines. Expression of pro-inflammatory cytokines (like
TNF-a) is induced by transcription factors, such as NF-«B,
whereas it is reported that activation of NF-kB is prevented
by influenza virus NS1 protein (Wang et al., 2000). Com-
plex factors, such as interferons, cytokines, chemokines
or signal transduction are involved in the expression of
pro-inflammatory cytokines. In this study, among various
pro-inflammatory cytokines only TNF-a had decreased
following treatment with T-705; this effect, based on the
mode of action of T-705, is of significant value in patients
with influenza in alleviating influenza pneumonia because
TNF-a is a key factor involved in lung injury that causes
pneumonia (Peper and Van Campen, 1995).

In this study, we compared the effect of T-705 and osel-
tamivir on murine cytokine production and viral loads in
influenza A virus infection in vitro and in vivo. It was found
that T-705 suppressed the production of TNF-a relative to
oseltamivir. The viral loads seemed not to be proportional
to the cytokine levels in the lungs, but to some extent to the
TNF-alevels, and suppression of TNF-a production seemed
to reflect the potent antiviral effect of T-705. T-705 sup-
pressed viral load in the lungs and thereby suppressed TNE-a
by reducing intracellular viral RNA and its subsequent
reduced TLR signaling for TNF-a. The apparent specific
suppression of TNF-a production is a beneficial feature of
T-705 in the treatment of severe influenza including HPAI
infection. This could also explain why influenza-infected ani-
mals with delayed treatment showed differences in survival,
where the infection has progressed to a state of substantial
tissue damage, which is difficult to control through the
mechanisms elucidated by oseltamivir.
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