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Modeling Favipiravir Antiviral Efficacy Against Emerging
Viruses: From Animal Studies to Clinical Trials

Vincent Madelain', France Mentré', Sylvain Baize?, Xavier Anglaret®*, Cédric Laouénan', Lisa Oestereich®®, Thi Huyen Tram
Nguyen', Denis Malvy®’, Géraldine Piorkowski®, Frederik Graw®, Stephan Giinther®®, Hervé Raoul'®*, Xavier de Lamballerie®'
and Jérémie Guedj'*on behalf of the Reaction! Research Group

In 2014, our research network was involved in the evaluation of favipiravir, an anti-influenza polymerase inhibitor, against
Ebola virus. In this review, we discuss how mathematical modeling was used, first to propose a relevant dosing regimen in
humans, and then to optimize its antiviral efficacy in a nonhuman primate (NHP) model. The data collected in NHPs were
finally used to develop a model of Ebola pathogenesis integrating the interactions among the virus, the innate and adaptive
immune response, and the action of favipiravir. We conclude the review of this work by discussing how these results are
of relevance for future human studies in the context of Ebola virus, but also for other emerging viral diseases for which no

therapeutics are available.

Specific aspects of modernization, such as rapid air tran-
sit, as well as demographic trends, including urbanization,
have accelerated both the (re)emergence and the spread of
viruses,' exemplified in the last years by the large outbreaks
of Zika, Chikungunya, Lassa, or Ebola viruses. Besides
these iconic examples, about 200 human pathogenic vi-
ruses have been discovered and 200-300 species remain
to be discovered,? representing a threat for public health.
Although nearly 100 antiviral drugs have been approved
since the approval of idoxuridine in 1963 (an anti-herpes
virus drug), these molecules are licensed in a very narrow
range of only nine human viruses (HIV, hepatitis C virus
(HCV), herpes simplex virus, influenza, hepatitis B virus,
Varicella zoster virus, human cytomegalovirus, respiratory
syncytial virus, and human papillomavirus), with anti-HIV
and anti-HCV drugs representing more than half of these.®
Although some agents in development recently showed
encouraging results in animal models against Ebola virus
(EBOV)*® or Zika virus,® there are no antiviral drugs avail-
able against the vast majority of human pathogenic viruses,
including the emerging ones. Given the cost of drug de-
velopment and the epidemiology of these infections that
mostly affect low-income countries, it is unlikely that the
drug industry will invest largely in the development of spe-
cific antiviral compounds. In this context, it is the role of
academic research groups to look for innovative antiviral
strategies against emerging viral infections.

In the last years, our group was involved in the evaluation
of favipiravir, an anti-influenza drug approved in Japan, that

has shown activity against a variety of other RNA viruses,
in particular Ebola, Lassa fever, Marburg, Nipah, and Zika
viruses.”® The main advantages of applying an approved
agent to treat a new indication, a process called “drug re-
purposing,” are that the drug is available in large quantities
and that safety studies have already been conducted on
large populations.'® Consequently, it can be used more rap-
idly on a large scale and be particularly relevant as a first
line of protection to administer to suspect or contact cases
during a pathogen outbreak. However, the data available for
a specific pathogen are often limited, and specific method-
ologies are needed to leverage the information that has been
collected with other pathogens or in animal models. This is
particularly crucial as the antiviral efficacy of a repurposed
drug can be lower than what could be obtained with a spe-
cific antiviral agent.

Following what has been done for other chronic or acute
viral infections,”"'® we here show how the techniques of
mathematical modeling have been instrumental to better
understand the immune-pathogenesis of Ebola virus dis-
ease (EVD) and to optimize the use of favipiravir. In addition,
we discuss the implications of this work for other emerging
viruses.

EBOLA VIRUS DISEASE
EVD is caused by infection with a virus of the family

Filoviridae, genus Ebolavirus. Four highly pathogenic spe-
cies have been identified in humans: Zaire ebolavirus,
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Sudan ebolavirus, Tai Forest ebolavirus, and Bundibugyo
ebolavirus.* Zaire ebolavirus is the causative specie
of the 2013-2016 West Africa outbreak and the current
Democratic Republic of Congo outbreak, responsible of
> 95% of the reported fatality cases since the first descrip-
tion of the virus in 1976, and is, therefore, the specie of
choice to develop animal models of the disease. Depending
on the viral strain and available medical care, case fatal-
ity rate ranges from 30% up to 90%'*'® and it was 40%
during the 2013-2016 West Africa outbreak. After an incu-
bation period of 2-21 days, symptomatic patients enter an
acute phase of infection during which they are highly con-
tagious." Early symptoms include fever, asthenia, myalgia,
which then evolve to severe gastrointestinal syndrome and
possibly multi-organ failure leading to severe renal impair-
ment, hemorrhage syndrome, and shock."”

The virus has a broad cell tropism; it disseminates prefer-
entially in blood and lymph circulation early in the infection,
but then infects monocytes, hepatocytes, adrenocortical
cells, fibroblast, and epithelial cells."®'® In vitro experi-
ments suggest that the eclipse phase ranges between 2
and 15 hours.2%2! Cell apoptosis is caused by direct viral-
induced cytopathic effects but also by the release of
multiple pro-inflammatory mediators, including TNFa, inter-
leukin (IL)-1, IL-6, and nitric oxide by activated monocytes/
macrophages.?? Consistent with EVD pathogenesis, high lev-
els of viral load and cytokines (IL6, IL10, IL1p, TNFa, MIP1q,
MIP1p, and MCP1) at study inclusion were associated with a
poor EVD prognosis.?*?” A global immunosuppression state
along with altered adaptive responses, as suggested by the
high level of T cells expressing inhibitory molecules CTLA-4
and PD-1, was also associated with fatal outcome.?* In con-
trast, a strong CD8 T cell response was observed in survivor
patients,® suggesting that the adaptive immune response is
involved in viral clearance.

