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Abstract: Zika virus (ZIKV), a member of the Flaviviridae family, is an important human pathogen that
has caused epidemics in Africa, Southeast Asia, and the Americas. No licensed treatments for ZIKV
disease are currently available. Favipiravir (T-705; 6-fluoro-3-hydroxy-2-pyrazinecarboxamide) and
ribavirin (1-(β-D-Ribofuranosyl)-1H-1,2,4-triazole-3-carboxamide) are nucleoside analogs that have
exhibited antiviral activity against a broad spectrum of RNA viruses, including some flaviviruses.
In this study, we strengthened evidence for favipiravir and ribavirin inhibition of ZIKV replication
in vitro. Testing in IFNAR−/− mice revealed that daily treatments of favipiravir were sufficient to
provide protection against lethal ZIKV challenge in a dose-dependent manner but did not completely
abrogate disease. Ribavirin, on the other hand, had no beneficial effect against ZIKV infection in this
model and under the conditions examined. Combined treatment of ribavirin and favipiravir did not
show improved outcomes over ribavirin alone. Surprisingly, outcome of favipiravir treatment was
sex-dependent, with 87% of female but only 25% of male mice surviving lethal ZIKV infection. Since
virus mutations were not associated with outcome, a sex-specific host response likely explains the
observed sex difference.

Keywords: flavivirus; ZIKV; mouse model; sex bias; ribavirin; antiviral; nucleoside analog

1. Introduction

Zika virus (ZIKV) is a pathogenic member of the Flaviviridae family and is transmitted
to humans from Aedes mosquito vectors but also through bloodborne and mucosal routes,
including sexual contact [1–3]. Since 2015, ZIKV has caused a series of outbreaks, with
more than 1,000,000 estimated cases occurring in the Americas [4]. ZIKV is notable for its
vertical transmission from mother-to-fetus and neurovirulence in fetal brain tissue, which
has been associated with negative outcomes such as miscarriage and microcephaly [5,6].
ZIKV may also cause Guillain–Barré Syndrome, a severe autoimmune disorder affecting
the peripheral nervous system [7–9]. There are currently no licensed therapies effective
against ZIKV infection. Therefore, a safe and effective treatment for ZIKV disease is
urgently required.

Favipiravir (also known as T-705) and ribavirin are antiviral compounds efficacious
against a broad spectrum of RNA viruses [10,11]. Favipiravir and ribavirin are prodrugs,
such that their primary mechanism of action occurs after they are phosphoribosylated into
their active forms: favipiravir ribofuranosyl-5′-triphosphate (favipiravir-RTP) and ribavirin
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triphosphate (RTP), respectively [12–14]. This facilitates specific inhibition of the RNA
polymerase or incorporation of the ribonucleoside analogs into the viral genome during
replication, inducing virucidal mutagenesis [12,14–16]. Studies with other hemorrhagic
fever-causing RNA viruses suggest that combined treatment with ribavirin and favipiravir
may lead to increased efficacy, as low doses of ribavirin have been found to synergistically
potentiate the antiviral activity of favipiravir in vivo [17].

Previous studies have demonstrated the anti-ZIKV activity of favipiravir and ribavirin
in vitro [18–21]. Evaluation of the antiviral efficacy in vivo is typically performed in mice
deficient of a proper type I interferon (IFN) response, as ZIKV does not readily cause severe
disease in wild-type mice [22,23]. It was recently reported that ribavirin treatment delayed
the onset of lethal ZIKV disease in male STAT1−/− mice [24]. The purpose of this study
was to evaluate the protective efficacy of favipiravir and ribavirin in interferon receptor
α/β knockout (IFNAR−/−) mice, an established model for lethal ZIKV infection [25]. We
found that favipiravir, but not ribavirin treatment, resulted in animals surviving the lethal
infection. Unexpectedly, treatment worked much better in female mice (87% survival)
compared to male mice (25% survival).

2. Materials and Methods
2.1. Ethics Statement

All infectious in vitro and in vivo work was performed in a biosafety level 2 labora-
tory at the Rocky Mountain Laboratories (RML), Division of Intramural Research (DIR),
National Institute of Allergy and Infectious Disease (NIAID), National Institutes of Health
(NIH) in Hamilton, MT. All animal work was approved by the Institutional Animal Care
and Use Committee (IACUC) and performed according to the guidelines of the Association
for Assessment and Accreditation of Laboratory Animal Care, International and our Office
of Laboratory Animal Welfare (assurance number A4149-01). All procedures were carried
out by certified personnel. Humane endpoint criteria in compliance with IACUC-approved
scoring parameters were used to determine when animals should be humanely euthanized.

2.2. Cells and Viruses

C6/36 (Aedes albopictus) cells were grown at 32 ◦C and 5% CO2 in modified Ea-
gle’s medium (MEM) (Thermo Fisher Scientific, Waltham, MA, USA) containing 10% FBS
(Wisent), non-essential amino acids solution (Thermo Fisher Scientific, Waltham, MA,
USA), 50 U/mL penicillin (Thermo Fisher Scientific, Waltham, MA, USA), and 50 µg/mL
streptomycin (Thermo Fisher Scientific, Waltham, MA, USA) [25]. VeroE6 cells were grown
at 37 ◦C and 5% CO2 in 10% FBS Dulbecco’s modified Eagle’s medium (DMEM) containing
2 mM L-glutamine (Thermo Fisher Scientific, Waltham, MA, USA), 50 U/mL penicillin
(Thermo Fisher Scientific, Waltham, MA, USA), and 50 µg/mL streptomycin (Thermo
Fisher Scientific, Waltham, MA, USA). Four strains of ZIKV were used in the studies:
ZIKV-French Polynesia (human, 2013 [26]), ZIKV-Paraiba (human, Brazil 2015; GenBank
accession number KX280026.1 [27]), ZIKV-PRVABC59 (human, Puerto Rico 2015; Gen-
Bank accession number KU501215), and ZIKV-MR766 (rhesus macaque, Uganda 1947 [28]).
Viruses were propagated in C6/36 cells, titered on VeroE6 cells, and stored at −80 ◦C
until use.

