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SYNOPSIS 24 

Objectives. T-705, also known as favipiravir, is a small-molecule inhibitor that is currently in 25 

clinical development for the treatment of influenza virus infections. This molecule also inhibits 26 

the replication of a broad spectrum of other RNA viruses. The objective of this study was to 27 

investigate the antiviral effect of favipiravir on chikungunya virus (CHIKV) replication and to 28 

contribute to the unraveling of the molecular mechanism of action against this virus. 29 

Methods. The anti-CHIKV effect of favipiravir was examined in cell culture and in a lethal 30 

mouse model. A five-step protocol was used to select for CHIKV variants with reduced 31 

sensitivity to favipiravir. The resistant phenotype was confirmed in cell culture and the whole 32 

genome was sequenced. The identified mutations were reverse-engineered into an infectious 33 

clone to confirm their impact on the antiviral efficacy of favipiravir.   34 

Results. Favipiravir inhibits the replication of laboratory strains and clinical isolates of CHIKV, 35 

as well as of a panel of other alphaviruses. Several favipiravir-resistant CHIKV variants were 36 

independently selected and all of them in particular acquired the unique K291R mutation in the 37 

RNA-dependent RNA polymerase (RdRp). Reverse-engineering of this K291R mutation into an 38 

infectious clone of CHIKV confirmed the link between mutant genotype and resistant phenotype. 39 

Interestingly, this particular lysine is also highly conserved in positive-stranded RNA viruses in 40 

general.  41 

Conclusions. This study provides important insight into the precise molecular mechanism by 42 

which favipiravir exerts its antiviral activity against (alpha)viruses, which may be of help to 43 

design other potent broad-spectrum antivirals. 44 
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INTRODUCTION 45 

During the last decade, chikungunya virus (CHIKV) developed from a rather unknown pathogen 46 

to a virus with a worldwide impact. CHIKV belongs to the Semliki Forest complex of the genus 47 

Alphavirus (arboviruses group A) in the family of the Togaviridae.
1
 It is primarily transmitted by 48 

Aedes aegypti and Aedes albopictus mosquitoes. The onset of CHIKV disease is characterized by 49 

abrupt fever, chills, headache, nausea, photophobia, vomiting, incapacitating joint pain and a 50 

petechial or maculopapular rash. The acute phase may last for up to 10 days.
2
 Although CHIKV 51 

infections are rarely fatal (case-fatality rate of 1 in 1000), they evolve into a chronic disease in 52 

~50% of infected patients, which is characterized by persisting polyarthralgia and stiffness
3
 that 53 

can severely incapacitate the patient for weeks up to several years after the initial infection.
4, 5

 54 

CHIKV disease was recorded for the first time in Tanzania in 1953 and the following 50 years 55 

relatively small scale and mainly isolated outbreaks have been reported at intervals of many 56 

years. In the early 2000s, however, a very steep increase in the number of CHIKV cases was 57 

observed in both Africa and Asia, specifically in the tropical areas surrounding the Indian Ocean.
6
 58 

Currently, CHIKV is endemic in many tropical regions in Africa and Asia. The recent spread of 59 

in particular Aedes albopictus mosquitoes to more temperate regions such as Southern Europe, 60 

Northern Asia and the Northern Americas, and the high viremia in infected travelers returning 61 

from endemic areas increases the risk that CHIKV becomes endemic in new regions.
7, 8

 From 62 

July to September 2007, a first outbreak of CHIKV disease in Europe occurred in the North East 63 

of Italy, involving at least 205 cases.
9
 Ever since, multiple imported cases were documented in 64 

Asia, Australia, the USA, Canada and continental Europe.
10, 11

 Obviously, CHIKV has become a 65 

substantial new public health problem and is expected to continue to expand to all regions that 66 

sustain mosquito vectors capable of transmitting CHIKV to humans. This is highlighted by the 67 
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first locally transmitted infections in the Americas that were reported in December 2013 from the 68 

Caribbean island of St Martin and are currently spreading to neighboring countries.
12

  69 

There is no licensed vaccine for the prevention of CHIKV infections and there are no antiviral 70 

drugs available for the treatment or prevention of this viral disease. The current therapy intends to 71 

alleviate the symptoms of the disease and consists of analgesics, anti-pyretics, and anti-72 

inflammatory agents. Chloroquine, a drug commonly used for the treatment of malaria,
13

 was 73 

demonstrated to have a dose- and time-dependent inhibitory effect on CHIKV replication in vitro 74 

,
14

 but clinical studies reported contradictory results.
15,16

 Other molecules were shown to have 75 

anti-CHIKV activity in vitro, but no (pre)clinical data are available (yet).
17,18, 19

 The fastest and 76 

perhaps economically most viable approach towards developing an antiviral treatment for 77 

CHIKV might be to take advantage of the (potential) anti-CHIKV activity of molecules that are 78 

currently on the market or in development for other indications. 79 

Favipiravir (6-fluoro-3-hydroxy-2-pyrazinecarboxamide), a nucleobase mimetic also known as T-80 

705, was originally discovered as a selective inhibitor of influenza A virus replication and is 81 

currently in Phase 2/3 clinical trials in the USA and Japan, respectively. Furthermore, favipiravir 82 

also inhibits the replication of various other RNA viruses, including influenza virus B and C,
20-23

 83 

as well as the more distantly related bunyaviruses,
24

 arenaviruses,
24

 flaviviruses (yellow fever 84 

virus and West Nile virus),
22, 25

 alphaviruses (Western equine encephalitis virus, WEEV),
26

 and 85 

noroviruses.
27

 In the cell, favipiravir is metabolized to its ribofuranosyl 5’-triphosphate form 86 

(favipiravir-RTP). Favipiravir-RTP was shown to inhibit the incorporation of ATP and GTP in a 87 

competitive manner, which suggests that favipiravir-RTP is recognized as a purine nucleotide by 88 

the viral polymerase.
21, 28, 29

 However, the exact mechanism of action of favipiravir has not been 89 

elucidated yet. Two hypotheses are currently favored, i.e. (i) the induction of lethal mutagenesis 90 

by ambiguous base-pairing and/or (ii) chain termination by incorporation of favipiravir-RMP into 91 
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the nascent RNA strand. After serial passaging of influenza virus in the presence of favipiravir, 92 

the infectious virus load was found to decrease disproportionally compared to the RNA copy 93 

number
30

 and sequence analysis showed an increase in genotypes with a non-viable phenotype.
28, 

94 

30
 These data suggested that favipiravir inhibits influenza virus (at least in part) through lethal 95 

mutagenesis. However, it was also shown that the incorporation of a single molecule of 96 

favipiravir-RTP into a nascent RNA strand caused inhibition of viral RNA extension, favoring 97 

the "chain terminator hypothesis". As the 3′ OH group in the natural ribose is present in 98 

favipiravir-RTP, the authors suggested that favipiravir can be designated as a “non-obligate chain 99 

terminator”.
29

 However, chain termination by favipiravir-RMP could not be confirmed in another 100 

study, in which at least two consecutive molecules of favipiravir-RMP needed to be incorporated 101 

to arrest the extension of the viral RNA.
28

 Further study of the mechanism of action of favipiravir 102 

is thus required, which, amongst others, requires the isolation and study of compound-resistant 103 

virus variants and which, until now, has failed so far.
22

 104 

In this study, we describe the selective antiviral activity of favipiravir on the replication of 105 

CHIKV and alphaviruses in general, and demonstrate that this molecule provides a significant 106 

protection against lethal CHIKV infections in mice. Furthermore, we have succeeded for the first 107 

time in generating favipiravir-resistant CHIKV variants. Characterization of these virus variants 108 

in cell culture suggests that a highly conserved part of the viral polymerase of positive-strand 109 

RNA viruses is the target of favipiravir and that the mechanism of action may be other than lethal 110 

mutagenesis. 111 
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MATERIALS AND METHODS 112 

Cells and virus strains 113 

CHIKV Indian Ocean strain 899 (Genbank FJ959103.1) was generously provided by Prof. S. 114 

