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      Abstract

      
    

  
      Lethal mutagenesis has emerged as a novel potential therapeutic approach to treat viral infections. Several studies have demonstrated that increases in the high mutation rates inherent to RNA viruses lead to viral extinction in cell culture, but evidence during infections in vivo is limited. In this study, we show that the broad-range antiviral nucleoside favipiravir reduces viral load in vivo by exerting antiviral mutagenesis in a mouse model for norovirus infection. Increased mutation frequencies were observed in samples from treated mice and were accompanied with lower or in some cases undetectable levels of infectious virus in faeces and tissues. Viral RNA isolated from treated animals showed reduced infectivity, a feature of populations approaching extinction during antiviral mutagenesis. These results suggest that favipiravir can induce norovirus mutagenesis in vivo, which in some cases leads to virus extinction, providing a proof-of-principle for the use of favipiravir derivatives or mutagenic nucleosides in the clinical treatment of noroviruses.





      
          
        https://doi.org/10.7554/eLife.03679.001
          
      

  





                
                    

    
      eLife digest

      
    

  
      Viruses can infect, take control of and replicate themselves inside the living cells of other organisms. Some viral diseases can be treated with antiviral drugs, which stop viral infections either by making it more difficult for viruses to enter cells or by preventing the virus replicating once inside. As antiviral drugs are currently only available to treat a handful of viral infections, efforts are underway to develop and test experimental antiviral drugs.

One such experimental drug is called favipiravir, which is proving to be effective against several viruses that store their genetic information in the form of RNA molecules. These viruses include those that cause diseases such as influenza, gastroenteritis, and Ebola. Along with ongoing work determining how safe and effective favipiravir is for treating viral infections, researchers are also attempting to better understand how favipiravir works.

Whenever a strand of RNA is copied to allow a new virus to form, there is a risk that mistakes—or mutations—that could harm the virus are introduced into the genetic code. Previous experiments performed on cells grown in the laboratory suggested that favipiravir works against RNA viruses by increasing how often these mutations occur. RNA viruses naturally experience a large number of mutations and the ability to make mutations is in fact a benefit for viruses as it allows them to evolve rapidly and to escape immune responses. However, there is a limit to how many mutations can be tolerated in the viral genome before it can no longer replicate. Therefore, a slight increase in how often mutations occur—as thought to be caused by favipiravir—is able to stop the RNA virus replicating and halt the infection. However, favipiravir's mode of action had yet to be confirmed in living animals.

Using mice, Arias et al. tested favipiravir's ability to treat a persistent infection by norovirus—the most common cause of viral gastroenteritis in humans and also responsible for life-threatening chronic diarrhoea in immunodeficient patients. Treatment increased the number of mutations that occurred when the viral RNA replicated and could reduce the amount of virus in the mice to undetectable levels. In addition, favipiravir did not show toxicity in mice after 8 weeks of treatment. This suggests that favipiravir has the potential to be used safely and effectively to treat norovirus and other RNA viruses, although further studies are required before it can be developed into a clinical treatment.
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      Introduction

      
    

  
      Due to elevated error frequencies during the replication of their genetic material, RNA virus populations exist as complex distributions of mutant genomes also known as quasispecies (Domingo et al., 2012). Genetic variability confers viral populations the flexibility to rapidly adapt to the environment, typically the host, and respond to different selective constraints such as the immune system or antiviral compounds (Domingo et al., 2008). As a consequence, changes in the replication fidelity of a virus can affect its virulence and transmission during natural infections (Pfeiffer and Kirkegaard, 2005; Vignuzzi et al., 2006; Bull et al., 2010). Recent evidence suggests that RNA virus replication error rates are finely balanced to generate ample diversity while maintaining sufficient accuracy in the transmission of genetic information (Pfeiffer and Kirkegaard, 2005; Vignuzzi et al., 2006; Levi et al., 2010; Gnädig et al., 2012; Sanz-Ramos et al., 2012; Rozen-Gagnon et al., 2014). Pioneering theoretical studies on self-replicating genomes suggested that any live organism has a maximum error rate tolerated to copy its genome. Given their elevated mutation rates, it was anticipated that RNA viruses exist close to their corresponding tolerated threshold (Swetina and Schuster, 1982; Domingo, 2000; Eigen, 2002). Hence, slight increases in virus mutation frequencies might result in the extinction of the replicating population (Eigen, 2002; Domingo et al., 2010). These predictions led to the proposal of lethal mutagenesis of viruses as a new therapeutic approach based on reducing the fidelity of genome replication.

Several nucleoside analogues (i.e., ribavirin, 5-fluorouracil, 5-azacytidine) and non-nucleoside compounds (amiloride) display antiviral activities in cell culture against a wide range of RNA viruses and appear to act via increased mutagenesis (Loeb et al., 1999; Crotty et al., 2000; Sierra et al., 2000; Grande-Pérez et al., 2002; Dapp et al., 2009). Increased mutation frequencies are accompanied with decreased virus progeny, infectivity and fitness, leading in some cases to the complete extinction of the virus population (Domingo et al., 2012).

Despite all the evidence in cell culture, data confirming lethal mutagenesis as a plausible therapeutic approach in vivo remains limited. Although some of the antiviral compounds with mutagenic activity in cell culture are also reported to have antiviral activity in vivo, controversy exists regarding the therapeutic mechanism. To date, the most successful antiviral compound with mutagenic activity in cell culture is purine analogue ribavirin (Crotty et al., 2000; Maag et al., 2001; Brochot et al., 2007; Perales et al., 2009; Moreno et al., 2011). Ribavirin is commonly used in combination with pegylated interferon in the treatment of hepatitis C virus (HCV) infections. There are contradictory results on whether the mode of action of ribavirin on HCV in vivo is due to mutagenesis, immunomodulatory activities, or other antiviral mechanisms (Graci and Cameron, 2006; Chevaliez et al., 2007; Lutchman et al., 2007; Perelson and Layden, 2007; Chung et al., 2013; Dietz et al., 2013). Although increased HCV mutation frequencies have been reported in several cases (Asahina et al., 2005; Dietz et al., 2013), some studies have not found increased mutagenesis as a factor contributing to the associated antiviral activity (Chevaliez et al., 2007; Lutchman et al., 2007). Therefore there remains an open question as to whether or not ribavirin-mediated antiviral activity in vivo is as a result of mutagenesis or one of the other reported mechanisms (Graci and Cameron, 2006; Chevaliez et al., 2007). Hence, further investigations are needed to demonstrate that lethal mutagenesis is a conceivable approach for the general treatment of RNA virus infections in vivo.

Several novel compounds eliciting antiviral mutagenesis in cell culture were recently identified (Levi et al., 2010; Mullins et al., 2011; Baranovich et al., 2013; Dapp et al., 2014). Among them, favipiravir is a novel broad spectrum nucleoside analogue which is effective in the control of a vast number of RNA viruses in vivo (Gowen et al., 2007; Furuta et al., 2009; Mendenhall et al., 2011; Baranovich et al., 2013; Caroline et al., 2014; Oestereich et al., 2014; Smither et al., 2014), although its therapeutic mechanism of action is still under study. Favipiravir was initially identified as an antiviral compound for the treatment of influenza virus infection (Furuta et al., 2002; Sidwell et al., 2007) whose activity correlates with increased mutagenesis in cell culture (Baranovich et al., 2013). A recent study demonstrated that favipiravir-triphosphate can be used as a substrate by the virus polymerase and incorporated ambiguously into RNA opposite C and U in the template molecule (Jin et al., 2013).

With the aim of demonstrating lethal mutagenesis as a conceivable approach to treat viral infections in vivo, we investigated whether ribavirin and favipiravir elicit antiviral activities in a mouse model of persistent norovirus infection. Favipiravir caused significant decreases in virus titres and viral RNA levels and led to the clearance of infectious virus in the faeces of seven out of nine animals (only two out of ten animals did not shed detectable infectious virus in control group). Blind passaging of faecal and tissue samples in cell culture confirmed that favipiravir treatment led to viral extinction in some animals. In contrast, ribavirin showed limited efficacy in vivo which correlated with lower antiviral activity in cell culture when compared to favipiravir. Favipiravir antiviral activity in vivo was associated with a significant increase in viral mutation frequencies. Viral RNA isolated from faeces of treated animals showed decreased specific infectivity, and infectious virus from faeces showed decreased fitness in tissue culture. These data suggest that favipiravir causes increased mutagenesis leading to decreased infectivity and fitness of viral genomes, both features of viral populations approaching extinction during mutagenesis. These results constitute a proof of concept for lethal mutagenesis in vivo and support antiviral therapies based on mutagenic compounds at the clinical level. The data also support the use of favipiravir in the treatment of norovirus infections for which there are not yet licenced antivirals or vaccines available and highlight a need for further studies on favipiravir and other improved derivatives as possible broad-range antiviral strategies.