2.3. Drug Treatment

As the vehicle, we used 74.6 mg/mL United States Pharmacopeia (USP)-grade meg-
lumine (Sigma, St. Louis, MO, USA) in phosphate-buffered saline. USP-grade ribavirin
(Spectrum Chemical, Gardena, CA, USA) was dissolved in the vehicle to a final concentra-
tion of 15 mg/mL or 30 mg/mL for treatment with 150 mg/kg or 300 mg/kg, respectively.
Favipiravir (Advanced Chem Blocks, Burlingame, CA, USA) was dissolved in the vehicle
to a final concentration of 15 mg/mL or 30 mg/mL for treatment with 150 mg/kg or
300 mg/kg, respectively. Control groups in the study received the vehicle alone. Drugs
were injected intraperitoneally (IP) in 0.2 mL per treatment.
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2.4. In Vitro Antiviral Treatment

The antiviral efficacies of ribavirin and favipiravir were evaluated on VeroE6 cells
infected with four different ZIKV isolates. ZIKV-MR766 was selected as a representative of
the African lineage, ZIKV-French Polynesia as a representative of the Asian lineage prior
to introduction to the Americas, ZIKV-Paraiba as a representative of the South American
lineage associated with microcephaly, and ZIKV-PRVABC59 as a Puerto Rican lineage
most relevant for potential ZIKV emergence in North America. To assess antiviral efficacy,
VeroE6 cells were infected with the four ZIKV strains at an MOI of 0.1 in triplicate [25].
Inoculum was left on the cells for 1 h at 37 ◦C. After inoculation, the medium was replaced
with 2% FBS DMEM containing 1 mM L-glutamine (Thermo Fisher Scientific, Waltham,
MA, USA), 50 U/mL penicillin (Thermo Fisher Scientific, Waltham, MA, USA), 50 µg/mL
streptomycin (Thermo Fisher Scientific, Waltham, MA, USA), and various concentrations of
favipiravir and ribavirin (0, 1, 2, 5, 10, 25, 50, 100 µg/mL) diluted in 5 mg/mL meglumine.
Cells were incubated for 72 h at 37 ◦C and 5% CO2. Samples of culture supernatants
were subsequently taken and stored at −80 ◦C for quantification via median tissue culture
infectious dose (TCID50) assay.

2.5. In Vivo IFNAR−/− Mouse Studies

Groups of female and male C57BL/6 IFNAR−/− mice, 6–9 weeks of age, received
an IP injection of 1000 LD50 (5000 plaque-forming units (PFU)) or 100 LD50 (500 PFU)
ZIKV-French Polynesia on day 0. Mice were treated with either vehicle-control, favipiravir
300 mg/kg, favipiravir 150 mg/kg, ribavirin 150 mg/kg, or a combination of favipiravir
and ribavirin 150 mg/kg, as outlined in the respective experiment. Treatment started either
at 8 h, 24 h, or 48 h post-infection (p.i.) with ZIKV, depending on the experiment, and was
continued every 24 h for 14 days. Mice were monitored for weight loss and survival. In
the final experiment, four mice per group were euthanized on day 3 and 7 p.i. for virus
titration, sequencing, and pathology. Daily body weight was recorded until day 21 p.i.,
a time when the animals had fully recovered from the disease. All surviving mice were
monitored until day 42 p.i.

2.6. Pathology, Immunohistochemistry, and In Situ Hybridization

Tissues were fixed in 10% neutral-buffered formalin for a minimum of 7 days. Fixed
tissues were placed in cassettes and processed with a Sakura VIP-5 Tissue Tek on a 12 h
automated schedule using a graded series of ethanol, xylene, and ParaPlast Extra. Em-
bedded tissues were sectioned at 5 µm and dried overnight at 42 ◦C prior to staining with
hematoxylin and eosin (H&E) or a rabbit polyclonal antibody for immunohistochemistry
(IHC) against ZIKV NS2B (cat# GTX133308, Genetex, Irvine, CA, USA). Tissue samples
were evaluated in detail with the following scoring system: 0 = no lesions; 1 = small number
of necrotic cells; 2 = moderate necrosis; 3 = significant necrosis; 4 = coalescing necrosis;
5 = diffuse necrosis. In situ hybridization (ISH) was performed with the V-ZIKA-pp-02
probe for ZIKV (ACDBIO, Newark, CA, USA), as previously described [25].

2.7. ZIKV Sample Titrations by TCID50 Assay

Cell culture supernatant and blood samples were thawed, and 10-fold serial dilutions
were prepared. Tissue samples were homogenized with 1 mL of DMEM without additives
and a stainless-steel bead at 30 Hz for 10 min using a TissueLyser II (Qiagen, Germantown,
MD, USA). Tissue debris was sedimented at 8000 rpm for 10 min and 10-fold serial dilutions
were prepared. All dilutions were inoculated onto a confluent layer of VeroE6 cells in a
96-well plate in triplicates. After 72 h, the cytopathic effect caused by ZIKV in cells was
recorded and the TCID50 was calculated for each sample, employing the Reed and Muench
method [29].
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2.8. Quantitative RT-PCR

RNA extraction from whole blood samples was performed with the QiAmp Viral RNA
Kit (Qiagen); tissue samples were homogenized with stainless steel beads before proceed-
ing with the RNeasy Mini Kit (Qiagen, Germantown, MD, USA). Real-time quantitative
PCR reactions were performed with the QuantiFast ProbeRT-PCR enzyme and master mix
(Qiagen, Germantown, MD, USA) on a RotorGene Q thermal cycler (Qiagen, German-
town, MD, USA) following the manufacturer’s instructions, as previously described [25].
ZIKV-French Polynesia-specific primers and probe targeting NS5 were used: forward
(5′-TTGGTCATGATACTGCTGATTGC), reverse (5′-CCTTCCACAAAGTCCCTATTGC),
probe (5′-CGGCATATAGCATCAGGTGCATAGGAG). Absolute quantification of genome
equivalents per mg or mL was performed using in vitro transcribed ZIKV RNA copy
number standards, determined by droplet digital PCR and a three-point 10-fold serial
dilution, run in parallel.

2.9. Next-Generation Sequencing

Brain, spleen, and gonad tissue samples were homogenized, and total RNA extracted
with RNeasy Mini Kit (Qiagen, Germantown, MD, USA). Total RNA was extracted from
whole blood samples and challenge virus stock using the QIAamp Viral RNA Mini Kit
(Qiagen, Germantown, MD, USA). RNA was then prepared with rRNA depletion. First-
and second-strand cDNA synthesis was performed using SuperScript III First-Strand
Synthesis SuperMix (Thermo Fisher Scientific, Waltham, MA, USA) and Phusion PCR
Master Mix with GC Buffer (NEB, Ipswich, MA, USA) with purification between each
strand synthesis using QIAquick PCR Purification Kit (Qiagen, Germantown, MD, USA).
cDNA was indexed using the Nextera XT DNA library preparation kit and index kit v2
(Illumina, San Diego, CA, USA). Normalization, library pooling, and denaturation were
performed according to Illumina protocols and run on the MiSeq (Illumina, San Diego,
CA, USA). Sequences were aligned to the stock strain of ZIKV-French Polynesia (human,
2013 [26]). SNP analysis was performed with minimum coverage = 10 and minimum
variant frequency = 0.1.