Günther (Bernhard Nocht Institute for Tropical Medicine, Hamburg, Germany).
31

 CHIKV strain 115 

LR2006_OPY1 (Genbank DQ443544.2) and the clinical isolates Venturini and Bianchi (Italy 116 

2008) and Congo 95 (2011) belong to the collection of viruses at the UMR 190, Marseille, 117 

France, as well as O’Nyong Nyong strain IPD A234, Mayaro strain TC625, Barmah Forest strain 118 

BH2193, Venezuelan Equine Encephalitis virus vaccine strain TC83, Western Equine 119 

Encephalitis virus strain 47a, Eastern Equine Encephalitis virus strain H178/99. Ross River Virus 120 

5281v was received from the National Collection of Pathogenic Viruses (UK). CHIKV LS3 121 

(GenBank KC149888) was used for reverse genetics studies and is derived from an infectious 122 

clone belonging to the collection of the Leiden University Medical Center, The Netherlands.
32

 123 

The CHIKV S27-strain (Genbank AF369024
33

) belongs to the collection of viruses at Erasmus 124 

Medical Center, department of Viroscience, The Netherlands. Sindbis virus (SINV, strain HRsp, 125 

GenBank J02363.1) and the Semliki Forest virus (SFV, Vietnam strain, GenBank EU350586.1
34

) 126 

belong to the collection of the Rega Institute of Medical Research, Belgium. All viruses were 127 

propagated in African green monkey kidney cells [Vero cells (ATCC CCL-81)].  128 

Vero-A cells were maintained in minimal essential medium (MEM Rega-3, Gibco, Belgium) 129 

supplemented with 10% Foetal Bovine Serum (FBS, Integro, The Netherlands), 1% L-glutamine 130 

(Gibco), and 1% sodium bicarbonate (Gibco). Vero E6 cells were maintained in Eagle MEM 131 

(Gibco) supplemented with non-essential amino acids (Gibco) and 7.5 % FBS. Human Fetal 132 

Lung Fibroblast cells (MRC-5, ATCC CCL-171) were kept in minimal essential medium (MEM, 133 

Gibco) supplemented with 10% FBS. The antiviral assays were performed in virus growth 134 

http://www.ncbi.nlm.nih.gov/nuccore/27734686
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medium, which is the respective cell growth medium supplemented with 2% instead of 10% FBS. 135 

All cell cultures were maintained at 37°C in an atmosphere of 5% CO2 and 95-99% humidity.  136 

Compounds 137 

Favipiravir (T-705) was purchased as custom synthesis product from BOC Sciences (NY, USA) 138 

while T-1105, the defluorinated analogue of favipiravir, was obtained as custom synthesis 139 

product from ABCR (Karlsruhe, Germany) (Figure 1). Both compounds were dissolved in 140 

dimethyl sulfoxide (DMSO). Chloroquine was purchased from Sigma (Bornem, Belgium) and 141 

dissolved in phosphate buffered saline (PBS). T-1105 was used in critical experiments to 142 

demonstrate that the observations that are made are not only favipiravir-specific but a property of 143 

the compound class favipiravir belongs to (not a compound but a chemotype property). 144 

Cytopathic effect (CPE) reduction assay 145 

Vero-A cells were seeded in 96-well tissue culture plates (Becton Dickinson, Aalst, Belgium) at a 146 

density of 2.5 × 10
4
 cells/well in 100 µL assay medium and were allowed to adhere overnight. In 147 

a second step (this protocol is defined as the ‘2-Step’ protocol), a compound dilution series was 148 

prepared in the medium on top of the cells after which the cultures were infected with CHIKV 149 

strain 899 at an MOI of 0.01 in 100 µL assay medium. In an alternative assay setup (this protocol 150 

is defined as the ‘1-Step’ protocol), the compound dilution series was prepared in 100 µL of assay 151 

medium that was added to an empty assay plate, immediately after which 50 µL of the 152 

appropriate virus inoculum and 50 µL of cell suspension were added. Each assay was performed 153 

in multiplicate (at least in 3-fold) in the same test and assays were repeated independently to 154 

assess for inter-experiment variability. On day 7 post-infection (p.i.), the plates were processed 155 

using the MTS/PMS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-156 

sulfophenyl)-2H-tetrazolium/phenazine methosulfate) method as described by the manufacturer 157 
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(Promega, The Netherlands). The 50% effective concentration (EC50), which is defined as the 158 

compound concentration that is required to inhibit viral RNA replication by 50%, was determined 159 

using logarithmic interpolation. Potential cytotoxic/cytostatic effects of the compound were 160 

evaluated in uninfected cells by means of the MTS/PMS method. The 50% cytotoxic 161 

concentration (CC50; i.e., the concentration that reduces the overall metabolic activity of the cells 162 

by 50%) was calculated using logarithmic interpolation. All assay wells were checked 163 

microscopically for minor signs of virus-induced CPE or alterations to the cells caused by the 164 

compound.  165 

A variant of this protocol was used for the reverse engineered viruses. Briefly, 1 x 10
4
 Vero E6 166 

cells were seeded per well in a 96-well tissue culture plate and infected the next day at an MOI of 167 

0.001. On day 4 p.i., the plates were processed using a viability assay as described.
32

 EC50 and 168 

CC50 values were calculated using non-linear regression with Graphpad Prism.  169 

Virus yield assay 170 

Vero-A cells were seeded in 96-well plates at a density of 5 × 10
4 

cells/well in 2% FBS medium. 171 

Following 24h of incubation, culture medium was replaced with 100 µL assay medium 172 

containing a serial dilution of the compound and 100 µL of CHIKV 899 inoculum (MOI = 0.01). 173 

After 2h of incubation, the cell monolayer was washed 3 times with assay medium to remove 174 

non-adsorbed virus and cultures were further incubated for 2 days in the presence of the 175 

compound. Chloroquine was included as a reference compound. Supernatant was harvested and 176 

viral RNA was isolated using Macherey Nagel “NucleoSpin 96 virus kit”. Viral load was 177 

determined by real-time quantitative RT-PCR. Additionally, the amount of infectious progeny 178 

viruses from virus-infected, compound-treated cells was assessed by plaque assay. Briefly, BHK 179 

cells were seeded in 12-well plates (IWAKI) at a density of 5 × 10
5
 cells/well in 10% FBS 180 

medium. Following 24h of incubation, the monolayers were washed 3 times with PBS and the 181 
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cells were infected with 500 µL of 10-fold serial dilutions of the harvested supernatants. After an 182 

hour of incubation with continuous shaking, the monolayers were washed 3 times with PBS and 183 

overlayed with 3 mL of 2% Avicel


 PH-101 (Sigma-Aldrich) in medium with 2% FBS. After 4 184 

days at 37°C the monolayers were carefully washed 3 times with PBS, fixed with 70% ethanol 185 

and stained with methylene blue to visualize and count the plaque-forming units (pfu).  186 

A variant of this protocol was used for the other CHIKV strains as well as for the other 187 

alphaviruses. For these viruses, Vero E6 cells were seeded in 2.5% supplemented Foetal Calf 188 

Serum (FCS) medium. The next day, two-fold serial dilutions of the compounds were added to 189 

the cells (25 µL/well). Fifteen minutes later, 25 µL of a virus mix containing the appropriate 190 

amount of viral stock dilution in medium was added to the 96-well plates. Cells were cultivated 191 

for 2 days and viral RNA was isolated as was described previously. 192 

CHIKV quantitative reverse transcription-PCR (qRT-PCR) 193 

Viral RNA was isolated from 150 µL supernatant using the NucleoSpin RNA virus kit 194 

(Macherey-Nagel, Düren, Germany). Primers and probe sequences were as published before: 195 