  





                
                    

    
      Results

      
    

  
      

    
      Ribavirin and favipiravir inhibit norovirus replication in cell culture

      
    

  
      To investigate whether ribavirin and favipiravir elicit any antiviral activity on norovirus replication, we employed two different murine norovirus (MNV) strains, MNV-1 and MNV-3. MNV-1 was the first MNV strain isolated as the causative agent of a fatal infection in Stat1−/− mice (Karst et al., 2003). Later studies identified many other MNV strains, including MNV-3, wide spread in different mice laboratory colonies (Hsu et al., 2006; Thackray et al., 2007; Barron et al., 2011). MNV is used as a model to study norovirus replication and pathogenesis and has facilitated a better understanding of the norovirus life cycle (Wobus et al., 2006). MNV-1 efficiently replicates in cell culture although it shows limited virulence in wild-type mice. In contrast, MNV-3 typically produces lower yields in tissue culture, yet establishes long-term persistent infections in wild-type mice, being detected for at least 8 months after inoculation (Arias et al., 2012a; McFadden et al., 2013). Previous studies demonstrated that ribavirin and favipiravir elicit antiviral activity against MNV-1 and human norovirus (HuNoV) replicon in cell culture (Chang and George, 2007; Rocha-Pereira et al., 2012). However, the mechanism of action and their utility in vivo have not been described.

The treatment of RAW264.7 cells infected with MNV (MOI of 0.01 TCID50/cell) with ribavirin or favipiravir resulted in significant reductions in virus yields, reaching up to a 3-log10 decrease for ribavirin and a 4-log10 for favipiravir (Figure 1). A decrease in cell viability was observed when cells were treated with high concentration of ribavirin, although this reduction never exceeded 50%. In contrast, no significant decrease in cell viability was observed in cells treated with favipiravir (Figure 1—figure supplement 1).
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                  Ribavirin and favipiravir are efficient inhibitors of norovirus replication.

                
                
                (A) MNV-1 and MNV-3 viral yields obtained after infection of confluent monolayers of RAW264.7 cells in the absence (white bars) or presence of 200 (light grey), 400 (dark grey), or 800 μM ribavirin (black). MNV was inoculated at an MOI of 0.01 TCID50/cell and infections were allowed to proceed for 24 hr when cultures were freeze-thawed for virus release. (B) MNV-1 and MNV-3 viral yields obtained after infection of confluent monolayers of RAW264.7 cells in the absence (white bars) or presence of 200 (light grey), 400 (dark grey), or 800 μM favipiravir (black). MNV was inoculated at an MOI of 0.01 TCID50/cell and infections were allowed to proceed for 24 hr. Statistically significant differences are represented (p < 0.05, *; p < 0.01, **; p < 0.001, ***; 2-way ANOVA test). (C and D) Kinetics of MNV-1 and MNV-3 infection in the presence of ribavirin or favipiravir. Confluent monolayers of RAW264.7 cells were infected with MNV-1 (C) or MNV-3 (D) at an MOI of 5 TCID50/cell. Infected cell cultures were treated with 200 μM ribavirin (RBV) or favipiravir (FPV) as explained in ‘Materials and methods’. Replication kinetics of MNV-1 and MNV-3 in untreated infected cells are shown in parallel (DMEM). Every time point is the average of three biological replicates (±SD).
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To further investigate the mechanism of inhibition, we determined the effect of ribavirin and favipiravir upon MNV replication in single-cycle replication kinetics carried out by infecting RAW264.7 cells at high MOI. Favipiravir inhibition occurred in a gradual manner, with the greatest reduction in virus titre being observed at later time points (Figure 1C,D). This result is suggestive of a cumulative antiviral activity often observed with increasing number of mutations in viral genomes during successive rounds of replication. In contrast, ribavirin inhibited norovirus replication from an early time point (8 hr), suggesting a different mechanism of action, an additional antiviral activity relative to favipiravir, or potentially due to a different mutational spectrum activity elicited by these two compounds. However, it is alternatively possible that the delayed inhibition shown by favipiravir compared to ribavirin reflects the fact that it takes several more steps to convert favipiravir to the active form (Furuta et al., 2005). To investigate this possibility, we repeated the kinetics by incubating the cells overnight with favipiravir before infection to facilitate favipiravir conversion into favipiravir-triphosphate. No major differences were observed with cells pre-incubated during 1 hr or overnight with favipiravir (data not shown), which suggests that ribavirin might be a more potent inhibitor of viral RNA replication. To confirm this possibility, we determined the viral RNA synthesis kinetics for MNV-3 in the presence of both compounds and confirmed that ribavirin inhibits viral RNA synthesis from an early time post-infection, while the effects of favipiravir are only observed at later time points (data not shown).






  





    
      Ribavirin and favipiravir are mutagenic for MNV and cause decreased infectivity

      
    

  
      Although ribavirin and favipiravir cause increased mutagenesis in several RNA viruses (Graci and Cameron, 2006; Moreno et al., 2011; Baranovich et al., 2013), the mechanism of antiviral activity against noroviruses is not known. To determine whether ribavirin and favipiravir treatment resulted in greater mutation frequencies, we carried out sequence analysis of individual molecular clones isolated from populations subjected to 4 passages in the presence of either 200 μM ribavirin or favipiravir. We found that both compounds caused significant increases in the mutation frequencies of replicating virus. Ribavirin treatment resulted in a ∼threefold increase while favipiravir led to a five to sixfold increase in the number of mutations per nucleotide (Figure 2). Importantly, alterations in the transition frequency patterns were also observed. Ribavirin treatment resulted in greater proportion of G to A and C to U transitions than in untreated virus populations, while favipiravir led to a slight increase in A to G and U to C transition rates (Table 1). These alterations are in agreement with those observed for other viruses treated with the same compounds (Agudo et al., 2010; Levi et al., 2010; Baranovich et al., 2013; Ortega-Prieto et al., 2013).
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                  Increased mutation frequencies in virus quasispecies treated with ribavirin or favipiravir.

                
                
                Mutation frequencies are represented as the average number of mutations found every 10,000 nucleotides sequenced in MNV-1 and MNV-3 populations after 4 passages in RAW264.7 cells in the absence or presence of 200 μM ribavirin (RBV) or favipiravir (FPV) (p < 0.05, *; p < 0.001, ***, Mann–Whitney U test).
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                Mutation type distribution in MNV populations treated with ribavirin and favipiravir
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                    		Untreated	Ribavirin	Favipiravir
		MNV-1	MNV-3	MNV-1	MNV-3	MNV-1	MNV-3
	A → G	4	4	1	3	9	5
	U → C	1	3	1	2	3	7
	G → A	0	2	5	2	2	0
	C → U	4	1	4	4	0	4
	Transversions	1	3	1	2	1	0
	Deletions	1	0	1	0	0	0
	Total nucleotides sequenced*	63,395	65,822	23,358	20,243	12,488	16,003


              
                  

              
              
              
                  	
                        *

                        Total number of nucleotides sequenced in each different untreated or treated population analysed.



                      
	
                        
                        Proportion of different types of mutations observed in untreated, or ribavirin- or favipiravir-treated MNV populations.



                      


              
              
              

          
          
    
    
    

A signature feature for error catastrophe in virus populations subjected to mutagenesis is a decrease in virus specific infectivity (González-López et al., 2005; Grande-Pérez et al., 2005; Perales et al., 2009). To investigate whether these compounds reduced the infectivity of treated norovirus populations, we serially passaged MNV in the presence of either ribavirin or favipiravir (Figure 3, Figure 4, respectively). In both cases, lower virus titres and encapsidated viral RNA levels were observed during passage in cell culture. After 5 passages, virus titres for MNV-1 treated with 400 μM favipiravir, and MNV-3 treated with either 400 μM ribavirin or favipiravir were close to or below the detection limit, indicating that ribavirin and favipiravir can cause lethal mutagenesis of MNV. We confirmed that MNV-3 was extinguished after 5 passages in the presence of 400 μM favipiravir, by three consecutive blind passages in RAW264.7 cells in the absence of the drug. The specific infectivity, a measure of the ratio of infectious virus per encapsidated genome, was consistently reduced during passages in the presence of favipiravir for both MNV strains. However, treatment with ribavirin resulted in decreased specific infectivity only for MNV-3 treated with the highest concentration (400 μM). This suggests that the lower mutagenic activity exhibited by ribavirin (Figure 2) is responsible for this limited effect on specific infectivity. MNV-3 was more sensitive to favipiravir and ribavirin than MNV-1 (Figures 3 and 4), although this difference could not be associated with significant variations in the mutation frequency values between these strains during infections in treated or untreated cells (Figure 2). This different behaviour may be related to the observation that MNV-3 has lower fitness than MNV-1 (compare virus titre yields for untreated infections in Figures 1, 3 and 4) which can result in a greater sensitivity to mutagenesis, as previously reported for other viruses (Sierra et al., 2000; Pariente et al., 2001). Confirming this possibility, a tissue culture-adapted MNV-3 population (18 serial passages in cell culture) responded similarly to MNV-1 when treated with 400 μM ribavirin (data not shown).

    
    
      
          
            Figure 3 with 1 supplement see all
          

    
    
            
              Download asset
              Open asset
            

    
      

    
          
          
              
              
                  
                  
                  [image: ]
              
              
          
          
          
          
          
              
          
                  Murine norovirus titres decrease during serial passage in the presence of ribavirin.

                
                
                MNV-1 (A, B, C) and MNV-3 (D, E, F) were serially passaged in the absence (white circles) or presence of 200 (grey triangles) or 400 μM ribavirin (black squares). Virus was inoculated at an MOI of 0.1 TCID50/cell in passage 1. Subsequent passages were carried out with 200 μl (1/10 vol) of neat virus recovered from the previous passage. The different graphs show the resulting virus titres (A and D), genome copy equivalents (B and E), and the resulting specific infectivity determined for encapsidated genomes (C and F). Specific infectivity values were calculated as the number of infectious viruses (TCID50 units) found in 109 genome copies from data obtained in A, B, D, and E. To calculate the number of genome copy equivalents, non-encapsidated genomes were removed before RNA extraction by micrococcal nuclease treatment.
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                  Murine norovirus infectivity decreases during serial passages in the presence of favipiravir.

