Antiviral Research 100 (2013) 446-454

Contents lists available at ScienceDirect

Antiviral Research

journal homepage: www.elsevier.com/locate/antiviral

Review
Favipiravir (T-705), a novel viral RNA polymerase inhibitor @CmssMark

Yousuke Furuta®*, Brian B. Gowen ", Kazumi Takahashi?, Kimiyasu Shiraki, Donald F. Smee ",
Dale L. Barnard "
2 Toyama Chemical Co., Ltd., 4-1, Shimookui 2-chome, Toyama 930-8508, Japan

b [nstitute for Antiviral Research and Department of Animal, Dairy and Veterinary Sciences, Utah State University, 5600 Old Main Hill, Logan, UT 84322-5600, USA
€ Department of Virology, Toyama University, 2630 Sugitani, Toyama 930-0194, Japan

ARTICLE INFO ABSTRACT

Article history: Favipiravir (T-705; 6-fluoro-3-hydroxy-2-pyrazinecarboxamide) is an antiviral drug that selectively
ReC?lVEd 10 July 2013 inhibits the RNA-dependent RNA polymerase of influenza virus. It is phosphoribosylated by cellular
Revised 11 September 2013 enzymes to its active form, favipiravir-ribofuranosyl-5'-triphosphate (RTP). Its antiviral effect is attenu-

Accepted 20 September 2013

Available online 29 September 2013 ated by the addition of purine nucleic acids, indicating the viral RNA polymerase mistakenly recognizes

favipiravir-RTP as a purine nucleotide. Favipiravir is active against a broad range of influenza viruses,
including A(H1N1)pdm09, A(H5N1) and the recently emerged A(H7N9) avian virus. It also inhibits influ-

I;z :’l‘;?rrj‘flr enza strains resistant to current antiviral drugs, and shows a synergistic effect in combination with osel-
T.705 tamivir, thereby expanding influenza treatment options. A Phase III clinical evaluation of favipiravir for
Influenza influenza therapy has been completed in Japan and two Phase II studies have been completed in the Uni-
RNA-dependent RNA polymerase ted States. In addition to its anti-influenza activity, favipiravir blocks the replication of many other RNA
RNA viruses viruses, including arenaviruses (Junin, Machupo and Pichinde); phleboviruses (Rift Valley fever, sandfly
fever and Punta Toro); hantaviruses (Maporal, Dobrava, and Prospect Hill); flaviviruses (yellow fever
and West Nile); enteroviruses (polio- and rhinoviruses); an alphavirus, Western equine encephalitis
virus; a paramyxovirus, respiratory syncytial virus; and noroviruses. With its unique mechanism of
action and broad range of antiviral activity, favipiravir is a promising drug candidate for influenza and

many other RNA viral diseases for which there are no approved therapies.
© 2013 Elsevier B.V. All rights reserved.
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1. Introduction

Favipiravir is a novel antiviral compound that selectively and
potently inhibits the RNA-dependent RNA polymerase (RdRP) of
influenza and many other RNA viruses. As described below, it has
been found to inhibit all serotypes and strains of influenza A, B
and C viruses against which it has been tested, including those
resistant to currently approved neuraminidase inhibitors. It is also
active against a number of arena-, bunya- and flaviviruses, both
in vitro and in rodent models, and it has shown potent in vitro
activity against members of the alphavirus, paramyxovirus and
norovirus families. This paper reviews current understanding of
the antiviral mechanism of action of favipiravir and the breadth
of its in vitro and in vivo inhibitory activity against a broad spec-
trum of RNA viruses.

2. Structure

Favipiravir (6-fluoro-3-hydroxy-2-pyrazinecarboxamide), origi-
nally known as T-705, and the related pyrazinecarboxamide com-
pounds T-1105 and T-1106 were discovered and synthesized by
Toyama Chemical Co., Ltd. Their structures are shown in Fig. 1.

Through the screening of a chemical library of Toyama Chemical
Co., Ltd. using a plaque reduction assay for anti-viral activity
against influenza virus A/PR/8/34, a lead compound, which was
designated as T-1105 afterward, was found to be effective. There-
after, its derivatives were synthesized to evaluate structure-activ-
ity studies in terms of in vitro and in vivo antiviral activities as well
as pharmacokinetic properties. Then T-705 and the related com-
pounds were selected for further investigation as drug candidates.

3. Antiviral activity against influenza viruses

Existing anti-influenza virus drugs inhibit the virion M2 ion
channel (amantadine and rimantadine) or the viral neuraminidase
(oseltamivir, zanamivir). The mechanism of action of favipiravir
through direct inhibition of viral replication and transcription is
therefore unique among anti-influenza drugs. Since RARP domains
are not present in human cells, and are conserved among RNA
viruses, this distinct specific mechanism targeting RNA viral poly-
merases makes favipiravir an attractive drug candidate. Thus, a
number of in vitro and in vivo studies have been done to demon-
strate efficacy in cell culture and in animal models, which are de-
scribed below.