FAVIPIRAVIR IN HUMANS INFECTED WITH EVD

The 2013-2016 Ebola epidemic has been the largest out-
break of the virus since its discovery in 1976. Spread over
Guinea, Liberia, and Sierra Leone, 28,616 cases of patients
with EVD have been reported, of which 11,310 were fatal.?®
Although the epidemics started late 2013, it took until the
summer 2014 for the main health authorities, including the
World Health Organization (WHO), to realize that this out-
break was unprecedented and required a coordinated and
global response in terms of public health and therapeutic
interventions. In September 2014, the WHO established a
list of drug candidates for testing in patients with EVD.*°
Among those candidates was favipiravir (T-705), an RNA
polymerase inhibitor approved in Japan for the treatment of
noncomplicated influenza infections and in clinical devel-
opment in the United States. Favipiravir is an oral drug with
a fast absorption (time of maximum plasma concentration
(Trmax) ~ 1 hour) and high bioavailability (> 90%), a low distri-
bution volume (~ 15 L), and a short half-life (2-5 hours). This
drug was characterized by dose-dependent and time-de-
pendent pharmacokinetics (PKs) due to the auto-inhibition
of the main enzymatic pathway, mediated by aldehyde ox-
idase, and ethnic discrepancies of exposure, with lower
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plasma concentration of ~ 50% reported in white and
African patients as compared with Japanese patients.®'%?
Favipiravir was at that time the only molecule to meet the
three following criteria: (i) documented antiviral activity
against EBOV in vitro and in a laboratory mouse model, 3%
(i) favorable safety profile when administrated per os to
> 2,000 healthy volunteers or patients with influenza world-
wide,®' and (i) immediate availability in large quantities.

Mathematical modeling to support the dosing regimen
of favipiravir

In line with the efforts of a global response against the
spreading Ebola epidemic, a European consortium,
Reaction! (horizon 2020 grant 666092), was set up to eval-
uate favipiravir efficacy in a context of emergency. The first
aim of mathematical modeling was to find the optimal dos-
ing regimen of favipiravir in patients with EVD, for which
the drug’s half-maximal effective concentration (EC4,) was
much larger than against most strains of influenza virus.8
The dosing regimen of favipiravir approved in Japanese pa-
tients for influenza was 1,600 mg twice daily the first day
followed by 600 mg twice daily from the second to the fifth
day. The target exposure was identified from a preclinical
experiment, where mice infected by EBOV were success-
fully treated with favipiravir 150 mg/kg b.i.d. initiated 6 days
after viral challenge.®® PK data from manufacturer allow to
identify PK parameters (Caverage and Ctrough) of favipiravir in
mice treated with this dosing regimen and to compute corre-
sponding values in patients taking into account the species
plasma protein binding. Targeted C, ., and Cy, ., Were,
respectively, 113 and 10 pg/mL. Using a PK model devel-
oped by the manufacturer, we identified that a loading dose
of 6,000 mg the first day (split over three intakes), followed
by 1,200 mg b.i.d. afterward for 10 days could achieve sim-
ilar average and trough concentrations (83.3 and 57 ug/mL,
respectively) in African and white patients as that predicted
in mice successfully treated with favipiravir, taking into
account the species plasma protein binding.35 A similar
approach, using the same target concentrations and the
population PK model with weight-based allometric scaling
of model parameters, was then used to find optimal dose in
children above 1 year oId,36 based on the fact that matura-
tion profile of aldehyde oxidase is fully achieved at this age.

Results of the JIKI trial

It is this dosing regimen that was chosen in “JIKI,” an
open multicenter nonrandomized clinical trial that took
place in Guinea from December 2014 to April 2015.37 JIKI
was the largest therapeutic clinical trial performed during
the epidemic, with 126 patients included. The first result
of the JIKI trial was that mortality was strongly associated
with baseline viremia, and accordingly the result analy-
ses should be stratified on the baseline cycle threshold
(CT) value, with a cutoff for baseline viremia of 20 CT
(corresponding to 7.7 log,, EBOV RNA copies/mL). The
mortality rate was equal to 20.0% (95% confidence inter-
val (Cl) 11.6-32.4%) in patients with CT > 20 and 90.9%
(95% CI 78.8-96.4%) in patients with CT < 20. Both Cls
for the mortality rates included the predefined target
values (defined on values observed in the same centers
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before the trial) of 30% and 85%, respectively, providing
no evidence that favipiravir monotherapy has a favorable
benefit/risk ratio in patients with very high viral load at
onset. However, in those having a baseline CT value > 20,
there was a small signal toward a better survival rate, al-
beit not significant. Consistent results were reported in
a retrospective analysis of 163 patients admitted in an
Ebola treatment center in Coyah, Guinea, where lower
but no significant case fatality rate and significant longer
survival time were found in patients receiving favipiravir
on a compassionate use basis.?® Several clinical tri-
als evaluating other candidate treatments from different
therapeutic classes, including ZMapp, TKM-Ebola, brin-
cidofovir, and convalescent plasma were implemented in
Gunea, Liberia, and Sierra Leone during the 2013-2016
outbreak, yet none of them could demonstrate a signifi-
cant improvement of survival rate related to the antiviral
treatment.3940

Pharmacokinetic analysis

To better understand the results of the JIKI trial, we an-
alyzed the drug concentrations in 66 patients and we
compared them with those predicted by the PK model
taking into account patient’s individual characteristics.*!
At day 2 post-treatment initiation, the observed drug con-
centrations were slightly lower than the model predictions
(median value of 46.1 vs. 54.3 yg/mL for observed and pre-
dicted concentrations, respectively; P = 0.012). However,
the concentrations dropped at day 4, which was not an-
ticipated by the model (median values of 25.9 and 64.4 ug/
mL for observed and predicted concentrations, respec-
tively; P < 107%). There was no significant relationship
between favipiravir concentrations and EBOV viral kinetics
or mortality. Overall, these results suggested that favipira-
vir plasma concentrations in the JIKI trial failed to achieve
the target exposure defined before the trial, defined as
Cirough @Nd Cyerage €Qual to 10 and 113 pg/mL, respectively.
Furthermore, the drug concentration showed an unantic-
ipated drop between day 2 and day 4. The reasons why
concentrations were lower than anticipated are not fully
understood, but may be due to the fact that the PK model
could not capture well the nonlinear kinetic for the dos-
ing regimen used in the JIKI trial, as this model had been
built on patients receiving much lower doses of favipiravir
than in the JIKI trial (up to 800 mg b.i.d., as compared with
1,200 mg b.i.d. in the JIKI trial). An additional nonexclusive
reason could be an effect of the disease on vital functions,
altering the PKs of the drug.

In summary, both the clinical and the PK results sup-
ported the conclusion that favipiravir, at this dosing regimen,
did not achieve a strong antiviral activity against EBOV in
the JIKI trial.

MATHEMATICAL MODELING SUPPORTS HIGH DOSES
OF FAVIPIRAVIR IN NONHUMAN PRIMATES

In parallel to the JIKI trial, and anticipating the limitations
due to the study design, in particular the absence of a con-
trol group, nonhuman primate (NHP) studies were planned
to optimize the use of favipiravir for subsequent trials. In
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these experiments, the first objective was to characterize
favipiravir PKs and to use modeling techniques to identify
relevant dosing regimens and drug concentrations.