2.10. EC50 Calculation and Statistical Analysis

The half-maximal effective concentrations (EC50) of ribavirin and favipiravir against
in vitro ZIKV propagation on VeroE6 cells were calculated using nonlinear regression and
the least squares fit method (Table S1). Confidence intervals (CIs) of 95% were computed
using the likelihood ratio asymmetric method. As 95% CIs could not be determined for
all the examined strains due to high variance and limited sample size, only the 95% CI
for the combined ZIKV dataset was reported. Survival curves for all animal experiments
were analyzed for statistical significance with the Mantel–Cox test. All ZIKV titer and
RT-qPCR results were analyzed with two-way ANOVA. All significantly different results
are indicated in the respective figures (* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001).

3. Results
3.1. Efficacy of Ribavirin and Favipiravir Treatment of ZIKV Infection In Vitro

VeroE6 cell infections resulted in a similar dose-dependent response for ribavirin and
favipiravir treatment for each of the four ZIKV strains tested (Figure 1). Among the in-
dividual strains, EC50 values ranged from 0.4825 to 9.431 µg/mL for ribavirin and from
6.934 to 34.73 µg/mL for favipiravir (Table S1). While we cannot exclude the possibility
that cells treated with 100 µg/mL ribavirin may have exhibited some degree of cytotoxicity
(Figure 1), favipiravir did not result in apparent cytotoxicity at any of the tested concentrations.
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using both inhibitors against Crimean–Congo hemorrhagic fever virus (CCHFV) in the 
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Figure 1. In vitro ribavirin and favipiravir efficacy. Vero E6 cells were infected in triplicate with four different strains of
ZIKV and treated with different concentrations of favipiravir and ribavirin. Virus titration was performed to determine
antiviral efficacy against ZIKV-French Polynesia, ZIKV-Paraiba, ZIKV-PRVABC59, and ZIKV-MR766 using median tissue
culture infectious dose (TCID50) assay. Geometric mean and standard deviation are shown.

3.2. Ribavirin and Favipiravir Treatment of ZIKV Infection in IFNAR−/− Mice

Next, we evaluated the efficacy of ribavirin and favipiravir antiviral treatment in
male and female IFNAR−/− mice. For this, we decided to use ZIKV-French Polynesia as
both compounds, showing relatively strong and comparable in vitro effects against this
isolate (Figure 1 and Table S1), and this isolate caused the most consistent pathogenic
phenotype in the IFNAR−/− mouse model, as previously shown [25]. Other parameters
regarding the infection, including the selection of IP as the route of infection, were based
upon a previously established lethal mouse model of ZIKV infection [25]. Previous stud-
ies using both inhibitors against Crimean–Congo hemorrhagic fever virus (CCHFV) in
the lab established treatment concentrations and time points [30]. Groups of eight mice
received 1000 LD50 ZIKV-French Polynesia IP at day 0. Treatment with vehicle alone (con-
trol), ribavirin, favipiravir, or a combination of both antivirals was performed at different
doses IP starting 8 h p.i. and continuing every 24 h until day 14 p.i. The control group,
along with mice treated with ribavirin (150 mg/kg) or the combination of ribavirin and
favipiravir (150 mg/kg each), all lost weight and succumbed to disease by days 8–9 p.i.
(Figure 2A,B). Mice treated with favipiravir at 300 mg/kg or 150 mg/kg became sick, as evi-
denced by weight loss, but recovered, resulting in survival rates of 62.5% or 25%, respectively
(Figure 2A). Favipiravir at 300 mg/kg was next evaluated for delayed treatment start using a
lower ZIKV infection dose. Groups of eight IFNAR−/− mice were IP-infected with 100 LD50
ZIKV-French Polynesia and then treated with favipiravir at 300 mg/kg or vehicle starting
at 8 h, 24 h, or 48 h p.i. Treatment continued every 24 h until day 14 p.i. All animals in the
treatment and control groups lost weight, but only the control animals uniformly succumbed
to disease between 5–9 days p.i. (Figure 2C,D). The group that started treatment at 8 h p.i.
had the highest survival rate of 62.5% (Figure 2C). In the 24 h and 48 h treatment start groups,
there were 50% and 37.5% animals surviving, respectively (Figure 2C). Independent of the
challenge dose, treatment start at 8 h resulted in the highest survival rates.
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Figure 2. Ribavirin and favipiravir treatment efficacy against ZIKV-French Polynesia in IFNAR−/− mice. Female and
male mice (6–9 weeks old) were infected with 1000 median lethal doses (LD50) (5000 plaque-forming units (PFU)) ZIKV-
French Polynesia and treated with antivirals starting 8 h post-infection and continuing treatment every 24 h until day 14.
(A) Survival and (B) body weight changes for each treatment group (n = 8) and vehicle-control group (n = 8) are shown.
Female and male mice were infected with 100 LD50 (500 PFU) and treated with 300 mg/kg favipiravir starting 8 h, 24 h, or
48 h post-infection, and continued daily treatment until day 14. (C) Survival and (D) body weight changes in treated (n = 8)
and vehicle-control groups (n = 8) are shown. Error bars indicate standard deviation. Statistically significant results are
indicated as follows: ** p < 0.01, *** p < 0.001, **** p < 0.0001.

3.3. Sex-Specific Difference with Favipiravir Treatment

Further analysis of the survival by sex in the delayed treatment study revealed a
sex-specific difference in response to favipiravir treatment. When treated with 300 mg/kg
favipiravir starting at 8 h p.i., 100% (5/5) of female mice survived, compared to 0% (0/3) of
male mice (Figure S1A). The animals in the control group, consisting of four female and four
male mice, all succumbed to disease by day 9 (Figure S1A). Looking back, this phenomenon
was also observed in the first mouse experiment for the 300 mg/kg favipiravir group. All
animals in the control group, consisting of five females and three males, succumbed to
disease by day 9 (Figure S1B). For the 300 mg/kg favipiravir treatment group, 100% (4/4)
of females survived, compared to 25% (1/4) of males that survived (Figure S1B).