3.1. In vitro anti-influenza activity

Studies using laboratory strains of influenza virus showed that
favipiravir inhibits all types of influenza virus strains of type A, B,
and C. Based on plaque reduction in MDCK cells, its 50% effective
concentrations (ECsos) were in the range of 0.014-0.55 pg/ml
(Furuta et al., 2002). Table 2 summarizes the activity of favipiravir
against 53 strains of influenza virus, including seasonal strains
A(H1NT1), A(H3N2), and influenza B; the A(H1IN1)pdmO09 pandemic
virus; highly pathogenic avian influenza virus A(H5N1) isolated
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Fig. 1. Chemical structure of favipiravir (T-705), T-1105 and T-1106.

Table 1
Selectivity of favipiravir-RTP on DNA and RNA polymerase activity. (Based on Kiso
et al., 2010 and Takahashi et al., 2011.)

Polymerase Polymerase Type 1C50(UM)
Influenza virus

RNA polymerase RNA-dependent RNA polymerase 0.341
Human

DNA polymerase o DNA-dependent DNA polymerase >1000
DNA polymerase B DNA-dependent DNA polymerase >1000
DNA polymerase y DNA-dependent DNA polymerase >1000
RNA polymerase II DNA-dependent RNA polymerase 905

This table shows the 50% inhibitory concentration (ICso) of favipiravir-RTP to
influenza virus RNA polymerase, human DNA polymerase (o, 8, ) and human RNA
polymerase II. One unit each of human DNA polymerase o, $ and vy and human RNA
polymerase II were incubated for 1 h with reaction mixture containing *H-dGTP or
*H-UTP.

from humans; A(H1N1) and A(H1N2) isolated from swine; and
A(H2N2), A(H4N2) and A(H7N2). These included a large number
of strains resistant to currently used drugs including amantadine,
rimantadine, oseltamivir, and zanamivir. Some strains were also
resistant to both M2 and NA inhibitors. Favipiravir has shown a
wide range of antiviral activity against all strains including drug-
resistant viruses (Sleeman et al., 2010). The 50% cytotoxic concen-
tration (CCsp) of favipiravir in host MDCK cells was more than
2000 pg/ml, demonstrating the highly selective inhibition of influ-
enza virus replication (i.e., selective indices of greater than 3000)
(Furuta et al., 2002).

3.2. In vivo anti-influenza activity

Favipiravir has also been shown to protect mice against lethal
infection by a variety of influenza virus strains (Table 3). For com-
parison, the dose of oseltamivir was set at 10 mg/kg/day for sea-
sonal A(H3N2) infection in mice and at 20 mg/kg/day for
A(H5N1) virus infections. When favipiravir was orally adminis-
tered 2 or 4 times a day for 5 days in mice infected with lethal
doses of influenza virus A/Victoria/3/75(H3N2), A/Osaka/5/
70(H3N2) or A/Duck/MN/1525/81(H5N1), improved survival com-
pared to placebo was shown at a dose of 30 mg/kg/day or more.
The drug also provided significant protection against the A/Duck/
MN/1525/81(H5N1) virus at a dose of 33 mg/kg/day or more,
regardless of the number of daily doses. When given 4 times a
day, all mice survived. In contrast, oseltamivir therapy failed to im-
pact survival at a dose of 20 mg/kg twice daily for 5 days (Sidwell
et al., 2007).

Mice infected with the A/California/04/09(H1N1) virus or A/An-
hoi/1/2013(H7N9) virus were also studied for the effect of favipira-
vir on pulmonary viral load on the third and sixth days after
infection. Treatment with 60 and 300 mg/kg/day reduced viral rep-
lication in a dose-dependent manner. The inhibitory activity was
the same or greater than that of oseltamivir and zanamivir against
the A(H1N1)pdmO9 virus (Itoh et al., 2009) and A(H7N9) virus
(Watanabe et al., 2013). Favipiravir was also found to have a signif-
icant therapeutic effect compared to oseltamivir in mice chal-
lenged with a 100-fold larger dose of virus, and when treatment
was delayed until 96 h post infection (Sidwell et al., 2007;
Takahashi et al., 2003).

3.3. Combinations with other drugs

The effect of combining favipiravir and oseltamivir was investi-
gated in mice infected with A/Victoria/3/75(H3N2). The combina-
tion of 25 mg/kg of each drug provided significant protection
against a lethal challenge dose (Table 4). Synergistic improvements
in survival were also achieved with the 20 mg/kg/day dose of
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Table 2

Virus susceptibility to favipiravir testing by plaque reduction assays in MDCK cells. (Based on Sleeman et al., 2010).