Setting up an experimental model of EVD in NHPs

A model of EVD was set up in cynomolgus macaques from
a Mauritian colony, which well recapitulates the disease in
humans.*? In brief, animals were infected intramuscularly
with 10 to 1,000 focus forming units with Ebola virus Gabon
2001 strain, belonging to Zaire ebolavirus species. Viral
load was detectable in most animals at day 3 postinfection
(D3), deterioration of the clinical score was visible in most
animals at D5 and peak viremia was achieved at D7 with
levels around 8 + 2 log,, EBOV RNA/mL (i.e., close to the
levels observed in humans (see above)). The model is fully
lethal with death occurring between D8 and D11. This is an
important difference with the human infection, for which
the pathogenesis is less rapid; however, the time between
disease onset, defined as the observation of the first clini-
cal signs, and peak viremia (2-4 days) is close to what has
been estimated in humans (5 days).*®

Favipiravir 100 mg/kg b.i.d. slightly reduces viral load
peak but does not significantly increase survival
Preliminary PK studies conducted in uninfected cyno-
molgus macaques from a Chinese colony found that a
loading dose of 200 mg/kg b.i.d. the first day followed by
100 mg/kg b.i.d. achieved drug concentrations that were
comparable to those predicted in successful mice exper-
iments and expected in the JIKI trial. Accordingly, a first
experiment was designed where cynomolgus macaques
from Mauritius Island were infected 2 days after the initi-
ation of treatment (pre-exposure prophylaxis). Although
treated animals had a median peak viremia lower than
untreated animals, there was no benefit of favipiravir in
terms of survival (Table 1 first experiment). The analy-
sis of drug concentrations revealed levels of exposure
lower than anticipated from PK studies performed by the
manufacturer in Cynomolgus macaque from China, when

Table 1 Viral load at D7 in animals infected with 1,000 PFU and left
untreated or receiving 100 mg/kg b.i.d.,*” predictions for the two
subsequent experiments with higher dosing regimens obtained using
Eq. 1, viral load observations obtained in subsequent experiments

Median viral load (log,, RNA/mL)

Day 5 Day 7
Observations in the first two experiments
(min-max)
Untreated 6.5 (5.2-8.5) 8.9 (7.1-9.2)
100 mg/kg b.i.d. 6.2 (5.0-6.2) 6.9 (6.0-8.0)

Predictions for the next two subsequent
experiments

150 mg/kg b.i.d. 4.4 5.8
180 mg/kg b.i.d. 3.5 4.6
Observations in next two subsequent experiments
(min-max)
150 mg/kg b.i.d. 41 (3.9-7.0) 5.9 (3.5-7.5)
180 mg/kg b.i.d. 3.6 (1.0-5.0) 4.4 (3.5-7.0)




parallel experiment in noninfected Mauritian cynomolgus
also underlined lower C, ., (10 pg/mL) than the targeted
computed from mice experiment (113 pg/mL). Based on
these results, detailed PK studies were planned to char-
acterize favipiravir PK and to evaluate the possibility to
use higher doses of favipiravir.?

Predicting the effect of higher doses of favipiravir on
viremia

In addition to historical preclinical data available from the
manufacturer, new studies evaluating high dose levels of i.v. fa-
vipiravir in Mauritian cynomolgus macaques were conducted
by the Reaction! consortium. Altogether, favipiravir PKs was
characterized in 30 uninfected cynomolgus macaques from
Chinese (n = 17) or Mauritian (n = 13) colonies treated with
i.v. favipiravir for 7-14 days with maintenance doses of 60—
180 mg/kg b.i.d.® Favipiravir was found to exhibit a complex
nonlinear kinetics in the early days of treatment with, in addi-
tion, a progressive reduction in drug concentrations over time
that could be related to the auto-inhibition of the aldehyde
oxidase, the main enzyme involved in favipiravir metabo-
lism.3' This PK model included an enzyme inhibition process
accounting for concentration-dependent aldehyde oxidase
inhibition,31 and the enzyme-dependent elimination rate, de-
noted k., that increases over time to capture the decline in
drug levels observed in the days following treatment initiation
(Figure 1). Interestingly, k., was significantly larger in NHPs
from the Mauritian than from the Chinese colony (P < 1074,
explaining in part the low drug concentrations found in our
NHP experiment as compared with preliminary PK studies.®

Infusion
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Next, we used these predictions and the viral load already
collected in NHPs to elaborate a simplified mathematical
model of Ebola viral dynamics where we assumed no tar-
get cell replenishment (such that d7/dt = —pVT in Eqg. 2, see
below), allowing us to derive an approximate solution for the
viral load kinetics to the peak of viremia**:

txRyp=——2 1 1
ox X( oCave+E050 >] ( )

where V is the initial viral load level, R, is the basic re-
productive number (see below), § is the loss rate of infected
cells, C,,, is the average drug concentration (as predicted
by the PK model), and EC,, is the drug concentrations
leading to 50% efficacy in reducing the basic reproductive
number. Using this simple model to fit the viral load obtained
in untreated NHPs and in those treated with 100 mg/kg b.i.d.
(with & fixed to 1/day to ensure parameter identifiability), we
estimated R, to about 3.25 and EC, to 334 pg/mL. Then,
we plugged into the model the predicted concentrations
obtained with doses of 150 and 180 mg/kg b.i.d. (admin-
istered prophylactically) to predict that median reduction
of 3-4 log,, RNA/mL at D7 could be obtained with these
dosing regimens compared with untreated animals (Table 1:
Prediction for the two subsequent experiments). Such re-
duction could significantly extend survival, as observed
in rhesus macaques treated with the polymerase inhibitor
galidesivir (BCX-4430), where all treated animals that had
a peak viremia below 10° RNA copies/mL survived the
infection.*®

V() =V,exp

1000

D7 100 mglkg BID 1000

TCHRV, JURV

Free concentration(mg/L)

D7 150 mg/kg BID

1000

D7 180 mg/kg BID

TCHRV, JURV

0'17.() 71 72 73 74 175

0'5.0 71 72 73 74 15

Time (days)