                
                
                MNV-1 (A, B, C) and MNV-3 (D, E, F) were serially passaged in the absence (white circles), or presence of 200 (grey triangles) or 400 μM favipiravir (black squares). Passage 1 infections were carried out at an MOI of 0.1 TCID50/cell. Subsequent passages were carried out with 200 μl (1/10 vol) of neat virus recovered from the previous passage. The different graphs show the resulting virus titres (A and D), genome copy equivalents (B and E), and the resulting specific infectivity determined for encapsidated genomes (C and F). Specific infectivity values were calculated as the number of infectious viruses (TCID50 units) found in 109 genome copies from data obtained in A, B, D, and E. To calculate the number of genome copy equivalents, non-encapsidated genomes were removed before RNA extraction by micrococcal nuclease treatment. The arrow in D indicates virus extinction confirmed by the absence of infectious virus and viral RNA (qPCR) after three serial passages in the absence of favipiravir.
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To further investigate the effect of mutagenesis on virus fitness, RAW264.7 cells were infected with virus obtained after 5 passages in the presence of ribavirin or favipiravir (Figures 3 and 4) at the same MOI (0.01 TCID50/cell). Viral populations previously subjected to either favipiravir or ribavirin mutagenic treatment resulted in decreased virus titres, in agreement with a loss of infectivity as a consequence of mutagenesis (Figure 3—figure supplement 1, Figure 4—figure supplement 1).






  





    
      Favipiravir reduces the levels of infectious MNV in the faeces of persistently infected mice

      
    

  
      The efficacy of ribavirin and favipiravir as antiviral compounds in vivo was next investigated in C57BL/6 mice persistently infected with MNV-3. Animals were infected 4 weeks before the beginning of the treatment to allow the establishment of a persistent infection. In a preliminary experiment (Figure 5—figure supplement 1), we found that all the animals treated with favipiravir had lower virus titres (5/5) in their faeces while only 2 out of 5 animals treated with ribavirin had consistently lower titres (Figure 5—figure supplement 1). This suggests that favipiravir is more efficient than ribavirin in the control of norovirus replication in vivo, in agreement with data obtained in tissue culture. Hence, we conducted further experiments to determine whether favipiravir can drive lethal mutagenesis of MNV-3 during persistent infection in mice. With this aim, we treated mice persistently infected with MNV-3 with either placebo or 600 mg/kg/day of favipiravir for 8 weeks (Figure 5). Favipiravir was effective in the control of persistent norovirus replication in vivo with decreased virus titres and RNA levels in faeces observed (Figures 5 and 6) at very beginning of the treatment (day 1) and throughout the entire treatment period (day 53). A predicted half-life of 31 days is calculated for virus clearance in favipiravir-treated mice in contrast with 122 days in the untreated group (p = 0.0064, log-rank test; Figure 5B).
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                  Favipiravir reduces infectious norovirus titres in mice faeces and tissues.

                
                
                Two groups of ten 4–5-week old C57BL/6 male mice were oral gavage-infected with 104 TCID50 units of MNV-3. 4 weeks after virus inoculation, persistently infected animals were subjected to treatment with either 300 mg/kg animal of favipiravir twice a day (FPV) or with buffer (Control) for 8 weeks. From day 35 onwards, there are nine animals instead of 10 in the favipiravir-treated group (due to the accidental death of one mouse during dosing). (A) Virus titres in faeces of animals untreated or treated with favipiravir. Virus titres were determined by TCID50 assays of faecal samples supernatant previously resuspended at 100 mg/ml in PBS (p < 0.05, *; p < 0.01, **; p < 0.001, ***; 2-way ANOVA test). A dashed line indicates the limit of detection (3.02 Log10 TCID50/g stool). (B) Virus titres in caecum and colon of animals after 53 days of treatment with favipiravir. Virus titres were determined by TCID50 assays of homogenates of caecum and colon resuspended in DMEM at a concentration of 30 mg/ml (p < 0.05, *; 2-way ANOVA test). (C) Reduced positive shedding in animals treated with favipiravir. The percentage of animals shedding detectable virus titre along time, based on A, decreases faster in animals treated with favipiravir than in untreated animals (p = 0.0064, log-rank test).
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                  Long exposure to favipiravir results in significantly decreased norovirus RNA levels in animal tissues and faeces.

                
                
                Two groups of ten male C57BL/6 mice of 4–5-weeks were oral gavage-infected with 104 TCID50 units of MNV-3. 4 weeks after virus inoculation, persistently infected animals were subjected to treatment with either 300 mg/kg animal of favipiravir twice a day (FPV) or with buffer (Control) for 8 weeks. At day 53, there are nine animals instead of ten in favipiravir-treated group due to the accidental death of one mouse during dosing. A dashed line indicates the limit of detection (102 genome copy equivalent per mg of stool). (A) Viral genome copy equivalents isolated in faecal samples (p < 0.05, *; p < 0.01, **; p < 0.001, ***; 2-way ANOVA test). Viral RNA extracted was then reverse transcribed and quantitated as described in ‘Materials and methods’. (B) Viral genome copy equivalents isolated in caecum and colon (p < 0.05, *; 2-way ANOVA test).
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After 53 days of treatment with favipiravir, infectious virus titres were undetectable in the faeces of 7 out of 9 animals, while only 2 out of 10 animals had undetectable titres in the control group, suggesting that the infections were cleared as a result of favipiravir treatment (Figure 5A,C). Similar results were obtained when homogenates of caecum and colon collected at the end-point (day 53) were analysed for the presence of MNV (Figure 5B). To confirm whether these samples were negative, we carried out a blind passage in RAW264.7 cells. We confirmed that three treated animals were negative for all the samples analysed (faeces, caecum, and colon) while the remaining treated and untreated animals (6 and 10 respectively) were positive for MNV (Figure 5—figure supplement 2). All these three animal samples remained negative by titration and qPCR after 3 passages in the absence of favipiravir. These results suggest that favipiravir has assisted in clearing the infection in 33% of treated mice.

To investigate whether favipiravir treatment in vivo resulted in the selection of adapted MNV-3 variants, we carried out infections in RAW264.7 cells with virus samples recovered from mice. We did not identify differences in the sensitivity to favipiravir between samples isolated from treated and untreated animals, suggesting no adaptation to the treatment (Figure 5—figure supplement 3).

Quantification of MNV RNA in faecal samples also showed lower viral levels in treated mice than in control animals for the duration of the study (Figure 6). The same three animals that were negative for MNV-3 above showed viral RNA levels in faeces below the detection limit after 53 days of treatment, determined both by RT-qPCR (Figure 6), and RT-PCR followed by agarose gel analysis (Figure 6—figure supplement 1), while all placebo-treated animals showed high levels of viral RNA. Quantification of viral RNA extracted from caecum and colon, the major tissues for virus replication during persistent infections (Arias et al., 2012a), also confirmed that viral RNA could not be detected in these three treated mice that contain no amplifiable infectious virus in faeces and tissues, further supporting that virus infection was cleared in these animals (Figure 6).






  





    
      Favipiravir induces increased error frequencies in norovirus replication in vivo

      
    

  
      To clarify if favipiravir antiviral activity observed in vivo was associated with mutagenesis, we examined the mutation frequency of viral populations shed in the faeces of five different animals in each group. The mutation frequencies found in virus samples from favipiravir-treated animals were greater than in placebo-treated mice with an average of a 2.9-fold increase relative to control animals being observed (Figure 7A). We also determined the mutation frequencies in three samples isolated from ribavirin-treated animals in the preliminary experiment, and they were similar to those observed for placebo-treated animals (4.0 ± 2.2 vs 3.6 ± 1.4 substitutions per 10,000 nucleotides sequenced, respectively). These results suggest that the antiviral activity observed for favipiravir in vivo is linked to mutagenesis, and the clearance of infection in some of these animals is the consequence of lethal mutagenesis of persistently replicating virus.
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                  Increased mutation frequencies and decreased infectivity in virus populations isolated from favipiravir-treated animals.

                
                
                (A) Mutation frequency in virus isolated in faecal samples. Every value in the graph represents the virus mutation frequency in a different animal faecal sample after 18 days of treatment. Mutation frequencies are represented as the average number of nucleotide substitutions found in every 10,000 nucleotides sequenced. (0.001 < p < 0.05, **; t test). (B) Decreased infectivity in viral RNA isolated from favipiravir-treated animals. Viral RNA isolated from placebo and favipiravir-treated animal faecal samples was quantified and 2 × 105 genome copy equivalents were lipofected in semiconfluent BHK-21 cell monolayers. At 24 hr post-transfection, cells were freeze-thawed and the resulting virus yields determined by TCID50 assays in RAW264.7 cells. They are represented as the virus titres obtained per 106 genome copies isolated from the faeces of infected animals before treatment (day 0) and at treatment days 7 and 18. (C) MNV recovered from favipiravir-treated animals shows reduced replication yields. Virus isolated from animal faeces treated with favipiravir were first amplified in RAW264.7 cells allowing virus replication for 24 hr. Recovered viruses were titrated and 0.01 TCID50 units/cell applied to new RAW264.7 cell monolayers. Virus infections were collected at 8 hr post-infection and the cultures freeze-thawed to release infectious virus (**; p < 0.01; t test).
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      Decreased specific infectivity and fitness in favipiravir treated populations in vivo

      
    

  
      To investigate whether favipiravir-induced mutagenesis in vivo resulted in decreased infectivity of viral populations, we firstly isolated and quantified viral RNA from faeces at various times during the treatment of animals with favipiravir and used an equivalent genome copy number to transfect BHK-21 cells (Figure 7B). BHK-21 cells support MNV replication but not virus (re)infection, resulting in a single round of replication for the transfected genomes and a better correlation between infectious genome units and virus titre. Thus, this approach provides an indirect measure of viral genome specific infectivity, as only viable genomes will result in the recovery of infectious virus. Viral titres recovered were consistently lower in samples obtained from favipiravir-treated animals than in placebo-treated animals (Figure 7B), suggesting decreased specific infectivity as a consequence of increased mutagenesis. Virus titres for genomes isolated from ribavirin-treated animals showed no significant difference with untreated animals (Figure 7—figure supplement 1).