Viral Type Favipiravir ECsq:pg/ml (uM) No. of strains No. of drug-resistant strains®
A (o] z

A(H1IN1) 0.03-0.79 15 3 8 2
(0.19-5.0)

A(H3N2) 0.07-0.94 9 7 4 1
(0.45-6.0)

B 0.09-0.83 8 8 4 2
(0.57-5.3)

A(H2N2) 0.06 1 0 0 0
(0.38)

A(H4N2) 0.14-0.15 2 0 0 1
(0.89-0.96)

A(H7N2) 0.24-1.60 2 1 0 0
(1.5-10.2)

A(H5N1)° 0.20-0.82 6 3 3 2
(1.3-5.2)

A(HIN1)* 0.13-0.71 2 0 0 0
(0.83-4.5)

A(HIN2)* 0.35 1 0 0 0
(2.2)

A(H1N1)2009 0.13-3.53 7 7 2 0
(0.83-22.5)

ECso, 50% effective concentration.

¢ Number of strains resistant to adamantanes (A), oseltamivir (O), or zanamivir (Z). Changes to M2 and NA were detected by surveillance criteria (Sheu et al., 2008).

b Isolated from both humans and birds.
€ Swine origin which were isolated from human.

Table 3
Therapeutic effects of favipiravir in mouse influenza infection models. (Based on Sidwell et al., 2007; Smee et al., 2007 and Takahashi et al., 2011).
Strain (infectious dose) Treatment Dose (mg/kg/day) Survivors/Total® Regimen
A/Victoria/3/75 (H3N2) [LD;go]” Control (Placebo) - 0/20 Every 6 h for 5 days
Favipiravir 1 0/10
3 0/10
10 1/10
30 7/10
100 10/10"
300 10/10°
Oseltamivir 10¢ 5/10 Twice daily for 5 days
A/Osaka/5/70 (H3N2) [3 x 10° PFU/mouse] Control (Placebo) - 0/10 Twice daily for 5 days
Favipiravir 10 1/10
30 9/10™"
100 9/10™"
A/Duck/MN/1525/81 (H5N1) [LD;go]” Control (Placebo) - 0/20 Twice daily for 5 days
Favipiravir 3 0/10
10 2/10
30 8/10
100 10/10°
300 10/10
A/Duck/MN/1525/81 (H5N1) [LD;q0]" Control (Placebo) - 0/20 Every 6 h for 5 days
Favipiravir 33 10/10°
100 10/10
300 10/10
Oseltamivir 20° 2/10 Twice daily for 5 days

4 Number of mice surviving until the end of the experiment (21 days) over the total number of animals in the group.

b 100% lethal infectious dose.
¢ Reduced oseltamivir dose.
" P<0.01 compared to control group (Yates-corrected Chi-square test).
" P<0.001 compared to control group (Yates-corrected Chi-square test).
** P<0.001 compared to control group (Kaplan-Meier method, Log-rank test).

favipiravir combined with 0.1 and 0.3 mg/kg/day of oseltamivir
against the A/NWS/33(H1IN1) virus. In mice infected with A/
Duck/MN/1525/81(H5N1), combining doses of both drugs, which
were ineffective as monotherapies, significantly improved survival
and body weights (Smee et al., 2010). An increase in the numbers
of survivors was also shown using a synergistic combination of
20 mg/kg/day of favipiravir with ineffective low doses of peramivir
against the A/California/04/2009(H1N1)pdm infection (Tarbet
et al,, 2012). These results underline the value of combining favipi-
ravir with NA inhibitors to improve the outcome of severe

influenza virus infections, augmenting therapeutic options for out-
break management.

3.4. Clinical evaluation

Favipiravir has been administered to over 1400 subjects in clin-
ical trials in many countries around the world, and has an excellent
safety record. A Phase 3 study was completed in Japan and two
Phase 2 studies have been completed under a U. S. IND, the latter
funded by the US Department of Defense (DOD). Descriptions of
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Table 4

449

Effects of combinations of favipiravir and oseltamivir on an influenza A/Victoria/3/75 (H3N2) virus infection in mice with treatments started 24 h

after infection®. (Based on Smee et al., 2010.)

Treatment (mg/kg/day) Survivors/Total

Day of death® (mean * SD)

Control (Placebo) 0/20 82+1.1
Favipiravir (100) 7/9 55+0.7
Favipiravir (50) 7/10 83+1.2
Favipiravir (25) 1/10 79%15
Oseltamivir (50) 6/10 88+15
Oseltamivir (25) 1/9 75+13
Favipiravir (100) + Oseltamivir (50) 10/10 >21
Favipiravir (100) + Oseltamivir (25) 10/10 >21
Favipiravir (50) + Oseltamivir (50) 9/10 8
Favipiravir (50) + Oseltamivir (25) 9/10 8
Favipiravir (25) + Oseltamivir (50) 10/10 >21
Favipiravir (25) + Oseltamivir (25) 9/10" 8

¢ Oral treatments were given twice a day for 7 days starting 24 h after infection.
P Results for day of death are shown for mice that died prior to day 21.

" P<0.001 compared to control group (Fisher’s exact test).

* P<0.01 compared to either compound used alone (Fisher’s exact test).

past and current trials of favipiravir under the U. S. program can be
found on the website www.clinicaltrials.gov.