Figure 1 Top: Pharmacokinetic model for favipiravir in non-human primates; bottom: predicted drug concentrations at D7 for three
levels of dosing regimens and comparisons with drug half-maximal effective concentration for various emerging viruses. CCHFV,
Crimea Congo haemorrhagic fever virus; EBOV, Ebola virus; JUNV, Junin virus; LAV, Lassa fever virus; MARV, Marburg virus; RVFV,
Rift valley fever virus; YFV, Yellow fever virus. Reproduced from ref. 8.
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High doses of favipiravir used for pre-exposure
prophylaxis significantly reduce viremia and increase
survival rate
Based on these predictions, two additional studies at the
doses of 150 or 180 mg/kg were conducted in cynomolgus
macaques from Mauritius Island using the same design
(i.e., with treatment starting 2 days prior to infection and
continuing for 14 days; i.e., 12 days postinfection). We
reported in the primary analysis the results obtained in
animals challenged with 1,000 focus forming units. This
included 13 animals left untreated and 13 treated with favi-
piravir doses of 100 (described above), 150 and 180 mg/kg
(N =3, 5, and 5, respectively). All animals left untreated or
treated with 100 mg/kg died within 10 days postinfection,
as already discussed above, whereas animals receiving
150 and 180 mg/kg had extended survival (P < 0.001 and
0.001, respectively, compared with untreated), leading to a
survival rate of 40% (2/5) and 60% (3/5), respectively, at day
21 postinfection (study termination, Figure 2). Further, we
found that favipiravir inhibited viral replication (molecular
and infectious viral loads) in a drug concentration-depen-
dent manner. Remarkably, the observed viremia at D7 in
the 150 and 180 mg/kg b.i.d. were very close to the pre-
dictions made beforehand (Table 1). These results allowed
us to identify that favipiravir plasma trough concentrations
larger than 70-80 pg/mL, which are about twice as much
as found in patients of the JIKI trial (see above), were as-
sociated with reduced viral loads, lower infectious titers,
and extended survival. The mechanism of action by which
favipiravir reduces viral replication may be direct inhibi-
tion of the viral polymerase via chain termination, but also
by the dramatic increase in virus mutagenesis revealed by
genomic deep-sequencing analyses.*®

In summary, these results established that favipiravir can
be effective against EBOV in NHPs in a prophylactic setting
and with drug concentrations about twice larger than in the
JIK! trial,*” and allowed to define new target concentrations
for the evaluation in patients. They support the implemen-
tation of dose-ranging studies in healthy volunteers to
assess the concentrations and the tolerance that could be
achieved with doses higher than those used in the JIKI trial.

(a)
V¥ Infection
2 -1 0 57 12 21days

Study 1

V— -

(b)

}_ Study 2
N=5
N=5

P Study 3
N=5

GENERAL CONCEPTS ON MODELING VIRAL
DYNAMICS AND ANTIVIRAL TREATMENT DURING AN
ACUTE INFECTION

The standard model of viral dynamics

The basic model of viral infection in absence of treatment,
called in the following the “target cell limited model,” is

given by the following set of equations (Eq. 1)*4°
dT
S =s—dT=pvT
d
— =pVT—kl
at =7 ! )
dl.
d—f =kly —5l,
dv
rr =pl—-cV

The model considers three populations of cells: target
cells, T, infected cells in eclipse phase, /,, and produc-
tively infected cells, /, (Figure 3). Target cells are produced
at rate s, are eliminated with per capita rate d, and be-
come de novo infected by circulating virions, V, with rate
constant f. Once infected, these cells are cleared with
per capita rate §. Virions are released from infected cells
at a rate of p per cell per day and are cleared from the
circulation with a rate c. Based on this model, the basic
reproduction number, R, as the number of cell infections
that occur from a single infected cell at the beginning of

. . . S
the infection and given by Ry= 22
Antiviral treatment during chronic infection
During chronic infection, such as HIV or HCV,*%%° where
these models have been mostly used, viral load levels, V,
are roughly constant in absence of treatment and reflect
the equilibrium between the process of viral production and
viral elimination. Likewise, the number of infected cells is
constant, which reflects the fact that the loss of infected
cells, due to virus cytopathicity or elimination by the im-
mune response, is compensated by de novo infection of
target cells that constantly replenish the pool of infected
cells. In these models, the initiation of an antiviral drug may

=)
=
o |
[ce]
2 3 - L 180 mg/kg BID (N=5)
g |
g =3 150 mg/kg BID (N=5)
®
< 100 mg/kg BID (N=3)
No treatment (N=13)
o 4
T T T T T T 1

0 3 6 9 12 15 18 21
Days post infection

Figure 2 Survival obtained in 26 nonhuman primates infected with 1,000 focus forming units Ebola virus and treated with ascending
doses of favipiravir. Left: Study design (note that treatment is administered 2 days prior to infection). Right: Survival curves. Reproduced

from ref. 47.
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Figure 3 Model structures used to described acute viral infection
dynamics (a) “Target cell limited” model of viral dynamics
considers the interaction between free virions (V) and three cell
populations, namely target cells (T), infected cells in the eclipse
phase (I,) and productively infected cells (I,). In this model,
polymerase inhibitor, such as favipiravir, act by blocking viral
replication from infected cells with efficacy noted e. (b) Extended
model to account for the role of cytokines, in particular IFNa, that
can decrease the cell susceptibility to infection, modeled by a
compartment of refractory cells (R). (c) Integrated model of Ebola
virus (EBOV) infection. In addition to compartments presented
in Figure 3, the model also considers IL6 and TNF. In parallel,
the cytokine release increases the apoptosis of nonspecific
CD8 T-cells (E,), giving room for EBOV-specific T-cells (E,) to
grow and increase the elimination rate of actively infected cells.
Cytokine levels increase the instantaneous rate of death, h(t).
Modified from ref. 69.

primarily block new infection with an effectiveness 5, or
block viral production with an effectiveness ¢. These treat-
ment effect parameters vary between 0 (no drug effect) and
1 (full suppression).

In chronic infection, the role of an antiviral treatment is
to reduce viral replication, making the few remaining virus
particles uncapable to compensate the continuous loss of
infected cells and to support infection. Viral clearance can
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be achieved if treatment effectiveness passes a threshold,
called the “critical efficacy,” and equal to e, = (1-1/R,). In
HCV treatment, the mean R, estimated in > 2,000 patients
was found to be 7 on average, with large interindividual vari-
ation51; thus, treatment efficacy needs to be in the order of
90-99% to generate viral clearance. It is remarkable that
similar R, values were found for HIV or HBV infections, with
values of about 5-8.5253 Obviously, the success of a therapy
will also depend on other parameters that are not taken into
account in this model, such as the treatment duration, the
presence of viral reservoirs, and the barrier to resistance.
Nonetheless, this shows that high antiviral activity will be
needed to compensate the impaired immune response and
to achieve viral clearance in chronic infection.