To compare whether mutagenesis in treated animals resulted in lower fitness of virus samples recovered, we determined the relative replication rates of virus populations recovered from mice after 18 days of treatment. To this aim, we carried out MOI controlled infections (0.01 TCID50/cell) in RAW264.7 cells using virus previously isolated from faecal samples and propagated once in cell culture. Virus yields obtained using virus from favipiravir-treated animal samples were lower on average than those isolated from placebo-treated animal samples, suggesting that mutagenesis induced by favipiravir results in a viral fitness cost in vivo (Figure 7C). Thus, favipiravir causes increased mutagenesis and decreases the specific infectivity and fitness of norovirus in vivo which supports an antiviral activity mediated by enhanced mutagenesis.






  








  





                
                    

    
      Discussion

      
    

  
      Lethal mutagenesis has been the subject of numerous studies in cell culture in the last few years as an alternative approach to classical antiviral therapies (Perales et al., 2011). Due to the elevated mutation frequencies in RNA viruses, it was predicted that an increase in the replication error rate might result in the extinction of the viral population (Eigen, 2002; Domingo et al., 2010). However, several in vivo studies carried out up to date have resulted in insufficient evidence to support lethal mutagenesis as a practical approach at the clinical level. In this study, we show that favipiravir, a purine nucleoside analogue, can cause the extinction of an RNA virus during replication in its natural host. The antiviral activity observed in vivo is associated with increased mutation frequencies and, importantly, reduced infectivity in virus samples isolated from the treated animals. These are features typically observed in viral quasispecies approaching extinction during lethal mutagenesis which constitutes a proof-of-principle for this antiviral strategy.

Favipiravir was initially identified as an antiviral compound for the treatment of influenza virus infection (Furuta et al., 2002; Sidwell et al., 2007) and currently is being tested in a phase 3 clinical trial. Previous studies on mice and data from clinical trials in humans show that favipiravir is well tolerated in vivo with much less toxicity exhibited than ribavirin (Gowen et al., 2007). In this study, we observed no major side effects in the mice treated during the 8 weeks. The only apparent side-effect is that treated mice show a modest reduced rate of weight gain compared to the control group (Figure 5—figure supplement 4).

In addition to its activity in vivo against influenza virus and data shown here on MNV, favipiravir is efficient in the control and clearance of a broad number of RNA viruses including picornavirus, parmyxovirus, bunyavirus, arenavirus, and togavirus (Furuta et al., 2002; Gowen et al., 2007; Mendenhall et al., 2011; Caroline et al., 2014; Oestereich et al., 2014; Smither et al., 2014). Importantly, favipiravir has shown efficient antiviral activity in mouse models for Ebola virus infections, which has led some African countries to consider using this drug for the control of the current outbreak (Ikuomola, 2014). Further studies are needed to elucidate if the mechanism of action of favipiravir against these other viruses is lethal mutagenesis, and if it constitutes a possible universal antiviral mutagen for the clinical treatment of viral diseases. In particular, an attractive possibility would be to study the effect of favipiravir in the control of HCV, particularly given the lower toxicity displayed by favipiravir.

These results are also relevant for the development of antiviral strategies to control human norovirus (HuNoV) infections for which there are currently no licenced vaccines or antiviral therapies. Due to the absence of cell culture systems to recover and propagate infectious HuNoVs, MNV has been suggested as a potential surrogate system (Wobus et al., 2006). HuNoVs are a significant cause of non-bacterial gastroenteritis with large economic losses typically associated with frequent outbreaks in contained environments (>$160 million in UK hospitals alone). In addition, they have been linked to other important disorders such as ulcerative colitis and persistent diarrhoea (Murata et al., 2007; Ludwig et al., 2008; Khan et al., 2009; Capizzi et al., 2011; Bok and Green, 2012). Chronic norovirus infections constitute a major health problem in immunocompromised patients with no treatment yet available (Bok and Green, 2012). Favipiravir or other derivatives with improved pharmacokinetic properties may constitute an attractive candidate for the treatment of these patients. The rapid evolution and large mutation frequencies of norovirus replicating in immunocompromised patients (Bull et al., 2012) suggest that antiviral mutagenesis could be an effective approach. Favipiravir could also be considered as prophylactic treatment to reduce virus dissemination during the course of an outbreak, especially in contained environments such as hospitals or nurseries. The data obtained for persistently infected mice support this possibility with lower virus yields shed by treated animals since an early time during treatment (Figure 5).

Recent evidence suggests that the combination of a mutagenic compound with a classical antiviral molecule can be more efficient in the extinction of a virus than the use of the compound alone or the combination of classical inhibitors only (Pariente et al., 2001; Perales et al., 2009). Inhibitors with antiviral activity in vivo have been identified for multiple RNA viruses, including norovirus (Perry et al., 2012; Rocha-Pereira et al., 2013), encouraging further studies in this direction. Given its significant efficacy in the control of different RNA viruses, favipiravir or other derivatives with improved pharmacokinetics constitute attractive candidates to become universal antiviral compounds against viral diseases via lethal mutagenesis.






  





                
                    

    
      Materials and methods

      
    

  
      

    
      Ethics

      
    

  
      Studies with mice were performed in the Department of Pathology BSU Unit (PCD 80/2802) after ethical review by the University of Cambridge Review Panel and subsequent approval by the UK Home Office (PPL70/7689). All animal procedures and care conformed strictly to the UK Home Office Guidelines under The Animals (Scientific Procedures) Act 1986.






  





    
      Cells, infections, and reverse genetics recovery of viruses

      
        Request a detailed protocol
    

  
      Procedures for the cultivation of cells and MNV infections have been previously described (Arias et al., 2012a). Murine leukaemia macrophage cells RAW264.7 were used for the propagation and titration (TCID50 assay) of murine norovirus 1 and 3 (MNV-1 and MNV-3) used in this study. Baby hamster kidney cells (BHK-21) were used for the determination of infectivity in viral genomes isolated from animal samples. All the different cell lines were cultured in Dulbecco's modified Eagle medium (DMEM) with 10% FCS, 100 U/ml penicillin, and 100 mg/ml streptomycin (complete DMEM) and maintained at 37°C with 10% CO2. MNV-1 and MNV-3 strains used in this study were obtained after reverse genetics recovery of infectious virus as previously described (Arias et al., 2012b). Recovered viruses were then subjected to two consecutive passages in RAW264.7 cells. The resulting population was titrated and used as a passage 0 stock.






  





    
      Cell culture infections in the presence of mutagenic compounds

      
        Request a detailed protocol
    

  
      RAW264.7 cells were grown until they formed confluent monolayers (∼2 × 106 cells in 35 mm diameter dish). Supernatant was then removed and replaced by 1 ml of complete DMEM containing either 200, 400, or 800 μM ribavirin or favipiravir and the cells were incubated for two additional hours at 37°C and 10% CO2. Cells were inoculated with 200 μl of virus at the multiplicity of infection (MOI) indicated and incubated for 1 hr at 37°C and 10% CO2. Supernatants were removed, cells washed to eliminate unattached virus, and 2 ml of fresh media containing ribavirin or favipiravir were added to each well. Cell cultures were collected at 24 hr post-infection and virus released through two consecutive freeze–thaw cycles.

For experiments involving serial passage of virus populations in the presence of favipiravir or ribavirin, passage 1 cells were infected at an MOI of 0.01 TCID50/cell with MNV-1 or MNV-3. In subsequent passages, 200 μl of neat virus from the previous passage (1/10 of total virus) were applied to a new monolayer of cells.






  





    
      Viral RNA extraction, RT-PCR amplification, quantitative PCR, and mutation frequency analysis of virus populations

      
        Request a detailed protocol
    

  
      Viral RNA was extracted from 100 μl of viral samples, either supernatant from lysed infected cultures or PBS-resuspended faeces from animals, using EconoSpin columns (Epoch, Missouri City, TX), following protocols provided by the manufacturer. Viral RNA was quantified using a two-step qPCR approach following protocols described previously (Arias et al., 2012a).

For the calculation of mutation frequency in any virus population, we have followed protocols previously described (Beaucourt et al., 2011). Briefly, 4 μl of purified RNA were reverse-transcribed in 20 μl final volume using SuperScript III (Roche, Switzerland) as indicated by the manufacturer. 3 μl of cDNA were then PCR amplified using high fidelity KOD polymerase (Toyobo) using primers spanning genomic positions 3734 to 3770 and 6074 to 6034 in MNV-1 and 3734 to 3770 and 5738 to 5711 in MNV-3. PCR products were purified with EconoSpin columns (Epoch) and directly ligated in plasmid PCR Blunt using Zero Blunt PCR cloning kit (Life Technologies, Carlsbad, CA). Positive Escherichia coli colonies were identified by PCR screening with primers flanking the vector-cloning site and GoTaq polymerase (Promega, Madison, WI). The resultant PCR products corresponding to individual MNV cDNA clones were sequenced and the mutation frequency in each population calculated.