4. Mechanism of action

As part of the effort to clarify its mechanism of action, time-of-
addition studies were performed by exposing influenza-infected
cells to favipiravir at different times during the virus replication
cycle and measuring virus yields 10 h after infection were mea-
sured by plaque assay. When the drug was added during the viral
replication stage (0-2, 2-4, or 4-6 h after infection), yields were
significantly reduced (Fig. 2). No inhibitory activity was seen when
favipiravir was added at the adsorption stage (at the same time of
virus exposure) or at the release stage, 6 or more hours after infec-
tion. These results indicate that favipiravir interferes with viral
replication (Furuta et al., 2005). Time-of-addition experiments in
arenavirus-infected cells also demonstrated that an early to inter-
mediate stage of viral replication is disrupted (Mendenhall et al.,
2011a).

The mechanism of inhibition of virus replication by favipiravir

was also investigated through competition assays. The
25
20l 1
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Fig. 2. Favipiravir time-of-addition analysis. MDCK cells were inoculated with
influenza A/PR/8/34 virus at a multiplicity of infection of 0.001. Favipiravir was
added at the indicated periods. Viral yields were determined at 10 h post-infection
by plaque assays. The columns show the mean of viral yield in cells treated with
favipiravir (10 pg/ml). Vertical lines represent standard deviations (n=3). Two
independent experiments were done, and representative data are shown. *P < 0.05,
**P < 0.01, compared to respective control groups (Student’s t test). (Based on Furuta
et al., 2005.)

simultaneous addition of a 10-fold excess of purine nucleosides
and bases reduced its activity against influenza virus, while pyrim-
idine bases did not (Fig. 3) (Furuta et al., 2005). Similar competitive
reversal of antiviral activity specifically by purines was observed
with arenavirus infection, using a lymphocytic choriomeningitis
virus replicon reporter assay (Mendenhall et al., 2011a). These re-
sults suggested that favipiravir acts as a pseudo purine.

To investigate this possibility further, cellular metabolites ex-
tracted from Madin Darby canine kidney (MDCK) cells treated with
favipiravir were examined by HPLC. Favipiravir ribofuranosyl-
5'-triphosphate (favipiravir-RTP) was identified, as was favipira-
vir-ribofuranose and favipiravir-ribofuranosyl-5’-monophosphate
(favipiravir-RMP) (Furuta et al., 2005; Naesens et al., 2013). Metab-
olism of favipiravir to its triphosphate form was shown to occur in
an extracellular concentration-dependent manner (Smee et al.,
2009). Favipiravir-RTP was then chemically synthesized and the
incorporation of 3P GTP by the influenza viral RNA polymerase
in the presence of varying amounts of favipiravir-RTP was mea-
sured. Favipiravir-RTP inhibited the polymerase at nanomolar to
micromolar concentrations. Favipiravir and favipiravir-RMP did
not inhibit influenza RNA polymerase activity. These results

Percent of control activity (%)

0.0 50.0 100.0
Favipiravir alone (1 ug/mL) } ‘ ‘
6.4uM) | | |
Purine series | 1
+ Adenine ‘ ‘ ok
+ Guanine —
+ Adenosine i H—‘ *
+ Guanosine i k% *
+ Inosine i — %
Pyrimidine series ; ;
+ Cytosine } ; ;
+ Thymine } l 1
+ Uracil } l 1

Fig. 3. Competetive inhibition of favipiravir activity by addition of excess nucleic
acids and nucleosides. The number of plaque was counted and is given as a
percentage of the number of plaques for the nontreated control. All nucleosides and
bases were added at 10-fold molarity of the 50% effective concentration (ECso) of
favipiravir. *P<0.01 compared to favipiravir alone treated group (Dunnett’s test).
(Based on Furuta et al., 2005).
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indicated that favipiravir is a prodrug that is phosphoribosylated in
cells to the active form, favipiravir-RTP, which inhibits influenza
viral replication. Thus, favipiravir may be misincorporated in nas-
cent viral RNA, or it may act by binding to conserved polymerase
domains, preventing incorporation of nucleotides for viral RNA
replication and transcription.

In support of the misincorporation theory, it has recently been
shown that favipiravir induces lethal mutagenesis in vitro during
influenza virus infection. Favipiravir showed significant decrease
of viral titer both at a low multiplicity of infection (MOI;
0.0001 PFU/cell) and a high MOI (10 PFU/cell). Sequence analysis
of various nucleoprotein (NP) clones revealed an increase in the
number of detectable G—A and C—T transversion mutations, along
with an increased mutation frequency, and a concomitant shift in
the nucleotide profiles of the NP gene analyzed from various
clones. However, no viable T-705 resistant mutants could be iso-
lated. These results suggested that favipiravir has virucidal effect
(Baranovich et al., 2013). It is assumed that a similar mechanism
might occur with other viruses inhibited by favipiravir, which
may account for the broad-spectrum virus inhibition by favipiravir.