Antiviral treatment during acute infection and the role
of the innate immune response

In an acute infection, such as influenza or EVD, the role
of an antiviral treatment is not so much to clear the in-
fection, because the virus does not persist and can be
naturally eliminated by the host in a couple of days or
weeks. Rather, using an antiviral treatment may be rele-
vant even if it does not reduce R, below 1, as long as it
can delay the virus growth to such extent that viral load
levels and disease symptoms, which are closely related,>*
can be alleviated, giving time for the immune response
to be fully effective and clear the pathogen. This can be
formalized by using a mathematical model that explicitly
takes into account the interaction among the virus, the im-
mune system, and the antiviral treatment. Several models
for the innate and the adaptive immune response to acute
viral infection have been proposed (see for instance refs.
55,56 essentially in the context of influenza), but the com-
mon characteristic of these models is that the action of
the immune response results in limiting cell infection (for
instance via an interferon (IFN) response, see ref. 57) or
in increasing elimination of infected cells (for instance via
a CD8 or an NK cell response, see ref. 58). For instance,
the role of the innate immune response can be modeled
as follows:

O =—INT—gFT/ (F +0)

B gFT/ F+0)

a=/)1VT—5/ @
av_

E_p(1 e)l-cV

dF _

S =al-dr

In this model, cytokine levels, F, are proportional to the
number of infected cells and their release in the circulation
increases the number of cells that are refractory to the in-
fection, noted R. When the cytokine levels exceed a certain
threshold, denoted 0, cell receptors are saturated and the
rate of cell “conversion” from susceptible to refractory state
saturates to a level noted ¢. Of note, several model exten-
sions can be proposed, such as a reversion of refractory
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to susceptible cells, or also considering the effect of IFN in
reducing viral production.'? Further extensions may include
the cellular or humoral adaptive immune responses. In acute
infections, most of the proposed adaptive response models
focused on cytotoxic lymphocytes and/or antibodies re-
sponses and are structurally close to those proposed for the
innate response, but need to incorporate the delay charac-
terizing the development of these responses.>**° Including
adaptive response may help explore the mechanisms lead-
ing to the outcome of the infection, viral clearance, host
death, or chronic infection.

As shown in Figure 4 (top), the model given by Eq. 3
can reproduce the patterns of viral load observed in clinical
data where the peaks of viremia and cytokines coincide.*®®
Consistent with the standard model of viral dynamics, viral
decline after peak viremia results from a lack of suscepti-
ble cells; however, in this model, the peak viremia does not
correspond to an exhaustion of noninfected cells, but rather
to the fact that most noninfected cells have been set into
an antiviral state. Thus, the model allows one to quantify the
“race” between the virus and the innate immune response to
“get first in contact” with the susceptible cells. In absence
of treatment, this race triggers an inflammatory response to
counter the exponential viral replication and this “cytokine
storm” is directly related to clinical symptoms, as shown in
influenza infection.?? Thus, in this dynamic interaction be-
tween the host and the virus, an antiviral treatment can be
beneficial even if it does not abrogate viremia, as long as it
can reduce it to such an extent that transmission risk is re-
duced and an exacerbated immune response is averted. This
is illustrated in Figure 4, where a treatment initiated at DO

Day 0

Treatment potenc,
12 —90% B : Day 3

—80%

Viral load (log10 cp/mL)
N

with an effect of 50%, which is lower than the critical efficacy
(here equal to 83%) is sufficient to reduce viral growth, giving
time for the IFNa response to put more cells into a refractory
state, leading to both a delay and a reduction in peak viremia
by about 4 logs. This prediction is different from the target
cell limited model (Eq. 2), where ¢ = 50% would impair viral
growth and, hence, delay peak viremia, but with only little
effect on the peak viremia value shown (Figure 4 bottom).

The timing of treatment initiation is a key parameter in
both models, with delayed treatment intervention requiring
higher efficacy to achieve a similar reduction in peak viremia.
In our example, if treatment is initiated at D5, the treatment
efficacy ¢ will need to be > 90% to reduce peak viremia by
3 logs or more (Figure 4). Treatment initiated after peak vi-
remia will have very little or no effect on viral dynamics.63

In practice, the use of a model integrating immune response
dynamics has been limited by the fact that parameter estima-
tion requires to measure several markers longitudinally (such
as IFN and viremia) during the short period of time where
these markers are detectable.>®®* This is obviously difficult in
humans (due to the difficulty to identify viral infection before
symptoms occur) but also in animal models, due to the limita-
tion in the frequency and the volume that can be performed.

Of note, in these models, the viral load does reach O (i.e.,
eradication, only asymptotically, and cannot address the
question of optimal treatment duration). A paradox of these
models is that, in case of high antiviral efficacy, viral growth
is almost entirely blocked, thus the immune system does
not step in and all cells remain targets when treatment is
stopped. Because viral dynamic models are deterministic, it
cannot reproduce viral eradication and even a small quantity

12 Day 5

Day 0 Day 3

12

Viral load (log10 cp/mL)
=

Day 5
12,

Time post infection (days)

Figure 4 Effect of an antiviral treatment on viral dynamics according to the timing of treatment initiation (left: day 0, middle: day 3;
right: day 5) and the level antiviral effectiveness. Top: Model including an innate immune response (Eqg. 3); bottom: target cell limited
model (Eq. 2) according to the timing of treatment initiation. The following parameter values were used to generate these curves:
T, =107 cell/mL; ¢ = 22/day, p = 1,000 virions/cell/day; V, = 107 virions/mL, 5 = 2/day, ¢ = 0.3 mL/pg/day, d = 1/day, g = 100 pg/cell/
day, R, = 6, and 6 = 200 pg/mL. In the target cell limited model, g was set to 0.
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of virus can be sufficient to reignite the infection, provided
that there are a large number of target cells are present.
Thus, if treatment is stopped, virus dynamics will be similar
to an acute infection without any treatment. To address the
question of treatment duration needed to achieve cure, one
would need to incorporate in these models the possibility
of viral eradication, using stochastic events®® or including
a “cure boundary,” as was done in the context of HCV to
predict cure after end of antiviral treatment.>%:66:6”

TARGET CELL LIMITED MODEL IN EBOV INFECTED
MICE TREATED WITH FAVIPIRAVIR

The first use of an EBOV kinetic model in vivo was to char-
acterize the curative efficacy of favipiravir in a mice model.®®
Twenty IFNaR—-/— mice infected with Makona strain EBOV
received favipiravir 300 mg/day initiated at D6 (N = 5) or D8
(N = 5), or were left untreated (N = 10), leading to survival
rates at D25 of 100%, 0%, and 0%, respectively.

A target cell limited model was sufficient to capture
the viral kinetic of the acute infection, consistent with the
fact that IFN response is impaired in these animals.®® Viral
kinetics in untreated animals was characterized by an ex-
ponential growth of virus until D8 followed by rapid death,
leading to an estimated R, of 9, which suggests that a
treatment efficacy larger than 90% would be needed to
block viral replication. Viral growth was accompanied with
high levels of transaminases,® suggesting a large cell
loss, and accordingly the half-life of infected cells was
short and estimated to about 6 hours (e.g., § = 2.6/day).