  





    
      Animal infections and antiviral treatment

      
        Request a detailed protocol
    

  
      4–5-week old male C57BL/6 mice were orally infected with 104 TCID50 units of MNV-3 as previously described (Arias et al., 2012a). After 4 weeks, persistently infected animals were subjected once or twice daily to oral gavage treatment with ribavirin, favipiravir, or placebo. Ribavirin was dissolved in PBS before inoculation into animals, while favipiravir was resuspended in 0.5% carboxyl methyl cellulose (CMC) in PBS. For the preliminary experiment (Figure 5—figure supplement 1), animals were treated once or twice a day with 8 mg of ribavirin or favipiravir (∼300 or 600 mg/kg animal/day) for 18 days. For the larger experiment (10 mice per group) (Figures 5 and 6), animals were treated with 300 mg/kg animal favipiravir twice a day (600 mg/kg animal/day) for 8 weeks. Control animals were treated with 0.5% CMC in PBS. Faecal samples were collected at different time points along the treatment period and the presence of infectious particles and viral RNA determined. Animals were sacrificed after the 8-week treatment period and caecum and colon tissues collected to analyse the presence of viral RNA.

To confirm the absence of infectious virus in those faecal and tissue samples that showed negative infectivity by TCID50 assays, 100 μl of samples homogenates were used to infect 105 cells. Infections were collected at 24 hr and subjected to two freeze-thawing cycles to release virus. The resulting virus was analysed by TCID50 assays. Those samples that remained negative after blind passage amplification were subjected to two additional blind passages in RAW264.7 cells as explained above, and the absence of infectious MNV was confirmed by TCID50 assays and qPCR.

To determine whether virus replicating in vivo has acquired resistance to favipiravir, virus samples obtained from animal faeces at treatment day 53 were blind passaged in RAW264.7 cells as mentioned above. The amplified virus samples were applied to 105 RAW264.7 cell monolayers at an MOI of 0.01, and infections were allowed to proceed for 48 hr in the absence (DMEM) or presence of 200 μM favipiravir.






  








  





                
                    
  Add a comment
  + Open annotations. The current annotation count on this page is being calculated.



                
                    

    
      References

      
    

  
      	
      
          	
                Agudo R
	
                Ferrer-Orta C
	
                Arias A
	
                de la Higuera I
	
                Perales C
	
                Pérez-Luque R
	
                Verdaguer N
	
                Domingo E


          (2010)
      
      
            A multi-step process of viral adaptation to a mutagenic nucleoside analogue by modulation of transition types leads to extinction-escape
      
      
      
      
          PLoS Pathogens 6:e1001072.

      
          
              
            https://doi.org/10.1371/journal.ppat.1001072
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Arias A
	
                Bailey D
	
                Chaudhry Y
	
                Goodfellow I


          (2012a)
      
      
            Development of a reverse-genetics system for murine norovirus 3: long-term persistence occurs in the caecum and colon
      
      
      
      
          The Journal of General Virology 93:1432–1441.

      
          
              
            https://doi.org/10.1099/vir.0.042176-0
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Arias A
	
                Ureña L
	
                Thorne L
	
                Yunus MA
	
                Goodfellow I


          (2012)
      
      
      
      
            Reverse genetics mediated recovery of infectious murine norovirus

      
      
          Journal of Visualized Experiments, pii: 4145, 10.3791/4145.

      
      
      
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Asahina Y
	
                Izumi N
	
                Enomoto N
	
                Uchihara M
	
                Kurosaki M
	
                Onuki Y
	
                Nishimura Y
	
                Ueda K
	
                Tsuchiya K
	
                Nakanishi H
	
                Kitamura T
	
                Miyake S


          (2005)
      
      
            Mutagenic effects of ribavirin and response to interferon/ribavirin combination therapy in chronic hepatitis C
      
      
      
      
          Journal of Hepatology 43:623–629.

      
          
              
            https://doi.org/10.1016/j.jhep.2005.05.032
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Baranovich T
	
                Wong S-S
	
                Armstrong J
	
                Marjuki H
	
                Webby RJ
	
                Webster RG
	
                Govorkova EA


          (2013)
      
      
            T-705 (Favipiravir) induces lethal mutagenesis in influenza a H1N1 viruses in vitro
      
      
      
      
          Journal of Virology 87:3741–3751.

      
          
              
            https://doi.org/10.1128/JVI.02346-12
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Barron EL
	
                Sosnovtsev SV
	
                Bok K
	
                Prikhodko V
	
                Sandoval-Jaime C
	
                Rhodes CR
	
                Hasenkrug K
	
                Carmody AB
	
                Ward JM
	
                Perdue K
	
                Green KY


          (2011)
      
      
            Diversity of murine norovirus strains isolated from asymptomatic mice of different genetic backgrounds within a single U.S. research institute
      
      
      
      
          PLOS ONE 6:e21435.

      
          
              
            https://doi.org/10.1371/journal.pone.002143
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Beaucourt S
	
                Bordería AV
	
                Coffey LL
	
                Gnädig NF
	
                Sanz-Ramos M
	
                Beeharry Y
	
                Vignuzzi M


          (2011)
      
      
      
      
            Isolation of fidelity variants of RNA viruses and characterization of virus mutation frequency

      
      
          Journal of Visualized Experiments, pii: 2953, 10.3791/2953.

      
      
      
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Bok K
	
                Green KY


          (2012)
      
      
            Norovirus gastroenteritis in immunocompromised patients
      
      
      
      
          The New England Journal of Medicine 367:2126–2132.

      
          
              
            https://doi.org/10.1056/NEJMra1207742
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Brochot E
	
                Duverlie G
	
                Castelain S
	
                Morel V
	
                Wychowski C
	
                Dubuisson J
	
                François C


          (2007)
      
      
      
      
            Effect of ribavirin on the hepatitis C virus (JFH-1) and its correlation with interferon sensitivity

      
      
          Antiviral Therapy 12:805–813.

      
      
      
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Bull RA
	
                Eden J-S
	
                Luciani F
	
                McElroy K
	
                Rawlinson WD
	
                White PA


          (2012)
      
      
            Contribution of intra- and interhost dynamics to norovirus evolution
      
      
      
      
          Journal of Virology 86:3219–3229.

      
          
              
            https://doi.org/10.1128/JVI.06712-11
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Bull RA
	
                Eden J-S
	
                Rawlinson WD
	
                White PA


          (2010)
      
      
            Rapid evolution of pandemic noroviruses of the GII.4 lineage
      
      
      
      
          PLOS Pathogens 6:10.

      
          
              
            https://doi.org/10.1371/journal.ppat.1000831
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Capizzi T
	
                Makari-Judson G
	
                Steingart R
	
                Mertens WC


          (2011)
      
      
            Chronic diarrhea associated with persistent norovirus excretion in patients with chronic lymphocytic leukemia: report of two cases
      
      
      
      
          BMC Infectious Diseases 11:131.

      
          
              
            https://doi.org/10.1186/1471-2334-11-131
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Caroline AL
	
                Powell DS
	
                Bethel LM
	
                Oury TD
	
                Reed DS
	
                Hartman AL


          (2014)
      
      
            Broad spectrum antiviral activity of favipiravir (T-705): protection from highly lethal inhalational rift valley fever
      
      
      
      
          PLOS Neglected Tropical Diseases 8:e2790.

      
          
              
            https://doi.org/10.1371/journal.pntd.0002790
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Chang K-O
	
                George DW


          (2007)
      
      
            Interferons and ribavirin effectively inhibit Norwalk virus replication in replicon-bearing cells
      
      
      
      
          Journal of Virology 81:12111–12118.

      
          
              
            https://doi.org/10.1128/JVI.00560-07
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Chevaliez S
	
                Brillet R
	
                Lázaro E
	
                Hézode C
	
                Pawlotsky J-M


          (2007)
      
      
            Analysis of ribavirin mutagenicity in human hepatitis C virus infection
      
      
      
      
          Journal of Virology 81:7732–7741.

      
          
              
            https://doi.org/10.1128/JVI.00382-07
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Chung D-H
	
                Västermark Å
	
                Camp JV
	
                McAllister R
	
                Remold SK
	
                Chu Y-K
	
                Bruder C
	
                Jonsson CB


          (2013)
      
      
            The murine model for Hantaan virus-induced lethal disease shows two distinct paths in viral evolutionary trajectory with and without ribavirin treatment
      
      
      
      
          Journal of Virology 87:10997–11007.

      
          
              
            https://doi.org/10.1128/JVI.01394-13
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Crotty S
	
                Maag D
	
                Arnold JJ
	
                Zhong W
	
                Lau JY
	
                Hong Z
	
                Andino R
	
                Cameron CE


          (2000)
      
      
            The broad-spectrum antiviral ribonucleoside ribavirin is an RNA virus mutagen
      
      
      
      
          Nature Medicine 6:1375–1379.

      
          
              
            https://doi.org/10.1038/82191
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Dapp MJ
	
                Bonnac L
	
                Patterson SE
	
                Mansky LM


          (2014)
      
      
            Discovery of novel ribonucleoside analogs with activity against human immunodeficiency virus type 1
      
      
      
      
          Journal of Virology 88:354–363.