Recently, two studies have been reported for the mechanism of
inhibition of favipiravir-RTP against influenza virus RdRP. Jin et al.,
developed the assay of adding the RNA template, which was con-
structed to form the panhandle structure, to the recombinant influ-
enza virus RNA polymerase PA/PB1/PB2 complex for observing
incorporation by influenza virus RdRP in the elongation mode
(Jin et al., 2013). They indicated that favipiravir-RTP was efficiently
incorporated into nascent RNA strand and the single incorporation
of favipiravir-RTP molecule partially prevents further extension of
the RNA strand and then consecutive incorporation of favipiravi-
RTP thoroughly prevent further extension of the RNA strand. On
the other hand, Sangawa et al., indicated that a single molecule
of favipiravir-RTP was incorporated into the nascent RNA strand
and inhibits further strand extension by observing the cap snach-
ing and initiation reaction of transcription of influenza virus RNA

+CTP B
(50 uM)
Enzyme
GTP T-705RTP
0 10 100 10 100 (UM)
. ’ ' . <Capl-pGEM
-RNA (67 nt)
< Gll+2nt
aw ap i & - Gin
<~ GI1

1 2 3 4 5
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polymerase by adding >2P-labeled 5'cap1 RNA into virus- derived
RNA complex (Fig. 4) (Sangawa et al., 2013).

To investigate the impact of favipiravir on host cell and viral
nucleotide metabolism, the inhibitory activity of favipiravir-RTP
was examined against human RNA and DNA polymerases and on
viral RdRP. As shown in Table 1, favipiravir-RTP inhibited the influ-
enza viral RdRP activity at a 50% inhibitory concentration (ICsg) of
0.341 pM, but 50% inhibition of the human DNA polymerase a,  or
vy was not observed even at 1000 uM (Kiso et al., 2010). The ICsq for
the human RNA polymerase Il was 905 uM (Takahashi et al., 2011);
favipiravir was therefore 2650 times more selective for the influ-
enza virus RdRP, consistent with the lack of inhibition of host-cell
DNA and RNA synthesis (Furuta et al., 2005).

The mechanism of action of favipiravir was also compared with
that of ribavirin, a guanosine analog that also has antiviral activity
against a wide range of RNA viruses after phosphorylation. Ribavi-
rin monophosphate (ribavirin-MP) inhibited inosine monophos-
phate dehydrogenase (IMPDH) in host cells (Streeter et al., 1973),
resulting in reduced GTP levels. Hence, cellular and viral RNA poly-
merase activities were reduced due to limited substrate. When the
inhibitory activities of favipiravir-RMP and ribavirin-MP against
IMPDH were directly compared, the ICs¢ values were 601 uM and
3.9 uM, respectively. Since favipiravir-RMP was 150 times weaker
than ribavirin-MP in its IMPDH inhibitory effect, IMPDH does not
seem to be a major target enzyme for favipiravir (Furuta et al.,
2005). In confirmation of these results, GTP levels in MDCK cells
were reduced to a much greater extent by ribavirin than by favipi-
ravir at equimolar extracellular concentrations (Smee et al., 2009).
Collectively, the data thus far indicated that the primary mecha-
nism of action of favipiravir was specific inhibition of viral RNA
polymerase (Furuta et al., 2005; Mendenhall et al., 2011a). Fig. 5
shows a schematic representation of the intracellular conversion
and the mechanism of action of favipiravir, and the influenza virus
replication cycle showing the stages targeted by favipiravir-RTP
and existing drugs (Furuta et al., 2009).

+CTP, ATP, GTP

(50, 100, 50 uM)

Enzxm

T-705RTP
Buffer 0 1 10 100 (uM)
Puee ™ oy
-RNA (67 nt)
Ead
® = *
- ~ Gll+2nt
' - - ' <~ Gll+lnt
. - ~ Gll
3

1 2 4 5 6

Fig. 4. Incorporation and inhibition of T-705RTP against influenza virus RdRP. (A) Incorporation of GTP and T-705RTP at the position of G11 + 2. The 32P-labeled pGEM-7zf (+)
DNA run-off transcript with a 5'Cap1 structure (Cap1-pGEM-mRNA), crude influenza virus RdRp containing a viral genome, and nucleotides including T-705RTP were
incubated. Reaction products were then electrophoresed. Lane 1-5: Cap1-pGEM-mRNA and crude enzyme solution +50 ptM CTP; Lane 2, 3: Conditions of lane 1+ 100 and
1000 uM GTP; Lane 4, 5: Conditions of lane 2 + 100 and 1000 pM T-705RTP. (B) Inhibition of T-705RTP against influenza virus RdRp. The 32P-labeled pGEM-7zf (+) DNA run-
off transcript with a 5'Cap1 structure (Cap1-pGEM-mRNA), crude influenza virus RdRp containing a viral genome, and nucleotides including T-705RTP were incubated.
Reaction products were then electrophoresed. Lane 1: Cap1-pGEM-mRNA; Lane 2-6: Cap1-pGEM-mRNA + crude enzyme solution; Lane 3-6: Conditions of lane 2 + 50 uM
CTP, 100 uM ATP, 50 M GTP; Lanes 4-6: Conditions of lane 3 + 10, 100, and 1000 uM T-705RTP *Elongated RNA was detected when GTP, ATP, and CTP were added to the