In order to further investigate this sex bias with favipiravir treatment in this mouse
model, we performed another experiment with four groups of 16 IFNAR−/− mice, with one
control and one treatment group for each sex. Mice were infected with 100 LD50 ZIKV-
French Polynesia on day 0 and treated with 300 mg/kg favipiravir 8 h p.i. and every
24 h until day 14 p.i. Eight mice in each group were observed for body weight loss and
survival and monitored for 42 days p.i. As in the previous experiments, all control male
and female mice succumbed to disease by day 9 (Figure 3A). While all treated male and
female animals lost weight, 25% (2/8) of males survived compared to 87.5% (7/8) of fe-
males (Figure 3A,B). Four mice in each group were euthanized on days 3 and 7 p.i. for
virus load determination and pathology. While ZIKV RNA was present in all blood, brain,
spleen, and gonad samples tested, virus was isolated from many, but not all, of the samples
(Figure 3C,D). We did not observe a sex-based difference in ZIKV RNA or titer except for
treated female samples collected on day 7 p.i., where we only could isolate ZIKV from a single
tissue sample, compared to more in the control female and treated male groups (Figure 3C).
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Figure 3. Sex differences in favipiravir-treated and ZIKV-infected IFNAR−/− mice. Female and male mice (6–9 weeks
old) were infected with 100 LD50 (500 PFU) ZIKV-French Polynesia and treated with 300 mg/kg favipiravir starting 8 h
post-infection and continuing treatment every 24 h until day 14. (A) Survival and (B) body weight changes for each
treatment group (n = 8) and vehicle-control group (n = 8) are shown. Error bars indicate standard deviation. On days 3 and
7 after infection, blood and tissue samples were taken to determine (C) ZIKV titer (n = 4) by using median tissue culture
infectious dose (TCID50) assay and (D) ZIKV load (n = 4). Geometric mean is depicted. Statistical significance is indicated
as follows: * p < 0.05, ** p < 0.01.

Pathological changes in tissue samples collected on day 7 p.i. from treated and control
mice were scored as outlined in the methods (Figure 4A). No significant differences were
noted between male and female control and treated mice. The increased liver pathology
score for treated mice was due to the treatment with favipiravir and has previously been
observed [27]. However, there was a slight increase in the severity of histopathological
changes with the untreated groups when analyzed by immunohistochemistry (IHC) and
in situ hybridization (ISH). Animals in all groups developed some degree of meningoen-
cephalitis that is characterized by multifocal expansion of the meninges and Virchow–
Robin’s space by small to moderate numbers of lymphocytes and fewer macrophages and
neutrophils (Figure 4B). There was necrotic cellular debris admixed with these inflamma-
tory cells. Additionally, there was gliosis in the adjacent parenchyma, along with small
amounts of necrotic cellular debris and rare neutrophils and multifocal necrotic neurons
(Figure 4B). By day 7 p.i., all 16 control mice developed encephalitis that was generally
mild to moderate in severity (Figure 4B). The treated mice, both males and females, also
developed encephalitis, but only 1/8 animals displayed lesions of moderate severity; 5/8
mice had minimal to mild lesions and 2/8 mice were essentially normal. In addition to the
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brain lesions, changes were noted in the reproductive organs of both sexes (Figure S2). Four
male mice presented with pathology characteristic of epididymitis and one of those mice
in the untreated control group demonstrated multifocal necrosis of epithelial lining cells
(Figure S2A). Likewise, 5/8 female mice, treated and control, had necrosis of granulosa
cells within primary follicles (Figure S2B).
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Figure 4. Pathological analysis of tissue samples from favipiravir-treated, ZIKV-infected IFNAR−/−

mice. Female and male mice (6–9 weeks old) were infected with 100 LD50 (500 PFU) ZIKV-French
Polynesia and treated with 300 mg/kg favipiravir starting 8 h post-infection and continuing treatment
every 24 h until day 14. Tissue samples were collected from four mice per group on day 7 post-
infection. (A) Tissues were scored for pathology using the following scoring system: 0 = no lesions;
1 = small number of necrotic cells; 2 = moderate necrosis; 3 = significant necrosis; 4 = coalescing
necrosis; 5 = diffuse necrosis. Error bars indicate standard deviation. (B) Brain tissue fixed with
formalin was stained with hematoxylin and eosin (H&E) and imaged at 100× or stained for ZIKV
NS2B antigen using immunohistochemistry (IHC) and imaged at 400× magnification. Arrows
indicate meningoencephalitis (perivascular cuffing); arrowheads indicate gliosis.

The possibility of favipiravir acting in a sex-specific manner has not been reported
previously, but one potential mechanism could be a sex-specific host pressure to select for
an accumulation of mutations in the viral genome. ZIKV isolated from blood, brain, spleen,
and gonad samples was analyzed with next-generation sequencing and compared to the
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sequence of ZIKV-French Polynesia initially used to inoculate the IFNAR−/− mice. Notably,
not all tissue samples collected from each mouse in each group had enough virus present
to determine the sequence. Single-nucleotide polymorphisms (SNPs) were detected in day
7 brain tissue samples from treated and control male and female mice (Table S2). We were
able to obtain sequences from all eight control animals, but only from 3/4 treated males
and 2/4 treated females. SNPs were only detected in spleen and gonad tissue samples
(day 3 and day 7) in all control mice (Tables S3 and S4) as we were not able to amplify
ZIKV sequences from the treated animal samples. There were also SNPs identified in blood
samples (day 3 and day 7) from all groups (Table S5), but to a much lesser extent than the
brain. Overall, there were no significant mutations that correlated with the difference in
survival between males and females, nor was there even a correlation between control and
favipiravir-treated animals.

4. Discussion

In this study, we assessed the efficacy of ribavirin and favipiravir antiviral treat-
ments against ZIKV infection. Our cell culture experiments extended previously pub-
lished results by others where ribavirin and favipiravir inhibited ZIKV-MR766 and ZIKV-
PRVABC59 replication [18]. We expanded the panel of tested ZIKV isolates and showed
that both antivirals are similarly effective against ZIKV-French Polynesia and ZIKV-Paraiba
(Figure 1 and Table S1). Similar to previous findings, we observed an anti-ZIKV effect for
both compounds [18–21]. In our dataset, ribavirin exhibited a lower EC50 than favipiravir
under the in vitro conditions examined (Table S1). However, when tested in IFNAR−/−

mice, ribavirin did not protect mice from lethal ZIKV challenge, as shown before with male
STAT1−/− mice [24]. In contrast, daily administration of 300 mg/kg favipiravir protected
the IFNAR−/− mice from lethal ZIKV challenge (Figure 2). This is consistent with results
from another flavivirus, yellow fever virus, where favipiravir improved disease outcome in
the hamster model [30]. Additionally, favipiravir, but not ribavirin, is an effective treatment
against other RNA virus infections, such as CCHFV, for which it has been shown to protect
mice and macaques from lethal disease [31,32]. This may be due to higher mutagenic
activity of favipiravir compared to ribavirin [33]. Interestingly, favipiravir alone or in
combination with ribavirin has been described to protect mice from lethal Lassa virus
(LASV) infection [34], and favipiravir has also successfully been used as a treatment for
LASV in macaques [35]. We speculate that distinct mechanisms of action reported for
ribavirin and favipiravir on intracellular nucleotide pools [36] may mitigate or worsen
disease in a virus-specific manner. Furthermore, a combination treatment with low doses
of ribavirin and favipiravir showed reduced protection in our model compared to ribavirin
alone (Figure 2). Based on this finding, we would hypothesize that ribavirin-induced
depletion of GTP levels may exacerbate ZIKV disease pathology.

