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a b s t r a c t

The polymerase inhibitor favipiravir is a candidate for the treatment of Ebola virus disease. Here, we
designed a mathematical model to characterize the viral dynamics in 20 mice experimentally infected
with Ebola virus, which were either left untreated or treated with favipiravir at 6 or 8 days post infection.
This approach provided estimates of kinetic parameters of Ebola virus reproduction, such as the half-life
of productively infected cells, of about 6 h, and the basic reproductive number which indicates that virus
produced by a single infected cell productively infects about 9 new cells. Furthermore, the model pre-
dicted that favipiravir efficiently blocks viral production, reaching an antiviral effectiveness of 95% and
99.6% at 2 and 6 days after initiation of treatment, respectively. The model could be particularly helpful
to guide future studies evaluating favipiravir in larger animals.

� 2015 Elsevier B.V. All rights reserved.

1. Introduction

Ebola virus (EBOV) is among the deadliest pathogens currently
known, leading to multiple organ failure and death in 40–90% of
cases (Feldmann and Geisbert, 2011). Despite substantial and rapid
progress (Geisbert, 2015), vaccines remain in early phases of clin-
ical trials and potent antiviral drugs are urgently needed. Last year,
two studies published in Antiviral Research showed that favipiravir,
a pyrazinecarboxamide derivative approved for complicated influ-
enza in Japan, had a large antiviral effectiveness against EBOV both
in vitro and in vivo in infected mice (Oestereich et al., 2014;
Smither et al., 2014). Moreover favipiravir can be given orally
and has shown a good safety profile in over 2000 patients world-
wide, leading the WHO to consider it as a potential antiviral candi-
date against EBOV. Indeed favipiravir, along with few other
molecules, is currently tested in human clinical trials (Sissoko
et al., 2015).

In order to support the development of new drugs, it is crucial
to have a better quantitative understanding of EBOV dynamics
in vivo. This can be achieved using mathematical models based
on ordinary differential equations which characterize the non-
linear interactions between the pathogen, the host and the drug.
This type of approach has provided many insights in the pathogen-
esis of several viruses, in particular influenza, HCV and HIV
(Baccam et al., 2006; Neumann et al., 1998; Perelson, 2002). Fur-
ther, by characterizing the effect of treatment on the viral load,
these models have allowed to better understand the mechanisms
of action and the antiviral effect of drugs in vivo (Perelson and
Guedj, 2015).

Here we applied this approach to characterize the viral kinetics
in mice treated with favipiravir or left untreated, using data previ-
ously published (Oestereich et al., 2014). Further, drug concentra-
tion data obtained in uninfected mice from different experiments
were used to construct a pharmacokinetic model for favipiravir.
By using a model combining both the viral kinetic and the pharma-
cokinetic data, we could provide an estimation of the infected cell
half-life, the basic reproductive number of EBOV and the effective-
ness of favipiravir in reducing viral production in vivo.
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2. Materials and methods

2.1. Data

2.1.1. Pharmacokinetic
The pharmacokinetic data were provided by Toyama Chemical

(Tokyo, Japan) and came from two separate studies of N = 54 Crlj:
CD1 female mice in total treated with favipiravir 150 mg/kg twice
a day by oral route for 14 days. Nine sampling times were available
on day 0 and on day 14. For each sampling time, three mice were
sampled and then sacrificed. Plasma concentrations were quanti-
fied using high performance liquid chromatography, with a limit
of quantitation of 0.1 lg/mL.

2.1.2. Viral kinetic
We reanalyzed viral load data from twenty C57BL/6 female

mice lacking the type I interferon receptor that were infected with
Zaire EBOV Mayinga 1976 strain (Oestereich et al., 2014). In brief,
mice were either left untreated (n = 10) or were treated with oral
favipiravir 150 mg/kg BID for 7 days, starting at 6 (n = 5) or 8
(n = 5) days post infection (dpi), respectively. All mice treated at
6 dpi survived while all mice left untreated or treated 8 dpi died
within 15 dpi (Fig. 1). Viral load was quantified in immunofocus
assay as focus forming units (FFU) with a limit of quantitation of
1.5 log10 FFU/mL.

2.2. Pharmacokinetic model of favipiravir

Favipiravir plasma concentration over time, C(t), was character-
ized by a standard one compartment model with first-order
absorption and elimination. In that model total plasma concentra-
tion, C(t), is given by:

CðtÞ ¼ D
VD

ka
ka � ke

ðe�ket � e�katÞ ð1Þ

where D is the dose, VD is the apparent volume of distribution, ka is
the absorption rate and ke is the elimination rate. Further a protein-
binging rate, fu, of 0.90 (data from the manufacturer) was used, and

therefore, the active free concentration of favipiravir was defined to
CuðtÞ ¼ CðtÞ � fu where C(t) is given by Eq. (1).

2.3. Viral kinetic model for EBOV

The change in viral load was characterized using a standard
viral dynamic model during acute infection (Baccam et al., 2006):

dT
dt ¼ �bVT
dI1
dt ¼ bVT � kI1
dI2
dt ¼ kI1 � dI2
dV
dt ¼ pI2 � cV

ð2Þ

where T, I1, I2 and V denote uninfected target cells, non-productively
infected cells, productively infected cells and free virions, respec-
tively (Fig. 2). These four compartments are parameterized as con-
centrations related to plasma volume. Free virions infect target cells
at rate b, and are cleared at rate c, i.e. ln(2)/c is plasma virion half-
life. After infection, cells do not immediately produce virus and
rather enter into an eclipse phase of half-life equal to ln(2)/k. Lastly
productively infected cells produce p virions per day and are lost
with rate d, i.e. ln(2)/d is the infected cell half-life. Therefore, the
average total infected cell lifetime, tinf, is given by 1/k + 1/d.

The model predicts first an exponential growth of the viremia as
long as there is a large number of available target cells for infection
(up-slope). At the end of this first phase, the target cells are largely
depleted, the number of new infections declines and therefore the
loss of infected cells can no longer be compensated by new cell
infections. Consequently, the number of infected cells, and hence
the total viral production, rapidly declines (down-slope). Mathe-
matical analysis shows that this decline is exponential with a rate
proportional to the infected cell half-life. One can derive from this
model the basic reproductive number, R0, representing how many
new productively infected cells would be generated by one
infected cell, and is given by R0 ¼ pbT0

dc . The model was reparame-
trized as a function of R0, such as b = 1/R0, and we constrained it
to be larger than 1 to ensure productive infection. More details

Fig. 1. Survival (top line), mean relative weight loss (middle line), and mean viremia (bottom line) in mice IFNaR�/� infected by 1000 FFU of Zaire Mayinga 1976 Ebola virus
by nasal route, and receiving no treatment (left panels), favipiravir started on day 6 (middle panels), and on day 8 (right panels). Mice treated by favipiravir received dose of
150 mg/kg twice a day, by oral route. Error bars represent 95% confidence interval of the mean. Reproduced from Oestereich et al. (2014).
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