reaction mixture.
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Table 5
In vitro inhibitory effects of favipiravir and ribavirin against arenavirsues. (Based on Gowen et al., 2007 and Mendenhall et al., 2011a).
Virus® Strain Favipiravir” Ribavirin”
CCs0% SD ECs0 or 90+ SD SI CCs0 % SD ECs0 or 90+ SD SI
JUNV Candid 1 188 +53 0.79 + 0.47 239 5115 27+22 19
(1197 £337) (5+3) (209 +61) (11+9)
PICV An 4763 175+63 0.94 +0.47 186 38+21 3222 12
(1114 £401) (6£3) (156 + 86) (13+9)
TCRV TRVL 11573 214+ 31 0.94 +0.63 227 68 +8.1 24+0.73 28
(1362 +197) (6+4) (278 £33) (10+3)
GTOV S-26764 >157 6.8+3.1 >23 >244 74 +£52 >3.3
(>1000) (43 £20) (> 1000) (303 £228)
JUNV Romero >157 33+3.0 >48 >244 12+20 >20
(>1000) (21£19) (> 1000) (71£81)
MACV Carvallo >157 8.41+1.7 >19 >244 17+£5.1 >14
(>1000) (53+11) (> 1000) (122£13)

@ JUNV, Junin virus; PICV, Pichinde virus; TCRV, Tacaribe virus; GTOV, Guanarito virus; MACV, Machupo virus.

b 50% cytotoxic concentration (CCso) and 50% effective concentration (ECsq) values are in pg/ml for JUNV (Candid 1), PICV and TCRV determined by CPE reduction assays
using Vero cells, and SI (selectivity index) is calculated as CCso/ECso. Ninety percent effective concentration (ECoo) values are in pg/mL for GTOV, JUNV (Romero) and MACV by
plaque and focus-forming unit reduction assays using Vero E6 cells. The values noted in brackets are in pM.

5. Activity against other pathogenic RNA viruses

A number of arena-, bunya-, flavi-, and alphaviruses cause hem-
orrhagic fever (HF) and/or encephalitis, with high case fatality
rates. No vaccines or approved antiviral therapies are available
for most of these severe diseases, underscoring the urgent need
for effective broad-spectrum antiviral agents. Ribavirin is the only
licensed drug that has been shown to be effective against arenav-
iral HF, but its use is off-label and activity is based on comparison
with historical controls (McCormick et al.,, 1986). The following
sections review efficacy data for favipiravir against a number of
these pathogenic agents and related viruses, including several
picornaviruses and murine norovirus.

5.1. Arenaviruses

An increasing number of arenaviruses have been found to cause
severe disease in humans (Moraz and Kunz, 2011). Aside from riba-
virin, which has toxicity concerns, there are no small-molecule
drugs approved for therapeutic use. In vitro studies have compared
the inhibitory activity of favipiravir and ribavirin against patho-
genic arenaviruses (Table 5). In assays measuring the reduction
of cytopathic effect (CPE), the ECsos for favipiravir were 0.79-
0.94 pg/ml (5-6 M) against the Candid #1 strain of Junin virus
(JUNV), Pichinde virus (PICV), and Tacaribe virus. In plaque and

focus-forming unit (FFU) reduction assays, the ECgos against highly
pathogenic strains of Guanarito virus, JUNV (Romero), and Mach-
upo virus were 3.3-8.4 pg/ml (21-53 pM).

Twice-daily treatment regimens prevented the death of
PICV-infected hamsters, reduced serum and tissue viral loads and
prevented the development of liver disease (Gowen et al., 2007).
Favipiravir also protected hamsters challenged with PICV even
when treatments were initiated on days 4, 5 or 6 of infection (late
stages of infection), in the face of substantial viral loads (Gowen
et al., 2008). Remarkably, the drug was also effective in PICV-
infected guinea pigs, even when treatment was delayed until after
the onset of signs of illness (Mendenhall et al., 2011b). Fig. 6 shows
the effect of favipiravir treatment of PICV-infected guinea pigs
beginning 7 days after infection. A dose of 300 mg/kg/day showed
effects on survival (Fig. 6A), preservation of body weight (Fig. 6B),
and reduction of fever (Fig. 6C), equal to or better than those
obtained with 50 mg/kg/day of ribavirin. Serum aspartate amino-
transferase (AST), a prognostic marker of disease severity in Lassa
fever (McCormick et al., 1986), was significantly reduced in a
dose-dependent manner when assessed on day 10 (Fig. 6D).
Viremia was reduced by a mean of 2.1, 1.3, and 1.6 logyo
CCIDsp/ml in the high- and intermediate-dose groups and in the
ribavirin-treated group, respectively (Fig. 6E). These studies are
guiding the further evaluation of favipiravir in guinea pigs chal-
lenged with JUNV, the highly pathogenic agent of Argentine HF.
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Fig. 6. Favipiravir treatment of advanced PICV infection in guinea pigs. Guinea pigs (n = 7-8/group) challenged with 500 PFU of p19 PICV were treated with the indicated
dosages of favipiravir, ribavirin, or placebo beginning on day 7 of infection. The 150-mg/kg/d group received a loading dose of 300 mg/kg/d on the first day of treatment. Drugs
were administered twice daily for 14 days (capped hashed line) and (A) survival, (B) body weights, and (C) temperatures were monitored for 36 days. Serum was collected on
day 10 for analysis of (D) AST and (E) viremia. *P < 0.05 compared to placebo-treated animals. (Mendenhall et al., 2011b).