Importantly, in our experiments we used male and female mice. We have shown here
for the first time that favipiravir can indeed be a viable treatment option against lethal
ZIKV infection in female IFNAR−/− mice. Others have only used male STAT1−/− mice
and observed no survival in these animals [24]. We would have missed this result if only
male mice were used for the experiment. Among the mice that exhibited signs of disease,
there was no significant difference in pathology between the male and female treatment
groups. To investigate a potential mechanism of this sex bias, we sequenced the ZIKV
isolated from brain, blood, spleen, and gonad tissue of treated and untreated animals and
compared them to the challenge virus stock sequence. There were no specific mutations
from tissues of infected mice that correlated with the sex-specific survival discrepancy,
confirming that the outcome was not due to the presence of attenuating virus variants.
These results leave us to speculate that sex-specific host responses might play an important
role. Indeed, it has previously been shown that the type I interferon response promotes
reduced viral disease pathology in male mice, compared to females, suggesting that the
use of a mouse model deficient in type I interferon responses may be a relevant factor [37].
Interestingly, neurological problems as a consequence of ZIKV infection in utero have been
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associated with different testosterone levels in male offspring [38]; however, we were not
able to analyze hormone levels in our mice.

Until now, there have been no studies reporting a sex bias response to favipiravir
treatment for viral infection. A study, using mixed-sex IFNAR−/− mice, of favipiravir and
ribavirin against CCHFV infection did not observe a sex-specific difference in treatment
efficacy [30]. Favipiravir is highly potent against Rift Valley fever virus and CCHFV, but
in previous studies only female hamsters and female IFNAR−/− mice, respectively, were
used [39,40]. Additionally, an efficacy study for ribavirin and favipiravir combination
treatment only tested one sex for guinea pig (male) and hamster (female) experiments
challenging against Junin and Pichinde hemorrhagic fever viruses, respectively [17]. There
have been previous reports indicating potential sex differences in humans in response to
antiviral treatment with other nucleoside analogs [41,42]. A recent study by Hanioka et al.
suggests that favipiravir exhibits markedly variable species- and sex-dependent rates of
biotransformation into inactive M1. Congruent with our data, Hanioka et al. report that
favipiravir drug clearance was more than four-fold higher in liver cytosolic fractions from
male mice than those from female mice [43]. Such large differences in pharmacokinetics
would likely justify sex-based adjustments in the dosing regimen for future experiments.
While our findings elucidate a sex-biased response to treatment with favipiravir, further
investigation is necessary to explicitly determine to what degree this is a result of sex-
dependent differences in ZIKV disease, the IFNAR−/− model, or favipiravir activity.

In conclusion, we have shown that favipiravir is effective at inhibiting ZIKV replica-
tion and increases survival in the IFNAR−/− mouse model. Most importantly, favipiravir
protected female mice (87.5%) at a much higher rate than male mice (25%). This highlights
the importance of using both male and female animals for in vivo efficacy studies. While
further efficacy and safety testing is necessary, favipiravir may be considered as a potential
therapeutic for human ZIKV cases or those with high-risk exposure to ZIKV. As the replica-
tion cycle of flaviviruses is similar, favipiravir may also be a potential therapeutic option
for diseases caused by other emerging and re-emerging human–pathogenic flaviviruses
such as Dengue virus, West Nile virus, and Kyasanur Forest disease. Further studies are
needed to confirm this hypothesis.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/microorganisms9061178/s1. Figure S1. Gender differences in favipiravir-treated and ZIKV-
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and ZIKV-infected IFNAR−/− mice. Table S1. EC50 of inhibitors against ZIKV. Table S2. SNPs found
in the brain of control and favipiravir-treated mice. Table S3. SNPs found in the spleen of control and
favipiravir-treated mice. Table S4. SNPs found in the gonads of control and favipiravir-treated mice.
Table S5. SNPs found in the blood of control and favipiravir-treated mice.

Author Contributions: H.F. and A.M. conceived the idea for the study. H.F. and A.M. secured
funding. A.M. designed the experiments. J.E. performed the cell culture experiments. J.E., J.C., and
A.M. performed the animal experiments, and processed and analyzed the tissue samples. D.G. and
R.R. processed and analyzed histopathology samples. R.M.-H. developed ZIKV-specific RT-qPCR
standards. K.M. and B.N.W. performed next-generation sequencing and the SNP analysis. K.M.,
J.E., and A.M. analyzed the data and wrote the manuscript. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the Intramural Research Program, National Institute of
Allergy and Infectious Diseases (NIAID), National Institutes of Health (NIH).

Institutional Review Board Statement: All animal work was approved by the Institutional Ani-
mal Care and Use Committee and performed according to the guidelines of the Association for
Assessment and Accreditation of Laboratory Animal Care, International and our Office of Laboratory
Animal Welfare.

Informed Consent Statement: Not applicable.

https://www.mdpi.com/article/10.3390/microorganisms9061178/s1
https://www.mdpi.com/article/10.3390/microorganisms9061178/s1


Microorganisms 2021, 9, 1178 12 of 13

Data Availability Statement: Data presented in this study are available in the supplemental materials
and upon request from the corresponding author.

Acknowledgments: We thank the animal care staff of the Rocky Mountain Veterinary Branch (NIAID,
NIH), especially Malea Higgins and Cammie Papineau, for their support of the animal experiments.
The following reagents were obtained through BEI Resources, NIAID, NIH: Zika Virus, PRVABC59,
NR-50240, and Zika Virus, MR766, NR-50065.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Foy, B.D.; Kobylinski, K.C.; Chilson Foy, J.L.; Blitvich, B.J.; Travassos da Rosa, A.; Haddow, A.D.; Lanciotti, R.S.; Tesh, R.B.

Probable non-vector-borne transmission of Zika virus, Colorado, USA. Emerg. Infect. Dis. 2011, 17, 880–882. [CrossRef] [PubMed]
2. D’Ortenzio, E.; Matheron, S.; Yazdanpanah, Y.; de Lamballerie, X.; Hubert, B.; Piorkowski, G.; Maquart, M.; Descamps, D.;

Damond, F.; Leparc-Goffart, I. Evidence of Sexual Transmission of Zika Virus. N. Engl. J. Med. 2016, 374, 2195–2198. [CrossRef]
3. Ayres, C.F. Identification of Zika virus vectors and implications for control. Lancet Infect. Dis. 2016, 16, 278–279. [CrossRef]
4. World Health Organization. Zika Cumulative Cases. Available online: https://www.paho.org/hq/index.php?option=com_

docman&view=download&category_slug=cumulative-cases-pdf-8865&alias=43296-zika-cumulative-cases-4-january-2018-2
96&Itemid=270&lang=en (accessed on 24 April 2021).