ChikSII 5’-CCGACTCAACCATCCTGGAT-3’, ChikAsII 5’-196 

GGCAGACGCAGTGGTACTTCCT-3’, ChikProbe 5’-FAM-197 

TCCGACATCATCCTCCTTGCTGGC-TAMRA.
31

 One-step, quantitative RT-PCR was 198 

performed in a total volume of 25 µL, containing 13.94 µL H2O, 6.25 µL master mix 199 

(Eurogentec, Seraing, Belgium), 0.375 µL of 60 µM forward primer, 0.375 µL of 60 µM reverse 200 

primer, 1 µL of 10 µM probe, 0.0625 µL reverse transcriptase (Eurogentec) and 3 µL RNA 201 

sample. qRT-PCR was performed using the ABI 7500 Fast Real-Time PCR System (Applied 202 

Biosystems, Branchburg, NJ) using the following conditions: 30 min at 48
o
C and 10 min at 95

o
C, 203 

followed by 40 cycles of 15 s at 95
o
C and 1 min at 60

o
C. The data were analyzed using the ABI 204 

PRISM 7500 SDS software (version 1.3.1; Applied Biosystems). For absolute quantification, 205 
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standard curves were generated using 10-fold dilutions of a CHIKV cDNA. Alternatively, 206 

CHIKV LR2006_OPY1 and clinical isolates from Italy and Congo were quantified by real-time 207 

RT-PCR to determine viral RNA yield (SuperScript III Platinium one-step RT-PCR with Rox 208 

from Invitrogen), using Chik-F2 TGGAATGGCTGGTTAACAAGATAA, CHIK-R2 209 

CTCCGCGGACACCTAACG (except Congo strain: CHIK-R3 CTCCGCGGACACCTAWSG) 210 

and probe FAM-CTACTAAGAGAGTCACTTGGGTAG-MGB. Primers for amplification of 211 

other alphaviruses are shown in the Supplemental information.  212 

For absolute quantification, standard curves were generated using 100-fold dilutions of T7 213 

polymerase-generated RNA of known quantities for each virus. qRT-PCR was performed on a 214 

ABI 7900 HT Fast Real-Time PCR System, using 20 min at 50°C and 3 min at 95°C, followed by 215 

40 cycles of 15 s at 95
o
C and 1 min at 60

o
C. 216 

CCID50 determination by titration 217 

To quantify the infectious virus content in the virus samples harvested during the virus yield 218 

assay, 96-well microtitre plates were filled with 100 µL of assay medium. Next, 25 µL of the 219 

viral supernatant was added to six wells of the microtitre plate. Five-fold serial dilutions were 220 

prepared and 100 µL of Vero-A cell suspension (2.5 × 10
4
 cells/well) was added to the wells. 221 

Following 5 days of incubation at 37°C, the cells were examined microscopically for CHIKV-222 

induced CPE. A well was scored positive if any trace of virus-induced CPE were observed, as 223 

compared to uninfected controls. The 50% cell culture infective dose (CCID50) was calculated 224 

with the Reed and Muench method
35

, and is defined as the virus dose that is able to infect 50% of 225 

the cell cultures.  226 

Delay-of-treatment assay 227 

Vero-A cells were seeded in 96-well plates at a density of 5 × 10
4
 cells/well in assay medium and 228 

incubated overnight. Two hours prior to CHIKV infection, 50 µM of favipiravir or chloroquine 229 
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was added in 200 µL of assay media at the condition -2 hours. Subsequently, at time point 0, the 230 

medium of all wells was removed and the cells were infected with 0.1 MOI of CHIKV 899 231 

during 1 hour at 37°C. Next, 50 µM of favipiravir or chloroquine was added at 2, 4, 8 and 12 232 

hours after infection. Following 48h of incubation, supernatants were collected and RNA was 233 

isolated from 150 µL supernatant using the NucleoSpin RNA virus kit. Viral RNA was quantified 234 

by qRT-PCR as described above. 235 

Reversal of anti-CHIKV activity  236 

Vero-A cells were seeded in 96-well tissue culture plates at a density of 2.5 x 10
4
 cells/well in 237 

100 L assay medium and were allowed to adhere overnight. The following day, 2-fold dilution 238 

series of the nucleobases/nucleosides adenosine, guanosine, cytosine, thymine and uracil were 239 

added to the cells, starting at 764 M. Immediately after, 50 L of a favipiravir solution was 240 

added to each well, resulting in a final concentration of 127 M, a concentration sufficient to 241 

completely inhibit CHIKV replication in the absence of the added nucleobases/nucleosides. 242 

Subsequently, the cells were infected with CHIKV strain 899 at a MOI of 0.05. In the same test, 243 

multiplicates were included and at least two independent assays were performed. The effect of 244 

the nucleobases/nucleosides was assessed by MTS/PMS method as described before. In addition, 245 

all assays were checked microscopically for minor signs of CPE and possible adverse effects that 246 

may be induced by the nucleic acids/nucleosides.  247 

Selection, purification and adaptation of favipiravir-resistant virus isolates 248 

To select for favipiravir-resistant virus isolates, a 5-step protocol was designed. The detailed 249 

resistance selection protocol is available in the Supplemental information file. Briefly, the lowest 250 

concentration of favipiravir and the highest CHIKV 899 input, at which complete and 251 

reproducible inhibition of virus-induced CPE was observed, was determined. Next, three 96-well 252 
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plates with adherent Vero-A cells were infected with the previously-determined optimal virus 253 

dilution (1000 CCID50) in the presence of the optimal concentration of favipiravir (127 M). 254 

Following 7 days of incubation, supernatant of the 3 wells with the most pronounced signs of 255 

virus-induced CPE were collected. These samples, which are supposed to contain virus variants 256 

that are capable of replicating in the presence of an inhibitory concentration of favipiravir, were 257 

purified by titration in the presence of the same concentration of favipiravir. Three virus isolates 258 

(one from each original sample) that produced the most pronounced signs of CPE in the presence 259 

of favipiravir and at the lowest virus input were collected. After production of reference stocks of 260 

these selected and purified virus variants, the resistance phenotype was determined as described 261 

below. In parallel, the genotype was determined by full genome sequencing. The virus isolates 262 

obtained at this stage will be referred to as favipiravir_res isolates. To allow the virus to acquire 263 

additional mutations required for more efficient replication in the presence of favipiravir (and 264 

resulting in even more pronounced resistance), the three passage 0 virus isolates were further 265 

cultured in the presence of favipiravir (127 M for passage 1-5 and 159 M for passages 6 and 266 

7). These virus isolates will be referred to as favipiravir_res passage 7 (p7) isolates. Again, the 267 

resistance phenotype was determined, as well as the sequence of the full genome. 268 

Resistance and cross-resistance phenotyping 269 

Essentially, the protocol used to determine the resistant phenotype was identical to the ‘2-Step’ 270 

protocol described above. The resistance and cross-resistance phenotyping assays were 271 

standardized by using 100 CCID50 of virus inoculum (as described above) of the wild-type 272 

CHIKV 899 and of both the favipiravir_res as well as favipiravir_res_p7 virus isolates. 273 

Resistance was evaluated against favipiravir; T-1105 was included to evaluate cross-resistance 274 

effects.  275 



Mutation in CHIKV nsP4 reduces sensitivity to favipiravir 

 

Sequencing 276 

Eight overlapping PCR amplicons were generated from viral RNAs that were extracted from the 277 

wild-type CHIKV 899 strain, and from the favipiravir_res and favipiravir_res_p7 virus isolates. 278 

Amplicons were generated by the OneStep RT-PCR kit (Qiagen), were gel purified and 279 

sequenced (BigDye® Terminator v3.1 Cycle Sequencing Kit ABI) using primers listed in the 280 

Supplemental Information file (Table S1). The complete nucleotide sequences were assembled in 281 

ContigExpress (VNTI, Invitrogen) and the genomes of the resistant isolates were compared to the 282 

wild-type genome. Finally, BLAST analyses were performed for the sequences of interest (Blast 283 

2.2.26+,
36

). 284 

Metabolic labeling with [
3
H]-uridine, denaturing agarose electrophoresis, and in-gel 285 

hybridization  286 

Actinomycin D (ActD; Sigma-Aldrich) was added to a final concentration of 5 µg/mL to 2.8 x 287 