5.2. Bunyaviruses

In the family Bunyaviridae, there are many viruses like La Crosse
virus (LACV), Rift Valley fever virus (RVFV), Crimean-Congo HF
virus and hantavirus. They cause severe symptoms in humans such
as hemorrhagic fever, severe fever with thrombocytopenia, and re-
anl or pulmonary syndrome. When tested against a range of buny-
aviruses in cell culture, favipiravir has greater activity and
selectivity than ribavirin (Table 6). Its ECsos against LACV, several
phleboviruses including RVFV, Punta Toro virus (PTV), and sandfly
fever virus, and the Dobrava, Maporal, and Prospect Hill hantavi-

ruses were in the range of 5-30 pg/ml (32-191 uM), as measured
by CPE or FFU reduction assays. Twice-daily treatment of mice
and hamsters infected with PTV prevented death, reduced serum
and tissue viral loads, and prevented liver dysfunction (Gowen
et al., 2007, 2010).

5.3. Flaviviruses
Favipiravir inhibits several pathogenic flaviviruses including

yellow fever virus (YFV) and West Nile virus (WNV) (Julander
et al.,, 2009a; Morrey et al., 2008). However, considerably higher
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Table 6
In vitro inhibitory effects of favipiravir and ribavirin against bunyavirsues. (Based on Gowen et al., 2007 and Buys et al., 2011).
Virus® Strain Favipiravir” Ribavirin”
CCs0=SD ECso + SD SI CCs0+SD ECso £ SD SI
LACV — >1000+0 5.0+2.0 >199 877 211 1712 51
(>6365 £0) (32£13) (3595 + 864) (70 £ 49)
PTV Adames >1000+0 30+5.0 >33 898 + 88 42 +22 21
(>6365 £ 0) (191 +32) (3681 £ 360) (172 £ 90)
RVFV MP-12 >980 +29 5009 >196 >906 + 161 13+4 >70
(>6257 + 185) (32£6) (>3714 % 659) (53 £16)
SFNV Naples >1000+0 18 +26 >55 >729 +220 22+12 >33
(>6365 £0) (115 £166) (>2989 £901) (90 + 49)
DOBV Sotkamo 756 + 104 10+1.1 52 296 +153 18+ 0.6 17
(4816 + 662) (93+18) (1215 + 628) (72 £2.4)
MPRLV HV9021050 753 +186 15+2.8 74 256 +33 1107 22
(4795 + 1186) (65+17) (1051 + 135) (47 £2.9)
PHV MP40 600+ 10 1041 58 248 + 211 5.6+0.5 44
(3819 £ 64) (66 +26) (1018 + 866) (23+1.9)

2 LACV, La Crosse virus; PTV, Punta Toro virus; RVFV, Rift Valley fever virus; SFNV, Sandfly fever virus; DOBV, Dobrava virus; MPRLV, Maporal virus; PHV, Prospect Hill

virus.

b 50% cytotoxic concentration (CCso) and 50% effective concentration (ECso) values are in pg/ml as determined by CPE reduction assays using Vero cells, and SI (selectivity

index) was calculated as CCso/ECso. The values noted in brackets are in puM.

concentrations of favipiravir were required, compared to influenza
virus. The ECyo in YFV-infected Vero cells was 51.8 pg/ml (330 uM)
in a yield-reduction assay and a confirmatory luciferase-based cell-
viability assay (Julander et al., 2009a). The drug was effective when
added 4, 8, or 12 h after virus challenge. In YFV-infected hamsters,
favipiravir administered orally at 200 or 400 mg/kg/d for 8 days,
beginning 4 h prior to virus exposure, significantly protected the
animals against death (Julander et al., 2009a). Complete protection
was also observed with a dose of 400 mg/kg/day when treatment
initiated as late as 2 days after virus inoculation, and 8/10 animals
survived when treatment was begun on day 3 (P < 0.05).