5. Mlakar, J.; Korva, M.; Tul, N.; Popovic, M.; Poljsak-Prijatelj, M.; Mraz, J.; Kolenc, M.; Resman Rus, K.; Vesnaver Vipotnik, T.;
Fabjan Vodusek, V.; et al. Zika Virus Associated with Microcephaly. N. Engl. J. Med. 2016, 374, 951–958. [CrossRef]

6. van der Eijk, A.A.; van Genderen, P.J.; Verdijk, R.M.; Reusken, C.B.; Mogling, R.; van Kampen, J.J.; Widagdo, W.; Aron, G.I.;
GeurtsvanKessel, C.H.; Pas, S.D.; et al. Miscarriage Associated with Zika Virus Infection. N. Engl. J. Med. 2016, 375, 1002–1004.
[CrossRef] [PubMed]

7. Cao-Lormeau, V.M.; Blake, A.; Mons, S.; Lastere, S.; Roche, C.; Vanhomwegen, J.; Dub, T.; Baudouin, L.; Teissier, A.; Larre, P.; et al.
Guillain-Barre Syndrome outbreak associated with Zika virus infection in French Polynesia: a case-control study. Lancet 2016, 387,
1531–1539. [CrossRef]

8. Oehler, E.; Watrin, L.; Larre, P.; Leparc-Goffart, I.; Lastere, S.; Valour, F.; Baudouin, L.; Mallet, H.; Musso, D.; Ghawche, F. Zika
virus infection complicated by Guillain-Barre syndrome—Case report, French Polynesia, December 2013. Euro Surveill. 2014,
19, 20720. [CrossRef] [PubMed]

9. Brasil, P.; Sequeira, P.C.; Freitas, A.D.; Zogbi, H.E.; Calvet, G.A.; de Souza, R.V.; Siqueira, A.M.; de Mendonca, M.C.; Nogueira,
R.M.; de Filippis, A.M.; et al. Guillain-Barre syndrome associated with Zika virus infection. Lancet 2016, 387, 1482. [CrossRef]

10. Sidwell, R.W.; Huffman, J.H.; Khare, G.P.; Allen, L.B.; Witkowski, J.T.; Robins, R.K. Broad-spectrum antiviral activity of Virazole:
1-beta-D-ribofuranosyl-1,2,4-triazole-3-carboxamide. Science 1972, 177, 705–706. [CrossRef]

11. Furuta, Y.; Gowen, B.B.; Takahashi, K.; Shiraki, K.; Smee, D.F.; Barnard, D.L. Favipiravir (T-705), a novel viral RNA polymerase
inhibitor. Antivir. Res. 2013, 100, 446–454. [CrossRef]

12. Furuta, Y.; Takahashi, K.; Kuno-Maekawa, M.; Sangawa, H.; Uehara, S.; Kozaki, K.; Nomura, N.; Egawa, H.; Shiraki, K. Mechanism
of action of T-705 against influenza virus. Antimicrob. Agents Chemother. 2005, 49, 981–986. [CrossRef] [PubMed]

13. Naesens, L.; Guddat, L.W.; Keough, D.T.; van Kuilenburg, A.B.; Meijer, J.; Vande Voorde, J.; Balzarini, J. Role of human
hypoxanthine guanine phosphoribosyltransferase in activation of the antiviral agent T-705 (favipiravir). Mol. Pharmacol. 2013, 84,
615–629. [CrossRef]

14. Crotty, S.; Maag, D.; Arnold, J.J.; Zhong, W.; Lau, J.Y.; Hong, Z.; Andino, R.; Cameron, C.E. The broad-spectrum antiviral
ribonucleoside ribavirin is an RNA virus mutagen. Nat. Med. 2000, 6, 1375–1379. [CrossRef]

15. Mendenhall, M.; Russell, A.; Juelich, T.; Messina, E.L.; Smee, D.F.; Freiberg, A.N.; Holbrook, M.R.; Furuta, Y.; de la Torre, J.C.;
Nunberg, J.H.; et al. T-705 (favipiravir) inhibition of arenavirus replication in cell culture. Antimicrob. Agents Chemother. 2011, 55,
782–787. [CrossRef] [PubMed]

16. Baranovich, T.; Wong, S.S.; Armstrong, J.; Marjuki, H.; Webby, R.J.; Webster, R.G.; Govorkova, E.A. T-705 (favipiravir) induces
lethal mutagenesis in influenza A H1N1 viruses in vitro. J. Virol. 2013, 87, 3741–3751. [CrossRef] [PubMed]

17. Westover, J.B.; Sefing, E.J.; Bailey, K.W.; Van Wettere, A.J.; Jung, K.H.; Dagley, A.; Wandersee, L.; Downs, B.; Smee, D.F.; Furuta, Y.;
et al. Low-dose ribavirin potentiates the antiviral activity of favipiravir against hemorrhagic fever viruses. Antivir. Res. 2016, 126,
62–68. [CrossRef]

18. Kim, J.A.; Seong, R.K.; Kumar, M.; Shin, O.S. Favipiravir and Ribavirin Inhibit Replication of Asian and African Strains of Zika
Virus in Different Cell Models. Viruses 2018, 10, 72. [CrossRef] [PubMed]

19. Zmurko, J.; Marques, R.E.; Schols, D.; Verbeken, E.; Kaptein, S.J.; Neyts, J. The Viral Polymerase Inhibitor 7-Deaza-2′-C-
Methyladenosine Is a Potent Inhibitor of In Vitro Zika Virus Replication and Delays Disease Progression in a Robust Mouse
Infection Model. PLoS Negl. Trop. Dis. 2016, 10, e0004695. [CrossRef] [PubMed]

20. Baz, M.; Goyette, N.; Griffin, B.D.; Kobinger, G.P.; Boivin, G. In vitro susceptibility of geographically and temporally distinct Zika
viruses to favipiravir and ribavirin. Antivir. Ther. 2017, 22, 613–618. [CrossRef] [PubMed]