      
          
              
            https://doi.org/10.1128/JVI.02444-13
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Dapp MJ
	
                Clouser CL
	
                Patterson S
	
                Mansky LM


          (2009)
      
      
            5-Azacytidine can induce lethal mutagenesis in human immunodeficiency virus type 1
      
      
      
      
          Journal of Virology 83:11950–11958.

      
          
              
            https://doi.org/10.1128/JVI.01406-09
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Dietz J
	
                Schelhorn S-E
	
                Fitting D
	
                Mihm U
	
                Susser S
	
                Welker M-W
	
                Füller C
	
                Däumer M
	
                Teuber G
	
                Wedemeyer H
	
                Berg T
	
                Lengauer T
	
                Zeuzem S
	
                Herrmann E
	
                Sarrazin C


          (2013)
      
      
            Deep sequencing reveals mutagenic effects of ribavirin during monotherapy of hepatitis C virus genotype 1-infected patients
      
      
      
      
          Journal of Virology 87:6172–6181.

      
          
              
            https://doi.org/10.1128/JVI.02778-12
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Domingo E


          (2000)
      
      
            Viruses at the edge of adaptation
      
      
      
      
          Virology 270:251–253.

      
          
              
            https://doi.org/10.1006/viro.2000.0320
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Domingo E
	
                Escarmís C
	
                Menéndez-Arias L
	
                Perales C
	
                Herrera M
	
                Novella IS
	
                Holland JJ


          (2008)
      
      
      
            Origin and Evolution of Viruses
      
      
      
          87–118, Origin and Evolution of Viruses, Amsterdam, The Netherlands, Elsevier, 2nd edition, Available from: http://www.sciencedirect.com/science/article/pii/B9780123741530000047.

      
      
      
            
              http://www.sciencedirect.com/science/article/pii/B9780123741530000047
            

      
      
          	
            Google Scholar
          


      

    
	
      
          Book

          	
                Domingo E
	
                Perales C
	
                Agudo R
	
                Arias A
	
                Escarmis C
	
                Ferrer-Orta C
	
                Verdaguer N


          (2010)
      
      
      
      
            Mutation, quasispecies and lethal mutagenesis

      
      
          Ehrenfeld E, Domingo E, Roos RP, editors. Washington, DC: ASM Press.

      
      
      
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Domingo E
	
                Sheldon J
	
                Perales C


          (2012)
      
      
            Viral quasispecies evolution
      
      
      
      
          Microbiology and Molecular Biology Reviews 76:159–216.

      
          
              
            https://doi.org/10.1128/MMBR.05023-11
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Eigen M


          (2002)
      
      
            Error catastrophe and antiviral strategy
      
      
      
      
          Proceedings of the National Academy of Sciences of USA 99:13374–13376.

      
          
              
            https://doi.org/10.1073/pnas.212514799
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Furuta Y
	
                Takahashi K
	
                Fukuda Y
	
                Kuno M
	
                Kamiyama T
	
                Kozaki K
	
                Nomura N
	
                Egawa H
	
                Minami S
	
                Watanabe Y
	
                Narita H
	
                Shiraki K


          (2002)
      
      
            In vitro and in vivo activities of anti-influenza virus compound T-705
      
      
      
      
          Antimicrobial Agents and Chemotherapy 46:977–981.

      
          
              
            https://doi.org/10.1128/AAC.46.4.977-981.2002
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Furuta Y
	
                Takahashi K
	
                Kuno-Maekawa M
	
                Sangawa H
	
                Uehara S
	
                Kozaki K
	
                Nomura N
	
                Egawa H
	
                Shiraki K


          (2005)
      
      
            Mechanism of action of T-705 against influenza virus
      
      
      
      
          Antimicrobial Agents and Chemotherapy 49:981–986.

      
          
              
            https://doi.org/10.1128/AAC.49.3.981-986.2005
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Furuta Y
	
                Takahashi K
	
                Shiraki K
	
                Sakamoto K
	
                Smee DF
	
                Barnard DL
	
                Gowen BB
	
                Julander JG
	
                Morrey JD


          (2009)
      
      
            T-705 (favipiravir) and related compounds: novel broad-spectrum inhibitors of RNA viral infections
      
      
      
      
          Antiviral Research 82:95–102.

      
          
              
            https://doi.org/10.1016/j.antiviral.2009.02.198
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Gnädig NF
	
                Beaucourt S
	
                Campagnola G
	
                Bordería AV
	
                Sanz-Ramos M
	
                Gong P
	
                Blanc H
	
                Peersen OB
	
                Vignuzzi M


          (2012)
      
      
            Coxsackievirus B3 mutator strains are attenuated in vivo
      
      
      
      
          Proceedings of the National Academy of Sciences of USA 109:E2294–E2303.

      
          
              
            https://doi.org/10.1073/pnas.1204022109
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                González-López C
	
                Gómez-Mariano G
	
                Escarmís C
	
                Domingo E


          (2005)
      
      
            Invariant aphthovirus consensus nucleotide sequence in the transition to error catastrophe
      
      
      
      
          Infection, Genetics and Evolution 5:366–374.

      
          
              
            https://doi.org/10.1016/j.meegid.2005.05.001
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Gowen BB
	
                Wong M-H
	
                Jung K-H
	
                Sanders AB
	
                Mendenhall M
	
                Bailey KW
	
                Furuta Y
	
                Sidwell RW


          (2007)
      
      
            In vitro and in vivo activities of T-705 against arenavirus and bunyavirus infections
      
      
      
      
          Antimicrobial Agents and Chemotheraphy 51:3168–3176.

      
          
              
            https://doi.org/10.1128/AAC.00356-07
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Graci JD
	
                Cameron CE


          (2006)
      
      
            Mechanisms of action of ribavirin against distinct viruses
      
      
      
      
          Reviews in Medical Virology 16:37–48.

      
          
              
            https://doi.org/10.1002/rmv.483
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Grande-Pérez A
	
                Gómez-Mariano G
	
                Lowenstein PR
	
                Domingo E


          (2005)
      
      
            Mutagenesis-induced, large fitness variations with an invariant arenavirus consensus genomic nucleotide sequence
      
      
      
      
          Journal of Virology 79:10451–10459.

      
          
              
            https://doi.org/10.1128/JVI.79.16.10451-10459.2005
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Grande-Pérez A
	
                Sierra S
	
                Castro MG
	
                Domingo E
	
                Lowenstein PR


          (2002)
      
      
            Molecular indetermination in the transition to error catastrophe: systematic elimination of lymphocytic choriomeningitis virus through mutagenesis does not correlate linearly with large increases in mutant spectrum complexity
      
      
      
      
          Proceedings of the National Academy of Sciences of USA 99:12938–12943.

      
          
              
            https://doi.org/10.1073/pnas.182426999
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Hsu CC
	
                Riley LK
	
                Wills HM
	
                Livingston RS


          (2006)
      
      
      
      
            Persistent infection with and serologic cross-reactivity of three novel murine noroviruses

      
      
          Comparative Medicine 56:247–251.

      
      
      
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Ikuomola V


          (2014)
      
      
      
            Ebola: Nigeria applies for Japanese drug – Minister
      
      
      
          The Nation, Available from: http://thenationonlineng.net/new/ebola-nigeria-applies-for-japanese-drug-minister/.

      
      
      
            
              http://thenationonlineng.net/new/ebola-nigeria-applies-for-japanese-drug-minister/
            

      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Jin Z
	
                Smith LK
	
                Rajwanshi VK
	
                Kim B
	
                Deval J


          (2013)
      
      
            The ambiguous base-pairing and high substrate efficiency of T-705 (Favipiravir) Ribofuranosyl 5’-triphosphate towards influenza a virus polymerase
      
      
      
      
          PLOS ONE 8:e68347.

      
          
              
            https://doi.org/10.1371/journal.pone.0068347
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Karst SM
	
                Wobus CE
	
                Lay M
	
                Davidson J
	
                Virgin HW


          (2003)
      
      
            STAT1-dependent innate immunity to a Norwalk-like virus
      
      
      
      
          Science 299:1575–1578.

      
          
              
            https://doi.org/10.1126/science.1077905
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Khan RR
	
                Lawson AD
	
                Minnich LL
	
                Martin K
	
                Nasir A
	
                Emmett MK
	
                Welch CA
	
                Udall JN Jnr


          (2009)
      
      
            Gastrointestinal norovirus infection associated with exacerbation of inflammatory bowel disease
      
      
      
      
          Journal of Pediatric Gastroenterology and Nutrition 48:328–333.

      
          
              
            https://doi.org/10.1097/MPG.0b013e31818255cc
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Levi LI
	
                Gnädig NF
	
                Beaucourt S
	
                McPherson MJ
	
                Baron B
	
                Arnold JJ
	
                Vignuzzi M


          (2010)
      
      
            Fidelity variants of RNA dependent RNA polymerases uncover an indirect, mutagenic activity of amiloride compounds
      
      
      
      
          PLOS Pathogens 6:e1001163.

      
          
              
            https://doi.org/10.1371/journal.ppat.1001163
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Loeb LA
	
                Essigmann JM
	
                Kazazi F
	
                Zhang J
	
                Rose KD
	
                Mullins JI


          (1999)
      
      
            Lethal mutagenesis of HIV with mutagenic nucleoside analogs
      
      
      
      
          Proceedings of the National Academy of Sciences of USA 96:1492–1497.