Favipiravir was also active against WNV in vitro and in rodents
(Morrey et al., 2008). In Vero cells, the ECsos were 53 +4 pg/ml
(337 £ 25 puM). Twice-daily oral treatment with 200 mg/kg started
4 h after subcutaneous viral challenge protected nine out of ten
mice from death (P<0.01) and reduced viral protein expression
and viral RNA in brain tissue at day 6 post exposure (Morrey
et al.,, 2008). The minimal effective oral dose was calculated to be
20-65 mg/kg when given twice daily, beginning the day after chal-
lenge. More impressively, treatment begun on day 2 resulted in 8/
10 survivors (P<0.05). Prophylactic favipiravir also protected
against WNV-infected hamsters (8/10 survivors, P < 0.01) (Morrey
et al., 2008). Importantly, WNV envelope protein was not detected
in brain tissue of treated animals 7 days after virus challenge.

5.4. Alphaviruses

Favipiravir has also demonstrated activity in Vero cells infected
with Western equine encephalitis virus (WEEV), with an ECgq of
49 pg/ml (312 pM) (Julander et al., 2009b). Oral treatment of
WEEV-infected mice with 400 mg/kg/d (twice daily for 7 days) be-
gun 4 h prior to virus challenge resulted in significant improve-
ment in survival (P<0.01) and a prolongation of the time to
death. However, the mean viral brain titer on day 4 was not signif-
icantly reduced, with only a 10-fold reduction in treated animals,
and although signs of disease were relatively mild, they were not
eliminated. However, a modest improvement in clinical signs such
as the amelioration of weight loss and a significant protection
against death suggest that favipiravir may be an effective treat-
ment for other severe alphavirus infections.

In unpublished work presented at the recent 26th International
Conference on Antiviral Research, (Jochmans et al., 2013) evaluated
the activity of favipiravir against Chikungunya virus (CHIKV), and
found that it was highly active against the virus in Vero cells and

that it protected mice against lethal CHIKV infection. They also
investigated genetic mutations related to the development of resis-
tance of CHIKV cultured in the presence of favipiravir, and identi-
fied some mutations in the RdRp associated with several-fold
changes in the EC50s.

5.5. Picornaviruses

Favipiravir inhibited the replication of foot-and-mouth disease
virus (FMDV) in vitro with an ECso equal to 14 pg/ml (89 uM)
(Furuta et al., 2009). However, the analogues T-1106 and T-1105
were more active against this virus in vitro. Favipiravir also selec-
tively inhibited poliovirus in Vero cells, with an ECsq of 4.8 pg/ml
(31 uM) and a selectivity index of 29, and inhibited rhinovirus rep-
lication in Hela cells, with an EC50 of 29 pig/ml (186 uM and an
SI > 43) (Furuta et al., 2002).

5.6. Noroviruses

Favipiravir was recently shown to be active against murine
norovirus, modestly inhibiting the development of CPE in cell cul-
ture with ECs0s of 39 + 4 ng/ml (248 £ 25 uM) (Rocha-Pereira et al.,
2012). Viral RNA synthesis, as measured by RT-qPCR, was also
inhibited (ECsos =19 + 6 pg/ml [121 £ 38 uM]). However, cytotox-
icity in the RAW 264.7 mouse macrophage cell line was higher
than that in Vero cells, resulting in an SI of 4.4 by CPE assay and
8.7 by RT-qPCR. Time-of-addition studies found that favipiravir ex-
erted its maximum antiviral activity when added up to 4 h postin-
fection, correlating with the onset of viral RNA synthesis,
suggesting that the viral RARp was the target of inhibition.

6. Conclusion

As described above, studies in cell culture and in mouse models
have shown that favipiravir has potent therapeutic efficacy against
a broad range of influenza viruses, including highly pathogenic
influenza A(H5N1) virus and viruses resistant to NA inhibitors.
Synergistic activity was demonstrated in combination with NA
inhibitors, suggesting that favipiravir will broaden the therapeutic
options for the management of infections by highly pathogenic
avian strains and for severely ill patients.

Favipiravir also inhibits the replication of many other RNA
viruses including agents in the arenavirus, bunyavirus and
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flavivirus families, including agents of viral hemorrhagic fever and
encephalitis. The endemic areas for many of these pathogens have
been gradually expanding, due to the effects of global warming and
the increasing rate and speed of international travel. The limited
treatment option for these diseases is a major concern for public
health officials, especially since many of them could be used for
bioterrorism. Ongoing and planned efficacy studies with favipiravir
will therefore target a number of highly pathogenic bunyaviruses,
including Rift Valley fever, Andes and Sin Nombre hantaviruses
and Crimean Congo hemorrhagic fever virus. Evaluations of favipi-
ravir’s inhibitory activity against pathogenic arenaviruses, includ-
ing Junin and Lassa, are currently under way or in the planning
stages. The development of favipiravir as a novel therapy for influ-
enza and for diseases caused by a range of highly pathogenic RNA
viruses will bolster national security and global public health.
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