21. Bassi, M.R.; Sempere, R.N.; Meyn, P.; Polacek, C.; Arias, A. Extinction of Zika Virus and Usutu Virus by Lethal Mutagenesis
Reveals Different Patterns of Sensitivity to Three Mutagenic Drugs. Antimicrob. Agents Chemother. 2018, 62. [CrossRef] [PubMed]

http://doi.org/10.3201/eid1705.101939
http://www.ncbi.nlm.nih.gov/pubmed/21529401
http://doi.org/10.1056/NEJMc1604449
http://doi.org/10.1016/S1473-3099(16)00073-6
https://www.paho.org/hq/index.php?option=com_docman&view=download&category_slug=cumulative-cases-pdf-8865&alias=43296-zika-cumulative-cases-4-january-2018-296&Itemid=270&lang=en
https://www.paho.org/hq/index.php?option=com_docman&view=download&category_slug=cumulative-cases-pdf-8865&alias=43296-zika-cumulative-cases-4-january-2018-296&Itemid=270&lang=en
https://www.paho.org/hq/index.php?option=com_docman&view=download&category_slug=cumulative-cases-pdf-8865&alias=43296-zika-cumulative-cases-4-january-2018-296&Itemid=270&lang=en
http://doi.org/10.1056/NEJMoa1600651
http://doi.org/10.1056/NEJMc1605898
http://www.ncbi.nlm.nih.gov/pubmed/27463941
http://doi.org/10.1016/S0140-6736(16)00562-6
http://doi.org/10.2807/1560-7917.ES2014.19.9.20720
http://www.ncbi.nlm.nih.gov/pubmed/24626205
http://doi.org/10.1016/S0140-6736(16)30058-7
http://doi.org/10.1126/science.177.4050.705
http://doi.org/10.1016/j.antiviral.2013.09.015
http://doi.org/10.1128/AAC.49.3.981-986.2005
http://www.ncbi.nlm.nih.gov/pubmed/15728892
http://doi.org/10.1124/mol.113.087247
http://doi.org/10.1038/82191
http://doi.org/10.1128/AAC.01219-10
http://www.ncbi.nlm.nih.gov/pubmed/21115797
http://doi.org/10.1128/JVI.02346-12
http://www.ncbi.nlm.nih.gov/pubmed/23325689
http://doi.org/10.1016/j.antiviral.2015.12.006
http://doi.org/10.3390/v10020072
http://www.ncbi.nlm.nih.gov/pubmed/29425176
http://doi.org/10.1371/journal.pntd.0004695
http://www.ncbi.nlm.nih.gov/pubmed/27163257
http://doi.org/10.3851/IMP3180
http://www.ncbi.nlm.nih.gov/pubmed/28694390
http://doi.org/10.1128/AAC.00380-18
http://www.ncbi.nlm.nih.gov/pubmed/29914957


Microorganisms 2021, 9, 1178 13 of 13

22. Dowall, S.D.; Graham, V.A.; Rayner, E.; Atkinson, B.; Hall, G.; Watson, R.J.; Bosworth, A.; Bonney, L.C.; Kitchen, S.; Hewson, R. A
Susceptible Mouse Model for Zika Virus Infection. PLoS Negl. Trop. Dis. 2016, 10, e0004658. [CrossRef]

23. Lazear, H.M.; Govero, J.; Smith, A.M.; Platt, D.J.; Fernandez, E.; Miner, J.J.; Diamond, M.S. A Mouse Model of Zika Virus
Pathogenesis. Cell Host Microbe 2016, 19, 720–730. [CrossRef]

24. Kamiyama, N.; Soma, R.; Hidano, S.; Watanabe, K.; Umekita, H.; Fukuda, C.; Noguchi, K.; Gendo, Y.; Ozaki, T.; Sonoda, A.; et al.
Ribavirin inhibits Zika virus (ZIKV) replication in vitro and suppresses viremia in ZIKV-infected STAT1-deficient mice. Antivir.
Res. 2017, 146, 1–11. [CrossRef]

25. Marzi, A.; Emanuel, J.; Callison, J.; McNally, K.L.; Arndt, N.; Chadinha, S.; Martellaro, C.; Rosenke, R.; Scott, D.P.; Safronetz, D.;
et al. Lethal Zika Virus Disease Models in Young and Older Interferon alpha/beta Receptor Knock Out Mice. Front. Cell Infect.
Microbiol. 2018, 8, 117. [CrossRef] [PubMed]

26. Dick, G.W.; Kitchen, S.F.; Haddow, A.J. Zika virus. I. Isolations and serological specificity. Trans. R. Soc. Trop. Med. Hyg. 1952, 46,
509–520. [CrossRef]

27. Fonseca, K.; Meatherall, B.; Zarra, D.; Drebot, M.; MacDonald, J.; Pabbaraju, K.; Wong, S.; Webster, P.; Lindsay, R.; Tellier, R. First
case of Zika virus infection in a returning Canadian traveler. Am. J. Trop. Med. Hyg. 2014, 91, 1035–1038. [CrossRef] [PubMed]

28. Tsetsarkin, K.A.; Kenney, H.; Chen, R.; Liu, G.; Manukyan, H.; Whitehead, S.S.; Laassri, M.; Chumakov, K.; Pletnev, A.G. A
Full-Length Infectious cDNA Clone of Zika Virus from the 2015 Epidemic in Brazil as a Genetic Platform for Studies of Virus-Host
Interactions and Vaccine Development. MBio 2016, 7. [CrossRef] [PubMed]

29. Reed, L.J.M.; Muench, H. A simple method of estimating fifty per cent endpoints. Am. J. Epidemiol. 1938, 27, 493–497. [CrossRef]
30. Julander, J.G.; Shafer, K.; Smee, D.F.; Morrey, J.D.; Furuta, Y. Activity of T-705 in a hamster model of yellow fever virus infection

in comparison with that of a chemically related compound, T-1106. Antimicrob. Agents Chemother. 2009, 53, 202–209. [CrossRef]
31. Hawman, D.W.; Haddock, E.; Meade-White, K.; Williamson, B.; Hanley, P.W.; Rosenke, K.; Komeno, T.; Furuta, Y.; Gowen, B.B.;

Feldmann, H. Favipiravir (T-705) but not ribavirin is effective against two distinct strains of Crimean-Congo hemorrhagic fever
virus in mice. Antivir. Res. 2018, 157, 18–26. [CrossRef] [PubMed]

32. Hawman, D.W.; Haddock, E.; Meade-White, K.; Nardone, G.; Feldmann, F.; Hanley, P.W.; Lovaglio, J.; Scott, D.; Komeno, T.;
Nakajima, N.; et al. Efficacy of favipiravir (T-705) against Crimean-Congo hemorrhagic fever virus infection in cynomolgus
macaques. Antivir. Res. 2020, 181, 104858. [CrossRef]

33. Arias, A.; Thorne, L.; Goodfellow, I. Favipiravir elicits antiviral mutagenesis during virus replication in vivo. Elife 2014, 3, e03679.
[CrossRef] [PubMed]