      
          
              
            https://doi.org/10.1073/pnas.96.4.1492
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Ludwig A
	
                Adams O
	
                Laws H-J
	
                Schroten H
	
                Tenenbaum T


          (2008)
      
      
            Quantitative detection of norovirus excretion in pediatric patients with cancer and prolonged gastroenteritis and shedding of norovirus
      
      
      
      
          Journal of Medical Virology 80:1461–1467.

      
          
              
            https://doi.org/10.1002/jmv.21217
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Lutchman G
	
                Danehower S
	
                Song B-C
	
                Liang TJ
	
                Hoofnagle JH
	
                Thomson M
	
                Ghany MG


          (2007)
      
      
            Mutation rate of the hepatitis C virus NS5B in patients undergoing treatment with ribavirin monotherapy
      
      
      
      
          Gastroenterology 132:1757–1766.

      
          
              
            https://doi.org/10.1053/j.gastro.2007.03.035
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Maag D
	
                Castro C
	
                Hong Z
	
                Cameron CE


          (2001)
      
      
            Hepatitis C virus RNA-dependent RNA polymerase (NS5B) as a mediator of the antiviral activity of ribavirin
      
      
      
      
          The Journal of Biological Chemistry 276:46094–46098.

      
          
              
            https://doi.org/10.1074/jbc.C100349200
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                McFadden N
	
                Arias A
	
                Dry I
	
                Bailey D
	
                Witteveldt J
	
                Evans DJ
	
                Goodfellow I
	
                Simmonds P


          (2013)
      
      
            Influence of genome-scale RNA structure disruption on the replication of murine norovirus—similar replication kinetics in cell culture but attenuation of viral fitness in vivo
      
      
      
      
          Nucleic Acids Research 41:6316–6331.

      
          
              
            https://doi.org/10.1093/nar/gkt334
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Mendenhall M
	
                Russell A
	
                Smee DF
	
                Hall JO
	
                Skirpstunas R
	
                Furuta Y
	
                Gowen BB


          (2011)
      
      
            Effective oral favipiravir (T-705) therapy initiated after the onset of clinical disease in a model of arenavirus hemorrhagic fever
      
      
      
      
          PLOS Neglected Tropical Diseases 5:e1342.

      
          
              
            https://doi.org/10.1371/journal.pntd.0001342
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Moreno H
	
                Gallego I
	
                Sevilla N
	
                de la Torre JC
	
                Domingo E
	
                Martín V


          (2011)
      
      
            Ribavirin can be mutagenic for arenaviruses
      
      
      
      
          Journal of Virology 85:7246–7255.

      
          
              
            https://doi.org/10.1128/JVI.00614-11
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Mullins JI
	
                Heath L
	
                Hughes JP
	
                Kicha J
	
                Styrchak S
	
                Wong KG
	
                Rao U
	
                Hansen A
	
                Harris KS
	
                Laurent JP
	
                Li D
	
                Simpson JH
	
                Essigmann JM
	
                Loeb LA
	
                Parkins J


          (2011)
      
      
            Mutation of HIV-1 genomes in a clinical population treated with the mutagenic nucleoside KP1461
      
      
      
      
          PLOS ONE 6:e15135.

      
          
              
            https://doi.org/10.1371/journal.pone.0015135
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Murata T
	
                Katsushima N
	
                Mizuta K
	
                Muraki Y
	
                Hongo S
	
                Matsuzaki Y


          (2007)
      
      
            Prolonged norovirus shedding in infants <or=6 months of age with gastroenteritis
      
      
      
      
          The Pediatric Infectious Disease Journal 26:46–49.

      
          
              
            https://doi.org/10.1097/01.inf.0000247102.04997.e0
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Oestereich L
	
                Lüdtke A
	
                Wurr S
	
                Rieger T
	
                Muñoz-Fontela C
	
                Günther S


          (2014)
      
      
            Successful treatment of advanced Ebola virus infection with T-705 (favipiravir) in a small animal model
      
      
      
      
          Antiviral Research 105:17–21.

      
          
              
            https://doi.org/10.1016/j.antiviral.2014.02.014
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Ortega-Prieto AM
	
                Sheldon J
	
                Grande-Pérez A
	
                Tejero H
	
                Gregori J
	
                Quer J
	
                Esteban JI
	
                Domingo E
	
                Perales C


          (2013)
      
      
            Extinction of hepatitis C virus by ribavirin in hepatoma cells involves lethal mutagenesis
      
      
      
      
          PLOS ONE 8:e71039.

      
          
              
            https://doi.org/10.1371/journal.pone.0071039
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Pariente N
	
                Sierra S
	
                Lowenstein PR
	
                Domingo E


          (2001)
      
      
            Efficient virus extinction by combinations of a mutagen and antiviral inhibitors
      
      
      
      
          Journal of Virology 75:9723–9730.

      
          
              
            https://doi.org/10.1128/JVI.75.20.9723-9730.2001
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Perales C
	
                Agudo R
	
                Tejero H
	
                Manrubia SC
	
                Domingo E


          (2009)
      
      
            Potential benefits of sequential inhibitor-mutagen treatments of RNA virus infections
      
      
      
      
          PLOS Pathogens 5:e1000658.

      
          
              
            https://doi.org/10.1371/journal.ppat.1000658
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Perales C
	
                Martín V
	
                Domingo E


          (2011)
      
      
            Lethal mutagenesis of viruses
      
      
      
      
          Current Opinion in Virology 1:419–422.

      
          
              
            https://doi.org/10.1016/j.coviro.2011.09.001
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Perelson AS
	
                Layden TJ


          (2007)
      
      
            Ribavirin: is it a mutagen for hepatitis C virus?
      
      
      
      
          Gastroenterology 132:2050–2052.

      
          
              
            https://doi.org/10.1053/j.gastro.2007.03.077
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Perry JW
	
                Ahmed M
	
                Chang K-O
	
                Donato NJ
	
                Showalter HD
	
                Wobus CE


          (2012)
      
      
            Antiviral activity of a small molecule deubiquitinase inhibitor occurs via induction of the unfolded protein response
      
      
      
      
          PLOS Pathogens 8:e1002783.

      
          
              
            https://doi.org/10.1371/journal.ppat.1002783
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Pfeiffer JK
	
                Kirkegaard K


          (2005)
      
      
            Increased fidelity reduces poliovirus fitness and virulence under selective pressure in mice
      
      
      
      
          PLOS Pathogens 1:e11.

      
          
              
            https://doi.org/10.1371/journal.ppat.0010011
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Rocha-Pereira J
	
                Jochmans D
	
                Dallmeier K
	
                Leyssen P
	
                Nascimento MSJ
	
                Neyts J


          (2012)
      
      
            Favipiravir (T-705) inhibits in vitro norovirus replication
      
      
      
      
          Biochemical and Biophysical Research Communications 424:777–780.

      
          
              
            https://doi.org/10.1016/j.bbrc.2012.07.034
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Rocha-Pereira J
	
                Jochmans D
	
                Debing Y
	
                Verbeken E
	
                Nascimento MSJ
	
                Neyts J


          (2013)
      
      
            The viral polymerase inhibitor 2’-C-methylcytidine inhibits Norwalk virus replication and protects against norovirus-induced diarrhea and mortality in a mouse model
      
      
      
      
          Journal of Virology 87:11798–11805.

      
          
              
            https://doi.org/10.1128/JVI.02064-13
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Rozen-Gagnon K
	
                Stapleford KA
	
                Mongelli V
	
                Blanc H
	
                Failloux A-B
	
                Saleh MC
	
                Vignuzzi M


          (2014)
      
      
            Alphavirus mutator variants present host-specific defects and attenuation in mammalian and insect models
      
      
      
      
          PLOS Pathogens 10:e1003877.

      
          
              
            https://doi.org/10.1371/journal.ppat.1003877
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Sanz-Ramos M
	
                Rodríguez-Calvo T
	
                Sevilla N


          (2012)
      
      
            Mutagenesis-mediated decrease of pathogenicity as a feature of the mutant spectrum of a viral population
      
      
      
      
          PLOS ONE 7:e39941.

      
          
              
            https://doi.org/10.1371/journal.pone.0039941
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Sidwell RW
	
                Barnard DL
	
                Day CW
	
                Smee DF
	
                Bailey KW
	
                Wong MH
	
                Morrey JD
	
                Furuta Y


          (2007)
      
      
            Efficacy of orally administered T-705 on lethal avian influenza A (H5N1) virus infections in mice
      
      
      
      
          Antimicrobial Agents and Chemotherapy 51:845–851.

      
          
              
            https://doi.org/10.1128/AAC.01051-06
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Sierra S
	
                Dávila M
	
                Lowenstein PR
	
                Domingo E


          (2000)
      
      
            Response of foot-and-mouth disease virus to increased mutagenesis: influence of viral load and fitness in loss of infectivity
      
      
      
      
          Journal of Virology 74:8316–8323.

      
          
              
            https://doi.org/10.1128/JVI.74.18.8316-8323.2000
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Smither SJ
	
                Eastaugh LS
	
                Steward JA
	
                Nelson M
	
                Lenk RP
	
                Lever MS


          (2014)
      
      
            Post-exposure efficacy of oral T-705 (Favipiravir) against inhalational Ebola virus infection in a mouse model
      
      
      
      
          Antiviral Research 104:153–155.

      
          
              
            https://doi.org/10.1016/j.antiviral.2014.01.012
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Swetina J
	
                Schuster P


          (1982)
      
      
            Self-replication with errors. A model for polynucleotide replication
      
      
      
      
          Biophysical Chemistry 16:329–345.