10
5
 CHIKV-infected or mock-infected Vero E6 cells in 12-well clusters at 5.5h p.i. At 6h p.i., 288 

viral RNA that was synthesized, was labeled by adding 40 µCi of [
3
H]uridine to the medium. At 289 

7h p.i., total RNA was isolated and separated in denaturing agarose gels as described
32

. 
3
H-290 

labeled RNA was visualized by fluorography. To correct for variations in loading, the gel was 291 

hybridized with a 
32

P-labeled oligonucleotide probe recognizing 18S ribosomal RNA. Detection 292 

of positive-sense strand CHIKV RNA by in-gel hybridization with a 
32

P-labeled probe 293 

complementary to the 3' end of the genome was done as described.
32

 
3
H-labeled RNA was 294 

quantified by direct scintillation counting of RNA samples and by densitometry of scanned films 295 

after fluorography of agarose gels. Hybridized gels were analyzed using PhosphorImager screens 296 

and a Typhoon 9410 imager (GE Healthcare), followed by quantification with Quantity One 297 

(Biorad). 298 

Reverse-engineering 299 



Mutation in CHIKV nsP4 reduces sensitivity to favipiravir 

 

Mutations were introduced in the infectious cDNA clones of CHIKV LS3 using the QuickChange 300 

mutagenesis kit (Agilent) according to the manufacturer’s instructions. The sequences of the used 301 

oligonucleotides are available upon request. The constructs were verified by sequencing using the 302 

BigDye Terminator Cycle Sequencing Kit v1.1 (Applied Biosystems) and a 3130 Genetic 303 

Analyzer automatic sequencer (Applied Biosystems). CHIKV was produced from these plasmids 304 

as described elsewhere.
32

 Briefly, RNA was transcribed using the AmpliScribe T7 high yield 305 

transcription kit (Epicenter), the m7GpppA RNA cap structure analogue (NEB), and 0.7 µg of 306 

linearized template DNA. After digestion of template DNA with DnaseI and precipitation with 307 

7.5 M LiCl (Ambion), the concentration of the in vitro transcribed RNA was determined with a 308 

NanoDrop spectrophotometer (Thermo Scientific) and its integrity was checked by agarose gel 309 

electrophoresis. BHK-21 cells were electroporated with in vitro transcribed RNA using the 310 

Amaxa Nucleofector according to the manufacturers’ instructions. Infectious CHIKV from the 311 

supernatant of transfected cells (P0) was used to grow working stocks (P1) of mutant viruses, 312 

which were used for further experiments. To confirm the presence of the introduced mutations 313 

(and absence of other mutations) viral RNA was extracted from virus stocks using the QIAamp 314 

Viral RNA Mini Kit (Qiagen). This RNA was used to generate four overlapping amplicons by 315 

reverse transcriptase PCR amplification which were used for sequencing. One-step growth curves 316 

were generated by infecting Vero E6 cells at an MOI of 3, after which the CHIKV titer in the 317 

medium was determined at various time points post-infection by plaque assay as previously 318 

described.
32

  319 

CHIKV mouse model 320 

Three groups of six-week old AG129 mice (B&K Universal Limited; n=6 per group) were used 321 

in this experiment.
37

 Animals in group 1 were treated with favipiravir 24 hours prior to infection. 322 

Animals in group 2 received treatment four hours after challenge and animals in group 3 received 323 
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mock treatment. All animals were treated twice a day with 300 mg/kg/day via oral gavage. 324 

Favipiravir was suspended in a sterile 0.4% sodium carboxymethyl cellulose solution as 325 

previously described.
25

 At time point 0, mice were challenged intraperitoneally with 100 TCID50 326 

of CHIKV strain S27. Mice were euthanized by cervical dislocation under isoflurane anesthesia 327 

when they reached humane end-points (immobility and paralysis), after which the brain was 328 

immediately collected for further processing. To quantify viral loads in the brain, half the brain 329 

was weighed and homogenized using a metal bead in 1 mL of DMEM containing antibiotics (100 330 

U penicillin, 100 µg/mL streptomycin) using a tissue homogenizer. The CHIKV S27 RNA load 331 

was quantified using a one-step RT-PCR TaqMan protocol (EZ-kit, Applied Biosystems) and an 332 

ABI PRISM 7500 detection instrument. The primers and probe used for CHIKV S27 RNA 333 

quantification were: forward primer AAGCTCCGCGTCCTTTACCAAG; reverse primer 334 

CCAAATTGTCCTGGTCTTCCT; probe FAM-CCAATGTCTTCAGCCTGGACACCTTT-335 

TAMRA. Results were expressed as TCID50 equivalents per gram of brain tissue. For this 336 

purpose, a log10 dilution of the virus stock was prepared, which was 10^9 TCID50/mL. Next, a 337 

reference line containing virus titer on the x-axis and Ct value on the y-axis was generated. The 338 

Ct value of the sample was then interpolated to estimate the TCID50 equivalents. All animal 339 

experiments have been conducted according to Dutch guidelines for animal experimentation and 340 

approved by the Animal Welfare Committee of the Erasmus Medical Center, Rotterdam, The 341 

Netherlands (protocol number DEC122-12-20). 342 
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RESULTS 343 

Favipiravir and T-1105 are selective inhibitors of the replication of CHIKV (and other 344 

alphaviruses)  345 

Favipiravir and its defluorinated analogue T-1105 (Figure 1) were evaluated in parallel with the 346 

reference compound chloroquine for their ability to inhibit cytopathic effects (CPE) induced by 347 

CHIKV laboratory-adapted strains and clinical isolates, as well as by the closely related viruses 348 

Sindbis virus (SINV) and Semliki forest virus (SFV). The antiviral (i.e. cell protective) effect was 349 

quantified by means of a colorimetric method [using different assay set-ups (‘1-Step’ versus ‘2-350 

Step’)] (Table 1) and was confirmed by microscopic inspection. At appropriate concentrations, 351 

favipiravir, T-1105 and chloroquine fully protected the cells from CHIKV-, SINV- or SFV-352 

induced CPE. T-1105 proved 2- to 5-fold more potent than favipiravir. At concentrations lower 353 

than 500 µM, favipiravir and T-1105 did not cause notable changes to cell or monolayer 354 

morphology (microscopic inspection) and in cell viability (as measured with an MTS assay).  355 

The antiviral effect of favipiravir and T-1105 was next validated by quantifying (1) the release of 356 

viral RNA by qRT-PCR and (2) the production of infectious progeny virus by plaque assay 357 

(Figure 2, Table 2). The EC50 values calculated from these dose-response curves were 358 

comparable to those of the CPE reduction assays (Tables 1 and 2). Both compounds also 359 

inhibited other lab-adapted strains and clinical isolates of CHIKV (with geographically different 360 

origins), as well as 7 other alphaviruses including both New and Old World pathogens (Table 2). 361 

Favipiravir inhibits CHIKV infection at the replication stage 362 

A delay-of-treatment experiment was performed with favipiravir and chloroquine to obtain an 363 

initial idea about the stage in the viral replication cycle at which favipiravir acts. Addition of 364 

favipiravir to the infected cultures resulted in almost complete inhibition of viral replication when 365 
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added at -2, 0 or 2 hours post-infection (Figure 3B). Further delay of treatment resulted in a 366 

gradual loss of antiviral activity and no antiviral effect was observed when the compound was 367 

added at 12h post-infection. These results, interpreted in the context of the production and release 368 

of progeny virus (Figure 3A, grey bars, measured as CHIKV RNA levels in the supernatant) and 369 

intracellular RNA replication (Figure 3A, white bars), suggest that favipiravir acts during the 370 

stage of viral RNA synthesis, which is consistent with the hypothesis that favipiravir targets the 371 

viral RdRp. In cells treated with chloroquine, viral RNA levels were 87% lower when the 372 

compound was added at -2 hours, and 32% lower when added at time point 0, as compared to 373 

untreated controls (Figure 3B). These results confirm that chloroquine primarily exerts its 374 

antiviral effect at an early stage of the CHIKV replication cycle.
14

 375 

To corroborate these observations, ³H-uridine labeling experiments were performed to assess the 376 

effect of favipiravir on CHIKV RNA synthesis. First, the virus was allowed to adsorb to cells for 377 