The antiviral activity of favipiravir was modeled using amax-
imum effect (E,,) model, where £ = f—g, with C, defining
the active drug concentration, and E%so the drug concentra-
tion needed to achieve 50% of the maximal effect. In order
to capture the delay observed between the drug administra-
tion and the beginning of viral decline, we assumed an effect
compartment between drug concentration in plasma, C(t),
and the active concentration e.g.,ddcte =k-(C-C,) ) where
k is the rate of transfer between the plasma and the effect
concentration. We estimated that it took about 2 days to
achieve a high antiviral effectiveness of about 95%. In mice
starting treatment at D6 (i.e., 2 days before peak viremia),
the treatment period was sufficient to reduce the peak vire-
mia by 1.5 log. However, in mice treated at D8, the treatment
initiation was too late and the activity of favipiravir was not
sufficient (estimated to 80% at peak viremia) to substantially
perturb viral dynamics and increase survival. This suggests
that favipiravir treatment, in order to be effective, has to be
initiated as early as possible and before peak viremia.

MODELING EVD PROGRESSION IN NHPS TREATED
WITH FAVIPIRAVIR USING AN INTEGRATED APPROACH
OF THE HOST-PATHOGEN-DRUG INTERACTION

Model building

Although the results shown in Section “Mathematical
modeling supports high doses of favipiravir in nonhuman
primates” demonstrated that favipiravir is effective in EVD
in NHP, a number of open questions remained: how and to
what extent does favipiravir modify the course of the infec-
tion? How does it potentiate the immune response? What
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can be expected with more potent drugs? What could be
the benefit of antivirals outside prophylaxis or post expo-
sure treatment? We aimed to address these questions using
a host pathogen modeling approach, described in ref. 69

We modeled the virologic and PK data that had been col-
lected in the 44 animals of different experiments conducted in
the BSL4 (see above), and complemented them with additional
data on the innate and the adaptive immune responses.®®
A number of cytokines were measured longitudinally in a
subset of macaques (n = 20) using Luminex technology or
enzyme-linked immunosorbent assay, in particular IFNa, IL6,
and TNFa, and cytometry measures were performed in the last
experiment (n = 10, 5 untreated and 5 treated with 180 mg/kg
b.i.d.) to characterize lymphocyte populations.

At D7, the levels of several cytokines were highly and neg-
atively associated with survival times, in particular cytokines
having pro-inflammatory or anti-inflammatory effects. In fact,
the levels of IL6, IL10, IL1-RA, IFNa, IFNy, and G-CSF, were
more significantly associated with survival than viral load
levels, suggesting that those cytokines may be more pre-
dictive of outcome than viral load. Furthermore, in the four
animals that had an extended survival for which cytometry
data were available, most of the CD4 and CD8 lymphocyte
population counts rapidly increased after D10. In particular,
the CD8 T cells expressing cytotoxic surface markers (gran-
zyme B, perforin, and NKp80) increase showed a trend to be
associated to viral load decline after D10.

As described in Section “Mathematical modeling supports
high doses of favipiravir in nonhuman primates”, favipiravir
delayed and reduced peak viremia in a concentration de-
pendent manner, which, as explained in Section “General
concepts on modeling viral dynamics and antiviral treatment
during an acute infection”, cannot be satisfactorily explained
by a basic target cell model. Therefore, mathematical mod-
els of increasing complexity were used to fit EBOV viremia,
and we tested several models®%%64 assuming that the var-
ious cytokine dynamics could reflect an effect of the innate
immune response in either (i) increasing cell refractoriness
to infection,>”"° (ii) reducing virion production from infected
cells,”®" (iii) increasing target cell availability,”>"® or (iv) in-
creasing the loss rate of infected cells.®®”" To identify the
most relevant cytokine associated with viral dynamics, we
successively fitted the model to viral load data and each
cytokine found significantly associated with survival at D7.
Thus, pro-inflammatory cytokines IL6, IFNa, and TNFa were
successively incorporated in models (i), (i), and (iii) (leading
to a total of 12 possible candidate models), whereas IFNy
was used for model (iv). Models assuming that pro-inflam-
matory cytokines increased cell refractoriness to infection
consistently provided the best description of the viral load
in untreated and treated NHPs, allowing us to better cap-
ture the dose effect relationship on viremia compared with
the target cell limited model. Given their high level of cor-
relations, a similarly good fit to the viral load data could be
obtained when assuming that this effect was driven by either
of the three pro-inflammatory cytokines IFNa, IL6, or TNFa.
Because the effects of IFNa is supported by in vitro exper-
iments, we included only the effect of IFNa but we kept IL6
and TNFa in the model as instrumental variables reflecting
the overall level of cytokine response.
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Then the model was extended to include the adaptive
response, assuming a decline of nonspecific cells and an
expansion of specific cytotoxic T-cells. Following the same
strategy, models building was performed assuming that
this effect was primarily supported by cytotoxic CD8 T lym-
phocytes subpopulation. CD8 T Ilymphocytes expressing
granzyme B, perforin, or NKp80 were successively fitted to the
data and we found that CD8 T lymphocytes expressing per-
forin provided the best improvement of the data description
and could reproduce both the cytokine-mediated lymphope-
nia observed in early infection and the rapid viral decline in
NHPs after peak viremia. The schematic representation of the
final selected viral dynamic model is given in Figure 3c.

Impact of viral dynamics and cytokine storm on
disease progression

Finally, we used previous developments in the field of joint
modeling™"® to model disease dynamics (i.e., viral load and
cytokine dynamics) and survival. Joint modeling is a statistical
approach that aims to estimate the impact of a time-depen-
dent biomarker on the instantaneous rate of death (also called
the hazard function in statistics), noted h(t), and the probability
to survive up to time t, noted S(t). The best model was:

daX
T =kex (X=Xc)
XLt
XLt +X2,

t
S{t)=exp [— [h) du]
0

In this model, 4., is the maximal instantaneous rate of
death, X is the viral load or cytokine levels, and Xe(t) is the
lag-value of the viral load or cytokine, and X, value leading
to 50% of the maximal hazard, and y is a Hill coefficient. As
hinted in the transversal analysis at D7, a model assuming
the hazard function to be dependent on IFNa rather than
viral load provided the best description of the time to death
(Figure 5), suggesting that cytokine storm, rather than viral
replication per se, was the main driver of death.