34. Oestereich, L.; Rieger, T.; Ludtke, A.; Ruibal, P.; Wurr, S.; Pallasch, E.; Bockholt, S.; Krasemann, S.; Munoz-Fontela, C.; Gunther, S.
Efficacy of Favipiravir Alone and in Combination With Ribavirin in a Lethal, Immunocompetent Mouse Model of Lassa Fever. J.
Infect. Dis. 2016, 213, 934–938. [CrossRef] [PubMed]

35. Rosenke, K.; Feldmann, H.; Westover, J.B.; Hanley, P.W.; Martellaro, C.; Feldmann, F.; Saturday, G.; Lovaglio, J.; Scott, D.P.; Furuta,
Y.; et al. Use of Favipiravir to Treat Lassa Virus Infection in Macaques. Emerg. Infect. Dis. 2018, 24, 1696–1699. [CrossRef]

36. Gomez, M.A.; Navarro, J.A.; Camara, P.; Sanchez, J.; Sierra, M.A.; Bernabe, A. Cytological, immunocytochemical and ultra-
structural study of GH cells of pars distalis adenohipophysaria of kids (Capra hircus). Anat. Histol. Embryol. 1989, 18, 165–176.
[CrossRef]

37. Geurs, T.L.; Hill, E.B.; Lippold, D.M.; French, A.R. Sex differences in murine susceptibility to systemic viral infections. J.
Autoimmun. 2012, 38, J245–J253. [CrossRef]

38. Stanelle-Bertram, S.; Walendy-Gnirss, K.; Speiseder, T.; Thiele, S.; Asante, I.A.; Dreier, C.; Kouassi, N.M.; Preuss, A.; Pilnitz-Stolze,
G.; Muller, U.; et al. Male offspring born to mildly ZIKV-infected mice are at risk of developing neurocognitive disorders in
adulthood. Nat. Microbiol. 2018, 3, 1161–1174. [CrossRef]

39. Scharton, D.; Bailey, K.W.; Vest, Z.; Westover, J.B.; Kumaki, Y.; Van Wettere, A.; Furuta, Y.; Gowen, B.B. Favipiravir (T-705) protects
against peracute Rift Valley fever virus infection and reduces delayed-onset neurologic disease observed with ribavirin treatment.
Antivir. Res. 2014, 104, 84–92. [CrossRef] [PubMed]

40. Oestereich, L.; Rieger, T.; Neumann, M.; Bernreuther, C.; Lehmann, M.; Krasemann, S.; Wurr, S.; Emmerich, P.; de Lamballerie,
X.; Ölschläger, S.; et al. Evaluation of Antiviral Efficacy of Ribavirin, Arbidol, and T-705 (Favipiravir) in a Mouse Model for
Crimean-Congo Hemorrhagic Fever. PLoS Negl. Trop. Dis. 2014, 8. [CrossRef] [PubMed]

41. Reichman, R.C.; Badger, G.J.; Guinan, M.E.; Nahmias, A.J.; Keeney, R.E.; Davis, L.G.; Ashikaga, T.; Dolin, R. Topically administered
acyclovir in the treatment of recurrent herpes simplex genitalis: A controlled trial. J. Infect. Dis. 1983, 147, 336–340. [CrossRef]
[PubMed]

42. Currier, J.S.; Spino, C.; Grimes, J.; Wofsy, C.B.; Katzenstein, D.A.; Hughes, M.D.; Hammer, S.M.; Cotton, D.J. Differences between
women and men in adverse events and CD4+ responses to nucleoside analogue therapy for HIV infection. The Aids Clinical
Trials Group 175 Team. J. Acquir. Immune Defic. Syndr. 2000, 24, 316–324. [CrossRef] [PubMed]

43. Hanioka, N.; Saito, K.; Isobe, T.; Ohkawara, S.; Jinno, H.; Tanaka-Kagawa, T. Favipiravir biotransformation in liver cytosol:
Species and sex differences in humans, monkeys, rats, and mice. Biopharm. Drug Dispos. 2021. [CrossRef]

http://doi.org/10.1371/journal.pntd.0004658
http://doi.org/10.1016/j.chom.2016.03.010
http://doi.org/10.1016/j.antiviral.2017.08.007
http://doi.org/10.3389/fcimb.2018.00117
http://www.ncbi.nlm.nih.gov/pubmed/29696134
http://doi.org/10.1016/0035-9203(52)90042-4
http://doi.org/10.4269/ajtmh.14-0151
http://www.ncbi.nlm.nih.gov/pubmed/25294619
http://doi.org/10.1128/mBio.01114-16
http://www.ncbi.nlm.nih.gov/pubmed/27555311
http://doi.org/10.1093/oxfordjournals.aje.a118408
http://doi.org/10.1128/AAC.01074-08
http://doi.org/10.1016/j.antiviral.2018.06.013
http://www.ncbi.nlm.nih.gov/pubmed/29936152
http://doi.org/10.1016/j.antiviral.2020.104858
http://doi.org/10.7554/eLife.03679
http://www.ncbi.nlm.nih.gov/pubmed/25333492
http://doi.org/10.1093/infdis/jiv522
http://www.ncbi.nlm.nih.gov/pubmed/26531247
http://doi.org/10.3201/eid2409.180233
http://doi.org/10.1111/j.1439-0264.1989.tb00593.x
http://doi.org/10.1016/j.jaut.2011.12.003
http://doi.org/10.1038/s41564-018-0236-1
http://doi.org/10.1016/j.antiviral.2014.01.016
http://www.ncbi.nlm.nih.gov/pubmed/24486952
http://doi.org/10.1371/journal.pntd.0002804
http://www.ncbi.nlm.nih.gov/pubmed/24786461
http://doi.org/10.1093/infdis/147.2.336
http://www.ncbi.nlm.nih.gov/pubmed/6298318
http://doi.org/10.1097/00126334-200008010-00003
http://www.ncbi.nlm.nih.gov/pubmed/11015147
http://doi.org/10.1002/bdd.2275

	Introduction 
	Materials and Methods 
	Ethics Statement 
	Cells and Viruses 
	Drug Treatment 
	In Vitro Antiviral Treatment 
	In Vivo IFNAR-/- Mouse Studies 
	Pathology, Immunohistochemistry, and In Situ Hybridization 
	ZIKV Sample Titrations by TCID50 Assay 
	Quantitative RT-PCR 
	Next-Generation Sequencing 
	EC50 Calculation and Statistical Analysis 

	Results 
	Efficacy of Ribavirin and Favipiravir Treatment of ZIKV Infection In Vitro 
	Ribavirin and Favipiravir Treatment of ZIKV Infection in IFNAR-/- Mice 
	Sex-Specific Difference with Favipiravir Treatment 

	Discussion 
	References