1 hour, after which the inoculum (MOI 5) was removed and favipiravir was added to the medium 378 

at various time points post-infection (p.i.), ultimately resulting in 1-6 h treatments. At 5.5 h p.i., 379 

actinomycin D was added to arrest cellular transcription and at 6 h p.i., ³H-uridine was added to 380 

the medium to selectively label newly-synthesized CHIKV RNA (Figure 4A). At 7 h p.i., cells 381 

were lysed and total RNA was isolated. Short favipiravir treatments, up to 4 h, hardly affected the 382 

accumulation of CHIKV RNA as detected by hybridization, while longer treatments of 5-6 h 383 

resulted in a 20-25% reduction of intracellular CHIKV RNA levels compared to untreated 384 

infected control cells (Figure 4B). However, CHIKV RNA synthesis, measured by quantification 385 

of 
3
H-uridine incorporation, was strongly reduced with increasing treatment times (which is in 386 

line with the observation that favipiravir must be converted to its triphosphorylated 387 

ribonucleoside) (Figure 4B). Treatment of CHIKV-infected cells with favipiravir for 6 h resulted 388 

in an approximately 80% reduction in the rate of viral RNA synthesis. A reduction in RNA 389 
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synthesis of ≥ 50% required a favipiravir treatment of at least 4 h. This also explains why only 390 

treatments longer than 4 h resulted in an antiviral effect (reduction of CHIKV RNA) (Figure 4B).  391 

To assess whether the inhibitory effect of favipiravir could be reversed by nucleosides, CHIKV-392 

infected cells were incubated in medium with 127 µM favipiravir and various concentrations of 393 

nucleosides, after which the antiviral effect of favipiravir was determined by CPE reduction 394 

assays. The purine nucleosides adenosine and guanosine were able to revert the antiviral activity 395 

of 127 µM favipiravir at concentrations between 764 - 24 M and 764 – 96 M respectively 396 

(Figure 5), with adenosine being more potent than guanosine. In contrast, addition of pyrimidines 397 

did not affect the antiviral activity of favipiravir on the replication of CHIKV. None of the 398 

nucleosides by itself inhibited CHIKV replication at any of the concentrations tested (data not 399 

shown). This competition experiment demonstrates that favipiravir acts as a purine nucleoside in 400 

CHIKV RNA replication. Similar data were obtained for influenza virus by Furuta and 401 

colleagues.
21

 402 

Favipiravir reduces CHIKV-induced disease in mice 403 

AG129 mice were infected with 100 TCID50 of CHIKV strain S27.
37

 Mice that received placebo 404 

treatment (PBS) developed severe signs of neurological infection on day 3 and day 4 post-405 

infection, and were euthanized at that time on humane grounds (Figure 6A, black markers). Only 406 

one of 6 infected animals that were treated orally twice daily with 300 mg/kg/day of favipiravir 407 

(starting either 24h before infection or 4h after infection) for 7 consecutive days, had to be 408 

euthanized due to severe clinical signs before day 7 (Figure 6A, grey and white markers). One 409 

other mouse (of the group with treatment start at 4h p.i.) had to be euthanized at day 10. All other 410 

mice remained healthy until day 14 (end of the experiment). Following euthanasia, brain tissue of 411 

the euthanized mice was collected to determine viral loads by qRT-PCR (Figure 6B). CHIKV 412 
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viral loads were 3.2 ± 0.1 and 2.3 ± 0.3 log10 TCID50 equivalents/gram brain lower for the mice 413 

that received treatment 24h prior to infection and 4h after infection, respectively, as compared to 414 

placebo controls. 415 

Favipiravir and T-1105 do not affect the specific infectivity of CHIKV 416 

Induction of error-prone replication was suggested as the mechanism by which favipiravir elicits 417 

its antiviral effect against influenza virus.
30

 To study whether favipiravir and its analogue T-1105 418 

inhibit CHIKV infection by inducing error-prone replication, the specific infectivity of CHIKV 419 

(strain 899), calculated as the ratio of infectious virus yield x 10
-3

 to the genome copy number, in 420 

the presence of favipiravir, T-1105 or chloroquine was determined (Figure 7). The calculated 421 

specific infectivity values were between 0.5-1.0 for all concentrations of the studied compounds. 422 

The decrease in infectivity upon treatment was proportional to the decrease in viral RNA content. 423 

In contrast, the specific infectivity of influenza virus was found to be more than 25-fold lower 424 

upon treatment with 10 µM favipiravir as compared to that of the untreated controls, while RNA 425 

copy numbers remained comparable, which suggests inhibition of virus replication through error 426 

catastrophe.
30

 Under the same conditions the specific infectivity ratio of CHIKV remained 1.0 ± 427 

0.06, suggesting that error catastrophe is not underlying the inhibitory effect of favipiravir in this 428 

case.   429 

Selection and characterization of favipiravir resistant CHIKV isolates 430 

By using the resistance selection protocol described in Supplemental information, three putative 431 

favipiravir-resistant virus pools were independently obtained from a heterogeneous wild-type 432 

(quasi-species) population of CHIKV (strain 899). These virus variants were designated 433 

favipiravir_res. Subsequently, each of these isolates were further cultured for 7 additional 434 

passages in the presence of 127 to 159 µM of favipiravir to allow the respective virus variants to 435 



Mutation in CHIKV nsP4 reduces sensitivity to favipiravir 

 

further adapt to replicate in the presence of the compound (designated favipiravir_res_p7). 436 

Overall, the favipiravir_res virus variants [clones 1-3] were slightly less susceptible to the 437 

antiviral effect of favipiravir, with a modest but significant shift in EC50 values (Table 3). Up to 438 

six mutations were observed in ORF 1, i.e. in nsP2, nsP3 and nsP4 (Table S2). By contrast, in 439 

ORF 2 that encodes the structural proteins, only silent mutations were detected (data not shown). 440 

Mutation K291R in nsP4 (encoding the RdRp) was the only mutation that was detected in all 441 

three of the favipiravir_res isolates. None of the respectively 149 or 382 sequences in the CHIKV 442 

or alphavirus BLAST analysis carried an arginine at position 291 in nsP4 (Table S2). Four of the 443 

other ORF1 mutations were also shown to be unique for the favipiravir-resistant CHIKV virus 444 

variants. Furthermore, T-1105 proved cross-resistant with favipiravir, since T-1105 also elicited 445 

reduced antiviral activity on the favipiravir-resistant isolates (2.5-fold). 446 

The EC50 values for the favipiravir_res_p7 isolates were 4.0- up to 9.6-fold higher than for WT 447 

(240 to 577 µM) (Table 3). In addition to the K291R mutation in nsP4, 4 additional mutations 448 

were now detected in the sequence of all three of the p7 virus isolates (Y543C in nsP2, and 449 

D31G, F345S and S471P in nsP3). Two of these mutations are unique for favipiravir-resistant 450 

CHIKV variants, as shown by the CHIKV BLAST analysis (Table S2). A number of other 451 

mutations were identified in one or two isolates as well as reversions to wild-type (K150R & 452 

W524Opal). The fitness of the favipiravir_res_p7 virus variants was similar or slightly (5-10 453 

fold) lower than that of wild-type virus (calculated as TCID50/ml values, data not shown). Based 454 

on the resistant phenotype and genotype information of the favipiravir_res and the 455 

favipiravir_res_p7 virus variants, strong evidence is thus obtained that in particular the nsP4 456 

K291R mutation is the key candidate to be linked to the observed phenotypic resistance against 457 

favipiravir, as it is the only mutation that is present in the genome of all favipiravir-resistant 458 