Model analysis

The estimate of parameter 0 conferring 50% of the maxi-
mal cell protection, was equal to 1.7 pg/mL. This implied
that IFNa concentration greater than about 10-fold this
value (17 pg/mL) provides little additional benefit for
cell protection. Thus, in untreated animals, the infection
affects a significant proportion of the target cells, and con-
secutively trigger a massive release of IFNa (with median
levels of 400 pg/mL at peak viremia; Figure 5) and other
pro-inflammatory cytokines that negatively affects survival
rate in spite of limiting cell infection. Conversely, in treated
animals, favipiravir reduces viral production and slows the
infection progression. Hence, the number of infected cells
and IFNa concentrations are lower. These levels of IFNa
concentrations are sufficient to confer a nearly similar ef-
fect on cell protection than in untreated macaques. The
impairment of the viral replication in treated macaques
gives time to the organism to protect the targets cells
and, thus, reduces and delays peak viremia while limit-
ing the deleterious effect of a cytokine storm on survival
(Figure 5).
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Figure 5 Model predictions (median and 95% prediction interval) for the compartments of the integrated model given in Figure 3¢
in animals left untreated (black) or treated with favipiravir 180 mg/kg BID.®® The dots are the individual data in each compartment.

Reproduced from ref. 69.
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In the days that follow infection, the half-life of infected
cells was estimated to about 3 days (§ = 0.22/day), sug-
gesting that in absence of an adaptive response, it would
take several weeks to clear the virus in the blood. However,
the loss rate of infected cells was reduced continuously
with the concomitant increase in specific CD8 T lympho-
cyte levels, in particular those expressing perforin. This
leads to a much shorter half-life of about 16 hours (5 = 1/
day) at D21 in animals that survived, which explains the
rapid clearance of viremia observed after peak in surviving
animals.

Given the PKs of the drug, we estimated the in vivo drug
efficacy, which was close to 50% with maintenance doses
180 mg/kg b.i.d. With this level of efficacy, our integrated
model reproduced the 60% survival rate observed at D21,
and predicted that this level would remain largely similar
even if treatment initiation is delayed up to D3, but not af-
terward (Figure 6). Finally, we used the model to predict
the impact of more effective drugs. With a drug effective-
ness of 90% (such as GS-5734%, we predicted that 100%
(resp. 70%) survival could be obtained if treatment is initi-
ated up to D4 (resp. D5), consistent with the 100% survival
obtained in animals treated with 10 mg/kg 3 days after
viral challenge (Figure 6).* However, treatment given after
D5 would not affect survival, regardless of drug efficacy
(Figure 6).

LESSONS FOR THE FUTURE EVALUATION AND USE
OF FAVIPIRAVIR

Beside EBOV, the knowledge gained on the drug PK/
pharmacodynamic (PD) could also be useful in other viral
infections for which favipiravir has shown antiviral efficacy
in vitro or in vivo.

Combining favipiravir and ribavirin in Lassa fever

Favipiravir was also reported to have antiviral effect on
Lassa fever virus, providing 100% protection in the lethal
NHP model of Lassa fever.”® It could be an alternative to
ribavirin, the only recommended drug against Lassa, or be
used in combination to it. Indeed. several in vitro studies
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Figure 6 Median survival rate of n = 1,000 in silico macaques
simulated with the integrated model given in Figure 3c depending
on the day of treatment initiation, for various treatment potency.
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and mice studies showed that ribavirin may potentiate the
efficacy of favipiravir against various RNA viruses,*’” which
prompted its use to treat several patients with severe Lassa
fever virus infection.”® In order to better understand how
ribavirin may potentiate the efficacy of favipiravir in mice,
we re-analyzed data obtained in mice treated at different
doses of favipiravir and/or ribavirin® to decipher the mecha-
nism of action of ribavirin.

Similar to the mice model used in EBOV, these animals
were chimeric IFNaR-/- C57BL/6 animals and, thus, lacked
type-I IFN receptor function and, therefore, the model used
was a simple target cell limited model. In order to gain infor-
mation on the potential role of ribavirin on loss cell death, we
assumed that the level of aspartate amino transferase (AST,
noted A) reflected cell loss, following models previously de-
veloped in HCV to quantify the levels of hepatocytes injury
using alanine aminotransferase dynamics79:

%=SX+¢16I—CAA

where s, and c, are the natural production and loss rate of
AST, respectively, and « is the rate of AST release by dying
infected cells. We assumed four potential mechanisms of
action for ribavirin that could (i) act as a mutagen limiting the
infectivity of virions; (ii) reduce viral production; (iii) reduce
cell loss by limiting inflammation; and (iv) increase cell loss
by enhancing antiviral immunity.

Using these models, we consistently estimated an R, of
Lassa fever virus of about 5-6, and an efficacy of favipiravir
to larger than 90% at all doses considered, consistent with
our results obtained for Ebola infection in mice.®° Our analy-
ses did not find a statistically significant effect of ribavirin in
reducing viral production, however, the best description to
the data was obtained by assuming an effect of ribavirin in
preventing infected cells from dying. This possibly explains
why the AST levels remained lower in ribavirin-treated mice
and could also explain the viral plateau observed at peak
viremia in ribavirin monotherapy group.®® Thus, our model
suggested that ribavirin did not act much as a direct antivi-
ral against Lassa virus infection, but rather by reducing the
elimination of infected cells, which could limit inflammation
and extend survival.

Potential applications to Zika and Marburg viruses
Given the broad antiviral activity of favipiravir, we also eval-
uated in vitro its efficacy against Zika and Marburg viruses
and reported antiviral EC,, of 6.5 and 6.8 pg/mL, respec-
tively."® Interestingly these levels are markedly 2-10 times
lower than what has been reported for EBOV,*’ suggest-
ing that favipiravir could also be relevant against these
pathogens.

In 2016, the group of James Whitney published the first
model of Zika viral dynamics in NHPs.®! By using the tar-
get cell limited model (Eq. 2), the parameters of Zika viral
dynamics could be estimated, in particular R, found equal
to 10.7.7 Then, the effect of favipiravir on blocking viral
production was plugged into this model assuming a dos-
ing regimen of 250 mg/kg b.i.d. the first day followed by
150 mg/kg b.i.d., using the PK model developed previously
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(see Figure 3).8 Interestingly, the model predicted that fa-
vipiravir administered at day 0 had the potential to reduce
the median peak viremia by about 3 logs, corresponding to
a median efficacy of 90%, and, therefore, close to the crit-
ical efficacy to abrogate Zika replication (Figure 7). Given
that peak viremia occurred 2-3 days after subcutaneous
infection in this animal model, the window for treatment is
nonetheless narrow and the model predicted that treatment
needs to be administered no later than day 1 to have a strong
effect on systemic levels of viruses, at least in NHPs. In hu-
mans, lower viremia levels are often observed®®%28 and the
peak of plasma viremia occurs later, potentially allowing for
later antiviral treatment initiation. Furthermore, as favipiravir
penetrates the sexual compartments and crosses the blood
brain barrier,31 an important benefit of the treatment may be
to purge the reservoirs of the virus, another feature that can
be tested in the NHP model.2* If the probable teratogenicity
of favipiravir prevent its use in pregnant women, it might be
of interest for symptomatic severe central nervous system
injury in adults with acute infections. However, the impact of
the timing initiation on the kinetics in these compartments
is unknown.