CHIKV isolates.  459 
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The K291R mutation in nsP4 confers resistance to favipiravir and T-1105 460 

Because of the large number of mutations that were identified in the compound-resistant virus 461 

variants, only the mutations that were shared by multiple variants and that are not observed at a 462 

high frequency in natural CHIKV strains were selected for further analysis. These mutations were 463 

reverse-engineered into an infectious CHIKV clone and the favipiravir and T-1105 susceptibility 464 

of the resulting recombinant viruses was determined. Since an infectious clone of CHIKV strain 465 

899 is not available, the reverse genetics system of CHIKV strain LS3 was used,
32

 which also 466 

allowed the analysis of the mutations in an independent genetic background.  467 

Alignment of polymerase sequences of different viruses showed that Lys-291 is located in motif 468 

F1 of the nsP4 protein of the alphavirus RNA-dependent RNA polymerase, but, interestingly, 469 

also in that of other +ssRNA viruses [i.e. alphaviruses (CHIKV, SFV, SINV), Flaviviridae 470 

(HCV, West Nile virus), noroviruses (murine norovirus) and picornaviruses (poliovirus)] (Figure 471 

9). This motif is believed to be involved in the binding and positioning of the incoming 472 

nucleotide substrate.
38

 Therefore, the nsP4 K291R mutation was considered as prime candidate to 473 

investigate the link between genotype and phenotypic resistance. In addition, several other 474 

mutants were engineered (Fig. 8).  475 

The reverse-engineered nsP4_K291R virus mutant was ~1.6-fold less susceptible to the antiviral 476 

effect of favipiravir and 1.8-fold less to that of T-1105 (Figure 8A), a statistically significant shift 477 

in EC50 that is comparable to what was observed for the favipiravir_res virus isolates of CHIKV 478 

strain 899 (Table 3). In contrast, the nsP3_Opal524W and the nsP2_K49R_E622G mutations did 479 

not increase resistance to the antiviral effect of favipiravir and T-1105. Virus derived from a 480 

reverse engineered clone that carried all 4 of the identified mutations 481 

(LS3_res_nsP2_K49R_E622G_nsP3_Opal524W_nsP4_K291R) was 3.8-fold more resistant to 482 

favipiravir than wild-type CHIKV LS3 (Figure 8A). Analysis of the contribution to resistance of 483 
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the additional mutations that were acquired during the passaging of the initial favipiravir_res 484 

variants in the presence of increasing favipiravir concentrations is currently ongoing. 485 

Interestingly, when the nsP4_ K291R mutant was passaged in absence of antiviral pressure, the 486 

mutant virus acquired the nsP2_Y543C mutation, a mutation that is also present in the viral 487 

genome of all three clones of favipiravir_res_p7 (cf. supra, Table S2). 488 

Comparison of the growth curves of wild-type CHIKV and the reverse-engineered mutants 489 

revealed that the K291R mutation in nsP4 (in the absence of favipiravir) negatively affected 490 

replication kinetics (Figure 8B, black squares vs. black circles). The triple mutant virus (with the 491 

nsP2 and nsP4 mutations) also exhibited a reduced growth rate compared to wild-type virus 492 

(Figure 8B, black squares vs. open circles). The nsP3_Opal524W mutant as well as the mutants 493 

in which the nsP4 mutation was combined with either the nsP3_Opal mutation (double mutant), 494 

the nsP2 mutations (triple mutant), or a combination of all of these mutations (quadruple mutant) 495 

had replication rates that were only slightly lower than that of wild-type virus. These results, 496 

together with the evaluation of the resistance phenotype, suggest that the mutations in nsP2 and 497 

nsP3 have been acquired to compensate for a negative effect of the nsP4 mutation on viral 498 

replication fitness (at least in the absence of compound).     499 
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DISCUSSION 500 

Highly efficient antivirals and combinations thereof are available today for the treatment of 501 

infections with herpesviruses, human immunodeficiency virus and hepatitis B virus. For hepatitis 502 

C virus and influenza virus, novel antivirals have been recently approved or are currently in 503 

clinical development. Besides a number of neuraminidase inhibitors, the most advanced anti-504 

influenza drug (currently in phase 2/3 clinical studies) is favipiravir (T-705). Yet, antiviral drugs 505 

are not available for the treatment of infections with many other, often emerging and/or neglected 506 

RNA viruses that pose a serious threat to human health. It is also expected that novel, potentially 507 

highly pathogenic viruses will continue to emerge in the future. As it may not be economically 508 

feasible to develop specific antivirals for each individual pathogen, the development of broad-509 

spectrum anti-RNA virus drugs/strategies is urgently awaited. Besides being active against 510 

influenza, favipiravir has also been shown to inhibit the replication of various other RNA virus 511 

families [including bunyaviruses,
24

 arenaviruses,
24

 flaviviruses (yellow fever and West Nile 512 

virus),
22,25

 alphaviruses (Western equine encephalitis virus),
26

 and norovirus
27

]. We here 513 

demonstrate that favipiravir and its defluorinated analogue T-1105 inhibit the replication of (i) 514 

different lab strains and clinical isolates of CHIKV and (ii) all other alphaviruses tested [SINV, 515 

SFV, O’Nyong Nyong virus, Mayaro virus, Ross River virus, Venezuelan equine encephalitis 516 

virus, Western equine encephalitis virus, Eastern equine encephalitis virus, Barmah Forest virus]. 517 

Treatment of CHIKV-infected AG129 mice with favipiravir decreased mortality with more than 518 

50% and protected the animals from severe neurological disease. The broad-spectrum anti-519 

alphavirus activity of a molecule such as favipiravir, which is in advanced clinical development 520 

for another indication (flu), and its activity in a lethal mouse model of CHIKV infection suggest 521 

that favipiravir may have potential for the treatment of CHIKV infections, as well as infections 522 

with other alphaviruses. 523 



Mutation in CHIKV nsP4 reduces sensitivity to favipiravir 

 

Little is known about the precise molecular mechanism by which favipiravir inhibits the 524 

replication of RNA viruses. In particular, it is not known how it interacts with the viral target 525 

protein(s). Delayed-time-of-treatment experiments suggested that favipiravir inhibits CHIKV 526 

infection at a stage that coincides with the onset of viral RNA synthesis and ³H-uridine labeling 527 

experiments confirmed that favipiravir inhibits CHIKV RNA synthesis. Favipiravir needs to be 528 

present in the infected cultures for at least 4 hours to have a pronounced antiviral effect (Figure 529 

4). This is in line with the observation that favipiravir needs to be metabolized into its active 530 

metabolite favipiravir-RTP, which requires several hours to reach an effective concentration.
21, 39

 531 

Furthermore, the anti-CHIKV activity of favipiravir could be reversed by adenosine and 532 

guanosine, but not by pyrimidines (Figure 5), thereby extending the results obtained with 533 

influenza virus.
21

 534 

Recently, a favipiravir-induced increase in the error-rate of replication was put forward as the 535 

mechanism by which the compound exerts its anti-influenza virus activity.
30

 Inhibition of virus 536 

replication by inducing lethal mutagenesis has also been suggested for ribavirin and 5-537 

fluorouracil.
40

 The incorporation of such compounds into the growing viral RNA chain by the 538 

RdRp was suggested to result in hypermutation by ambiguous base pairing. In the end, this 539 

results into a “collapse” of the viability of the virus population.
41

 For influenza, it was shown 540 

that, upon favipiravir treatment, the reduction of viral infectivity in vitro was disproportionately 541 

larger than the decrease in viral RNA titers.
30

 Here, we show that the decrease in CHIKV RNA 542 

titers by favipiravir correlates with a decrease in infectivity, which suggests that an increase in 543 

error-rate of replication is probably not a key mechanism of the anti-CHIKV activity of the 544 

molecule.  545 

To obtain more insight in its mode of action, obtaining favipiravir-resistant virus variants is of 546 

crucial importance. To the best of our knowledge, favipiravir-resistant variants have not been 547 
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obtained so far for any of the viruses that are susceptible to favipiravir, despite several efforts.
22, 

548 

30
 We here report that favipiravir-resistant CHIKV variants were obtained, which all carry a 549 

K291R mutation in the RdRp nsP4. Introduction of this mutation in an infectious CHIKV clone 550 

corroborated the link between the nsP4_K291R mutation and the favipiravir/T-1105-resistant 551 

phenotype and proved that this mutation is key to the low-level resistance to favipiravir. Reverse 552 

genetics furthermore showed that the nsP2 (K49R and E622G) and nsP3 (Opal524W) mutations, 553 

which were also found in favipiravir-resistant CHIKV variants, did not result in phenotypic 554 

resistance to favipiravir. The growth curves of these mutant viruses suggested that these 555 

mutations probably compensate for detrimental effects of the nsP4_K291R mutation in the 556 

absence of the antiviral compound (Figure 8B). Studies to better understand the interactions of 557 

nsP4 with nsP2 and nsP3, and the contribution of other unique mutations that were identified in 558 

the favipiravir-resistant virus variants are ongoing.  559 

The lysine at position 291 is located in a region of nsP4 that has a very high degree of 560 

conservation among alphaviruses (Table S2). By alignment of polymerase sequences of different 561 

+ssRNA viruses, all motifs (A to F) were also delineated in the RdRp of CHIKV (Figure 9). In 562 

motif F, ‘sub’motif F1 could also be clearly delineated.
42

 Lys-291 is located in this ‘sub’motif F1, 563 

which is believed to be involved in the binding and positioning of the incoming nucleotide 564 

substrate.
38

 Furthermore, Lys-291 proves to be strictly conserved in the polymerases of all 565 

+ssRNA viruses (of different virus families) that were included in our analysis, which may 566 

provide an explanation for the broad-spectrum antiviral activity of favipiravir (at least for 567 

+ssRNA viruses).  568 

The structural impact of an arginine residue at position 291 on the potential interaction with 569 

favipiravir-RTP was explored by modeling, since a crystal structure for the CHIKV RdRp is 570 

unavailable (Figure S1). To this end, a CHIKV RdRp homology model was superimposed on the 571 
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structure of the Norwalk virus (NWV) polymerase containing an RNA template/primer with 572 

entering cytosine triphosphate (CTP).
43-45

 The structure of favipiravir was superimposed onto the 573 

cytosine base of CTP bound in the active site of the NWV polymerase structure using Quatfit. 574 

The favipiravir base was entered in the anti-conformation. However, this way, it clashed with the 575 

pairing template G nucleotide; only C and U nucleotides in the template strand produced 576 

matching hydrogen bonds with favipiravir.
28

 Therefore G in the template was replaced by C, 577 

allowing favipiravir-RTP to incorporate opposite of a cytidine in the growing RNA chain, as is 578 

also suggested by the performed nucleoside competition experiments (Figure 5). Lys-291 579 

(corresponding with Lys-166 in NWV) showed no specific interactions with favipiravir-RTP. To 580 

investigate the effect of the K291R mutation, an arginine was introduced at this position in the 581 

model (residue number 141 in the homology structure).
46

 The charged arginine side chain 582 

occupies a space closer to the favipiravir-RTP inhibitor than the original Lys-291 (Figure S1). 583 

However, no specific interaction or steric repulsion is observed between K291R and favipiravir-584 

RTP, making it difficult to propose a satisfactory explanation for the effect of the K291R 585 

mutation on resistance to favipiravir based on this model. 586 

In conclusion, we here demonstrate that favipiravir exerts broad-spectrum anti-alphavirus activity 587 

and provides protection in a lethal CHIKV infection mouse model. Moreover, we describe for the 588 

first time the generation of a favipiravir-resistant virus and confirm the link between a mutant 589 

genotype and phenotypic resistance to favipiravir. The K291R mutation in CHIKV nsP4 was 590 

demonstrated to be the key mutation that is responsible for the low-level resistance of the virus to 591 

favipiravir and its analogue T-1105. Interestingly, the lysine at position 291 of the CHIKV nsP4 592 

is highly conserved in the polymerases of other +ssRNA viruses, which may provide an 593 

explanation for the broad-spectrum antiviral activity of favipiravir and the high barrier-to-594 

resistance. Once approved for the treatment of influenza virus infections, favipiravir may possibly 595 



Mutation in CHIKV nsP4 reduces sensitivity to favipiravir 

 

be used off-label for the treatment of alpha- and other RNA virus infections. Importantly, deeper 596 

insights in the precise molecular mechanism of action of favipiravir may be key to design novel 597 

molecules that target the same position in the viral polymerase. This may pave the way for the 598 

much needed development of potent inhibitors of a broad spectrum of RNA viruses. 599 
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 TABLES 719 

Table 1. Effect of favipiravir (T-705), T-1105 and chloroquine on chikungunya, Semliki 720 

forest and Sindbis virus-induced cytopathic effect. 721 

               EC50 (µM) 

Virus species Strain Favipiravir T-1105 Chloroquine 

CHIKV 

Indian Ocean 899 (lab) 
25 ± 3

a
 

60 ± 10
b
 

7.0 ± 1
a
 

47 ± 12
b
 

11 ± 7
a, c

 

28 ± 1
b, c

 

LR2006-OPY1 (lab) 
25 ± 1 (MOI 0.1)

b
 

48 ± 2 (MOI 1)
b
 

ND ND 

Italy 2008 (clinical) 
16 ± 6 (MOI 0.1)

b
 

48 ± 1 (MOI 1)
b
 

ND ND 

SFV Vietnam (lab) 
29 ± 14

a
 

48 ± 10
b
 

6.2 ± 0.4
a
 

32 ± 4
b
 

14 ± 2
a
 

69 ± 1
b
 

SINV HRsp (lab) 
37 ± 6

a
 

28 ± 6
b
 

17 ± 2
a
 

23 ± 7
b
 

11 ± 2
a
 

30 ± 5
b
 

 722 

a
 ‘1-Step’ protocol, 

b
 ‘2-Step’ protocol (see Materials and Methods),

 c
 previously published in 723 

[30].  724 

ND = not determined; MOI = multiplicity of infection; chikungunya virus (CHIKV); Semliki 725 

forest virus (SFV); Sindbis virus (SINV). CC50 values are >636, > 571 and 89 ± 28 µM for 726 

favipiravir, T-1105 and chloroquine, respectively.  727 
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Table 2. Effect of favipiravir (T-705), T-1105 and chloroquine on the replication of a panel of 728 

alphaviruses. 729 

 

Virus species 

 

Strain 

         EC50 (µM) 

Favipiravir T-1105 

CHIKV 

Indian Ocean 899 (lab) 

5.9 ± 3.3
a 

4.7 ± 1.5
b
 

2.8 ± 0.3
a 

0.7 ± 0.07
b
 

LR2006-OPY1 (lab) 9.8 ± 0.1
b
 7.3 ± 0.8

b
 

Venturini (Italy 2008) 12 ± 0.3
b
 13 ± 2.9

b
 

Bianchi (Italy 2008) 6.1 ± 0.1
b
 11 ± 4.5

b
 

Congo 95 (2011) 1.9 ± 1.1
b
 1.6 ± 0.3

b
 

ONNV IPD A234 9.7 ± 3.8
b
 4.9 ± 1.4

b
 

Mayaro NCPV TC652 16 ± 1.2
b
 11 ± 1.4

b
 

RRV NCPV 5281v 3.5 ± 0.5
b
 3.0 ± 1.0

b
 

VEEV TC83 11 ± 4.3
b
 13 ± 2.9

b
 

WEEV 47a 7.5 ± 1.8
b
 12 ± 4.0

b
 

EEEV H178/99 18 ± 1.7
b
 25 ± 1.9

b
 

BFV BH2193 18 ± 5.5
b
 5.4 ± 4.4

b
 

  730 

a
 determined by plaque assay, 

b
 determined by RT-qPCR.  731 

ND = not determined; O’Nyong Nyong virus (ONNV); Ross River virus (RRV); Venezuelan equine 732 

encephalitis virus (VEEV); Western equine encephalitis virus (WEEV); Eastern equine encephalitis virus 733 