This dosing regimen was also recently evaluated in an
NHP model of Marburg infection treated in prophylaxis.
Interestingly, although the 6 untreated animals died between
D7 and D9, 5 of 6 treated animals survived until study termi-
nation at D28 (P = 0.0013) and only one treated animal died
atD14.%

Implication of these results for clinical use

How to interpret our results in the context of antiviral ther-
apy, in particular in EVD? The first aspect is obviously
the question of the target drug concentration. The results
found in NHPs, where significant protection was conferred
with a drug efficacy of 50% corresponds to free drug con-
centrations of ~ 100 pg/mL. This is greater than the value
determined prior to the trial based on mice experiments,
and is, more importantly, greater than the level achieved in
patients of the JIKI trial. This strongly suggests that doses
larger than those used in the JIKI trial will be needed to
achieve a high level of antiviral efficacy against EBOV. Given
the complexity of the drug PKs, we now need to find safe
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and tolerable dosing regimen that could generate such ex-
posure in humans and this will be evaluated in a clinical trial.

Even if drug exposure is satisfactory, the translation of
results from NHP experiments to patients needs caution.
First, unlike what is obtained in the NHP model, EVD is not
uniformly lethal and the mortality rate during the 2013-2016
outbreak was close to 40%. Second, no supportive care was
administered in infected animals, which was shown to be
critical for patient outcome. Thus, it is possible that the NHP
models are more stringent and that treatment initiation of a
potent drug, closer to peak viremia, may nonetheless have
an impact on the disease and survival. In the 2013-2016
outbreak, the time from symptom onset to admission in
the Ebola treatment centers was between 3 and 5 days®’:®
when the maximal viral load at admission was 4-5 days
after symptom onset.*® Based on these observations, it is
likely that most patients included in EVD clinical trials, such
as JIKI (favipiravir) or Prevail Il (ZMapp),2® initiated antiviral
treatment close to the peak viremia and several days after
virus replicated at high levels. Consistent with our prediction
that antiviral drugs should be initiated as early as possible
to reach maximal therapeutic benefit, the effect on survival
in these studies was modest for favipiravir,37 and larger but
not statistically significant for ZMapp.® In the context of the
North Kivu EBOV outbreak, the PALM trial, a randomized
controlled trial of four investigational agents (ZMapp, rem-
desivir, mAb114, and REGN-EBS3), was initiated in November
2018.%" In August 2019, an interim analysis on the first 499
included patients showed favorable results with two of four
candidates, REGN-EB3 or mAb114, which are, respectively,
monoclonal antibodies cocktail and single monoclonal an-
tibodies.® This result is the first demonstration in patients
of the benefit of antiviral strategy on survival rate. Yet, the
association of the duration of symptoms before admission
and the lower viral load at baseline to survival® suggest that
their efficacy could remain largely contingent on the timing
of treatment initiation, and monoclonal antibodies remain
uneasy to use in limited resource settings and expensive
to produce. In that respect, and following what has been
done in chronic viral infections, mathematical modeling can
be used to better understand the efficacy of antiviral drugs.
In spite of the difficulty to collect data in treatment centers
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Figure 7 Viral dynamic predictions in Zika infections. Left: Prophylactic treatment assuming two different levels of drug half-maximal
effective concentration (EC,); right: effect of delayed treatment initiations on Zika dynamics.
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during epidemics, more modelers should be involved in the
design and the analysis of clinical trials to accelerate the
development of effective therapies.

In the future, it will thus remain critical to administer
drugs not only to confirmed or suspect cases, but also
to contact individuals as early as possible, in a context
where clinical trials or NHP models demonstrated their
efficacy. This may meet the request of field teams during
the Western African EVD outbreak to propose an early oral
treatment to suspected cases, even before their trans-
fer to care centers. In addition, having a drug active even
only when administered early may contribute to empower
local communities and improve their collaborations with
non-government organizations and local authorities.®® An
antiviral strategy may also offer an alternative to a vaccine,
or be complementary to it, for exposed people. The promis-
ing vesicular stomatitis virus-based vaccine used in Guinea
provided high level protection after a 10-day delay, but its
efficacy in postexposure in both humans and NHPs is less
clear.®®®" Interestingly, favipiravir has been used alone or
with monoclonal antibodies as postexposure prophylaxis
in at least five healthcare workers with percutaneous ac-
cidents and suspected EBOV exposures during the West
Africa outbreak. None of these individuals developed lab-
oratory or clinical evidence of EBOV infection, but whether
any infections were prevented by the use of postexposure
prophylaxis is not possible to determine from this small
number of uncontrolled cases.®’ There remains, more
generally, to find drug combinations that could potentiate
favipiravir against EBOV. Given the cost of experiments,
this will essentially rely on in vitro experiments, that can
be optimized using modeling, as was done for instance in
HCV.®® Importantly, and unlike what was found in mice in-
fected with Lassa virus, it is unlikely that the combination of
favipiravir and ribavirin is relevant against EBOV, as no gain
in terms of survival or viral replication was found in animals
receiving the combination as compared with those receiving
favipiravir alone (unpublished results).

Beyond EVD, several other hemorrhagic fevers may
benefit from the evaluation of favipiravir. For instance,
the promising effects on favipiravir in the NHP model of
Marburg disease encouraged the implementation of a
clinical trial targeting exposed people in a prophylaxis or
postexposure setting. During the last Marburg outbreak
in Uganda in October 2017, favipiravir was considered for
such a trial, and a protocol was developed and submitted
to the Inserm ethics committee and the non-government or-
ganization Médecins Sans Frontieres. Despite the fact that
the rupture of the transmission chain prevented the need
of the intervention, the protocol remains usable in case of
new epidemic clusters arising. Likewise, the combination
of favipiravir and ribavirin in Lassa virus hemorrhagic fever
could be of relevance for future clinical use. However, a bet-
ter understanding of the PKs and the tolerance of favipiravir
in humans is now needed to identify dosing regimens that
are safe and achieve the target concentrations identified in
animal studies.
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