(EEEV); Barmah Forest virus (BFV). 734 
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Table 3. Antiviral phenotype of favipiravir-resistant CHIKV isolates. 735 

 736 

 737 

 738 
Averages and standard deviations were calculated from data obtained from at least 6 independent 739 

antiviral experiments.  740 

FR= fold resistance; NA= not applicable; c1, c2 and c3 are the enriched/purified virus isolates 741 

that were obtained independently. 742 

  
Favipiravir T-1105 

EC50 (µM) FR EC50 (µM) FR 

Wild-type  60 ± 10 NA 47 ± 12 NA 

Favipiravir_res c1 116 ± 10 1.9 109 ± 11 2.3 

 c2 82 ± 15 1.4 75 ± 4 1.6 

 c3 175 ± 10 2.9 170 ± 12 3.6 

Favipiravir_res_p7 c1 577 ± 52 9.6 306 ± 3 6.5 

 c2 240 ± 1 4.0 318 ± 4 6.8 

 c3 295 ± 31 4.9 306 ± 15 6.5 
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FIGURE LEGENDS  743 

Figure 1. Structural formulae of (A) favipiravir (T-705) and (B) T-1105. 744 

Figure 2. Validation of the antiviral effect of favipiravir, T-1105, and chloroquine on 745 

CHIKV replication.  746 

Dose-response effects of favipiravir, T-1105 and chloroquine on CHIKV replication (MOI = 747 

0.01) as quantified by real-time RT-qPCR (A) and by plaque assay (B) at 48h post infection. Data 748 

shown are mean values ± SD of at least three independent experiments. 749 

Figure 3. Favipiravir inhibits CHIKV at the RNA replication stage. 750 

A. Replication kinetics of CHIKV in Vero cells. Vero cells were infected with CHIKV 899 at a 751 

MOI of 0.1. Following 1h of infection, the inoculum was removed and cells were washed twice 752 

with medium. At various time points post infection, intracellular RNA and extracellular RNA 753 

was isolated and the CHIKV RNA levels were quantified using qRT-PCR assay. B. Comparison 754 

of the delay-of-treatment effect of favipiravir and chloroquine on intracellular viral RNA 755 

replication in CHIKV-infected Vero cells (MOI = 0.1) as quantified by qRT-PCR. Data shown 756 

are mean values ± SD of at least three independent experiments. 757 

Figure 4. Favipiravir is an inhibitor of CHIKV RNA synthesis. 758 

A. CHIKV-infected cells (MOI of 5) were not treated or treated with favipiravir for 1 to 6 hours 759 

as schematically depicted. At 5.5h p.i., cellular transcription was inhibited with actinomycin D, 760 

followed by specific labeling of CHIKV RNA synthesis with 
3
H-uridine for 1 hour starting at 6h 761 

post infection. Uninfected cultures were included to demonstrate the specificity of the metabolic 762 

labeling for viral RNA synthesis. B. Quantification of the total amount of CHIKV RNA and 763 



Mutation in CHIKV nsP4 reduces sensitivity to favipiravir 

 

CHIKV RNA synthesis activity at 7h p.i. in cells treated with favipiravir for the duration 764 

indicated on the x-axis, and compared to the values of untreated infected control cells (100%). 765 

Figure 5. Reversal of anti-CHIKV activity of favipiravir by nucleosides. 766 

The nucleosides adenosine, guanosine, cytosine, thymine and uracil were added to CHIKV-767 

infected Vero cells at concentrations between 2.9 and 764 M in the presence of 127 µM of 768 

favipiravir. The effect of the nucleosides on the anti-CHIKV activity of favipiravir was assessed 769 

by measuring CPE reduction (MTS/PMS method). Data shown are mean values ± SD of 770 

multiplicates from at least two independent experiments. 771 

Figure 6. Effect of oral favipiravir treatment on CHIKV-induced disease in AG129 mice. 772 

A. Survival curves of mice (6 per group) that were infected with 100 TCID50 of CHIKV strain 773 

S27 and that received placebo treatment with PBS twice daily (control), that received the first 774 

oral dosing of a 7-day 300 mg/kg/day twice daily treatment schedule with favipiravir starting 4h 775 

after infection (post), that received the first oral dosing of a 7-day 300 mg/kg/day twice daily 776 

treatment schedule with favipiravir starting 24h prior to infection (pre). The animals were treated 777 

for 7 days and were kept for another 7 days for additional observation. B. Average viral titers in 778 

the brain of mice in the control group and those treated with favipiravir, expressed as log10TCID50 779 

equivalents per gram of brain tissue. Mice were euthanized when they reached humane end-780 

points (immobility and paralysis), after which the brain was immediately collected.  781 

Figure 7. Specific infectivity of CHIKV following treatment with various concentrations of 782 

favipiravir, T-1105, and chloroquine. 783 

Specific infectivity of CHIKV in samples from cells treated with favipiravir, T-1105 or 784 

chloroquine and normalized to that of untreated control samples (1.0) as described.
30

 785 
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Figure 8. Favipiravir and T-1105 resistance phenotypes of selected reverse-engineered 786 

CHIKV mutants. 787 

A. Average EC50 values ± SD of favipiravir (white bars) and T-1105 (grey bars) on a panel of 788 

reverse-engineered CHIKV mutants were calculated from data obtained from at least 2 789 

independent antiviral experiments. FR= fold resistance. P values reaching statistical significance 790 

(calculated with the unpaired student’s test) are marked on the graph for favipiravir only; similar 791 

results were obtained with T-1105. * = p<0.05; ** = p<0.01, *** = p<0.005, ****= p<0.001. 792 

Double mutant = nsP3_Opal524W_nsP4_K291R; triple mutant = nsP2_K49R_E622G_ 793 

nsP4_K291R, quadruple mutant = nsP2_K49R_E622G_ nsP3_Opal524W_nsP4_K291R. B. 794 

Growth curves of the parent CHIKV LS3 and the reverse-engineered mutant viruses. Vero E6 795 

cells were infected with an MOI of 3 and viral progeny titers in the supernatant were determined 796 

at various time points post-infection. Data points represent the mean ± SD of two independent 797 

experiments. 798 

Figure 9. Sequence alignment of the RNA-dependent RNA polymerases of representative 799 

alphaviruses (CHIKV, SFV, SINV), Flaviviridae (HCV, WNV), murine norovirus (MNV) 800 

and poliovirus (PV). 801 

Multiple alignment of RdRp sequences of CHIKV strain 899 (ACV88658.1), SFV 802 

(NP_740668.1), SINV (NP_740669.1), HCV (CAB46913.1), WNV (2HCN_A), MNV 803 

(3NAH_C) and poliovirus (AAV87643.1) using the PROMALS server 804 

(http://prodata.swmed.edu/promals).
47

 The first line in each block shows conservation indices for 805 

positions with a conservation index above 5. Strictly conserved residues are highlighted in 806 

yellow. The residues corresponding to Lys-291 in CHIKV are highlighted in blue. Conserved 807 

polymerase motifs are indicated by black boxes. Each sequence is colored according to PSIPRED 808 
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secondary structure predictions (red: alpha-helix, blue: beta-strand).
48

 The consensus predicted 809 

secondary structure is shown in the last line of each block. If the fraction of helix or strand 810 

predictions among representative sequences in a position is larger than 0.5, the consensus letter is 811 

"h" or "e", respectively. 812 
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Figure 2.  815 
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Figure 3.  817 
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Figure 4.  819 

 820 



Mutation in CHIKV nsP4 reduces sensitivity to favipiravir 

 

Figure 5.  821 
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Figure 6. 823 
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Figure 7.  825 
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Figure 8.  827 
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B. 830 
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Figure 9.  832 
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