      
          
              
            https://doi.org/10.1016/0301-4622(82)87037-3
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Thackray LB
	
                Wobus CE
	
                Chachu KA
	
                Liu B
	
                Alegre ER
	
                Henderson KS
	
                Kelley ST
	
                Virgin HW IV


          (2007)
      
      
            Murine noroviruses comprising a single genogroup exhibit biological diversity despite limited sequence divergence
      
      
      
      
          Journal of Virology 81:10460–10473.

      
          
              
            https://doi.org/10.1128/JVI.00783-07
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Vignuzzi M
	
                Stone JK
	
                Arnold JJ
	
                Cameron CE
	
                Andino R


          (2006)
      
      
            Quasispecies diversity determines pathogenesis through cooperative interactions in a viral population
      
      
      
      
          Nature 439:344–348.

      
          
              
            https://doi.org/10.1038/nature04388
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Wobus CE
	
                Thackray LB
	
                Virgin HW


          (2006)
      
      
            Murine norovirus: a model system to study norovirus biology and pathogenesis
      
      
      
      
          Journal of Virology 80:5104–5112.

      
          
              
            https://doi.org/10.1128/JVI.02346-05
              
          
      
      
          	
            Google Scholar
          


      

    







  





                
                    

    
      Article and author information

      
    

  
      Author details

	

  Armando Arias


    
        Division of Virology, Addenbrooke's Hospital, University of Cambridge, Cambridge, United Kingdom
    
    
        Contribution

        AA, Conception and design, Acquisition of data, Analysis and interpretation of data, Drafting or revising the article
    
    
        For correspondence

        aa759@cam.ac.uk
    
    
        Competing interests

        The authors declare that no competing interests exist.
    







	

  Lucy Thorne


    
        Division of Virology, Addenbrooke's Hospital, University of Cambridge, Cambridge, United Kingdom
    
    
        Contribution

        LT, Acquisition of data, Drafting or revising the article
    
    
        Competing interests

        The authors declare that no competing interests exist.
    







	

  Ian Goodfellow


    
        Division of Virology, Addenbrooke's Hospital, University of Cambridge, Cambridge, United Kingdom
    
    
        Contribution

        IG, Conception and design, Drafting or revising the article
    
    
        For correspondence

        ig299@cam.ac.uk
    
    
        Competing interests

        The authors declare that no competing interests exist.
    











    
      Funding

      
    

  
      

    
      Wellcome Trust (WT097997MA)

      
    

  
      

    	Ian Goodfellow








  



The funder had no role in study design, data collection and interpretation, or the decision to submit the work for publication.






  





    
      Acknowledgements

      
    

  
      We are indebted to Mariann Landsberger for technical support.






  





    
      Ethics

      
    

  
      Animal experimentation: Studies with mice were performed in the Department of Pathology BSU Unit (PCD 80/2802) after ethical review by the University of Cambridge Review Panel and subsequent approval by the UK Home Office (PPL70/7689). All animal procedures and care conformed strictly to the UK Home Office Guidelines under The Animals (Scientific Procedures) Act 1986.






  





    
      Version history

      
    

  
      
    	Received: June 12, 2014
	Accepted: September 24, 2014
	Version of Record published: October 21, 2014 (version 1)









  





    
      Copyright

      
    

  
      © 2014, Arias et al.
This article is distributed under the terms of the Creative Commons Attribution License, which permits unrestricted use and redistribution provided that the original author and source are credited.





  








  





                
                    

    
      Metrics

      
    

  
      	
      	
          4,805
        
	
          Page views
        


    
	
      	
          407
        
	
          Downloads
        


    
	
      	
          126
        
	
          Citations
        


    








Article citation count generated by polling the highest count across the following sources: Scopus, Crossref, PubMed Central.






  





                
                    

    
      Download links

      
    

  
      
  A two-part list of links to download the article, or parts of the article, in various formats.


    
      Downloads (link to download the article as PDF)



      	


                  Article PDF


            
	


                  Figures PDF


            


    

    
      Open citations (links to open the citations from this article in various online reference manager services)



      	


                  Mendeley


            
	


                  


            


    

    
      Cite this article (links to download the citations from this article in formats compatible with various reference manager tools)


        
    	
          Armando Arias
	
          Lucy Thorne
	
          Ian Goodfellow


    (2014)



      Favipiravir elicits antiviral mutagenesis during virus replication in vivo




    eLife 3:e03679.


    
      https://doi.org/10.7554/eLife.03679
    








      	


                  Download BibTeX


            
	


                  Download .RIS


            


    









  





                
                    

    
      Share this article

      
    

  
      
    
  https://doi.org/10.7554/eLife.03679
    


	
    
      
          
              
              
          
      
    
  
	
    
      
        
            
            
        
      
    
  
	
    
      
          
              
                  
                  
              
          
      
    
  
	
    
      
        
            
                
                
            
        
    
    
  
	
    
      
          
              
                  
                  
              
          
      
    
  
	
    
      
          
              
                  
                  
              
          
      
    
  








  





                
                    


  


    
      Categories and tags

      	
            Research Article
	
            Microbiology and Infectious Disease
	
            quasispecies
	
            lethal mutagenesis
	
            error-catastrophe
	
            norovirus
	
            favipiravir
	
            polymerase fidelity


    


    
      Research organism

      	
            Virus


    


  





                
                
            
        

        


        
    





    

        
            

    
    
        

  

    

        
          Further reading

        


      	
            

              
              
                  	Microbiology and Infectious Disease
	Physics of Living Systems


              
                
                  
                    Yeast cell responses and survival during periodic osmotic stress are controlled by glucose availability
                  

                

              
                  Fabien Duveau, Céline Cordier ... Pascal Hersen

              
                  
                    
                    
                        Research Article
                    
                    
                        
                         Apr 3, 2024
                    

                  

              
              
              
                Natural environments of living organisms are often dynamic and multifactorial, with multiple parameters fluctuating over time. To better understand how cells respond to dynamically interacting factors, we quantified the effects of dual fluctuations of osmotic stress and glucose deprivation on yeast cells using microfluidics and time-lapse microscopy. Strikingly, we observed that cell proliferation, survival, and signaling depend on the phasing of the two periodic stresses. Cells divided faster, survived longer, and showed decreased transcriptional response when fluctuations of hyperosmotic stress and glucose deprivation occurred in phase than when the two stresses occurred alternatively. Therefore, glucose availability regulates yeast responses to dynamic osmotic stress, showcasing the key role of metabolic fluctuations in cellular responses to dynamic stress. We also found that mutants with impaired osmotic stress response were better adapted to alternating stresses than wild-type cells, showing that genetic mechanisms of adaptation to a persistent stress factor can be detrimental under dynamically interacting conditions.


              

          
	
            

              
              
                  	Immunology and Inflammation
	Microbiology and Infectious Disease


              
                
                  
                    A novel MARV glycoprotein-specific antibody with potentials of broad-spectrum neutralization to filovirus
                  

                

              
                  Yuting Zhang, Min Zhang ... Guojiang Chen

              
                  
                    
                    
                        Research Article
                    
                    
                        
                         Mar 25, 2024
                    

                  

              
              
              
                Marburg virus (MARV) is one of the filovirus species that cause deadly hemorrhagic fever in humans, with mortality rates up to 90%. Neutralizing antibodies represent ideal candidates to prevent or treat virus disease. However, no antibody has been approved for MARV treatment to date. In this study, we identified a novel human antibody named AF-03 that targeted MARV glycoprotein (GP). AF-03 possessed a high binding affinity to MARV GP and showed neutralizing and protective activities against the pseudotyped MARV in vitro and in vivo. Epitope identification, including molecular docking and experiment-based analysis of mutated species, revealed that AF-03 recognized the Niemann-Pick C1 (NPC1) binding domain within GP1. Interestingly, we found the neutralizing activity of AF-03 to pseudotyped Ebola viruses (EBOV, SUDV, and BDBV) harboring cleaved GP instead of full-length GP. Furthermore, NPC2-fused AF-03 exhibited neutralizing activity to several filovirus species and EBOV mutants via binding to CI-MPR. In conclusion, this work demonstrates that AF-03 represents a promising therapeutic cargo for filovirus-caused disease.


              

          
	
            

              
              
                  	Microbiology and Infectious Disease


              
                
                  
                    Quantification of sporozoite expelling by Anopheles mosquitoes infected with laboratory and naturally circulating P. falciparum gametocytes
                  

                

              
                  Chiara Andolina, Wouter Graumans ... Teun Bousema

              
                  
                    
                    
                        Research Article
                    
                    
                        
                         Mar 22, 2024
                    

                  

              
              
              
                It is currently unknown whether all Plasmodium falciparum-infected mosquitoes are equally infectious. We assessed sporogonic development using cultured gametocytes in the Netherlands and naturally circulating strains in Burkina Faso. We quantified the number of sporozoites expelled into artificial skin in relation to intact oocysts, ruptured oocysts, and residual salivary gland sporozoites. In laboratory conditions, higher total sporozoite burden was associated with shorter duration of sporogony (p<0.001). Overall, 53% (116/216) of infected Anopheles stephensi mosquitoes expelled sporozoites into artificial skin with a median of 136 expelled sporozoites (interquartile range [IQR], 34–501). There was a strong positive correlation between ruptured oocyst number and salivary gland sporozoite load (ρ = 0.8; p<0.0001) and a weaker positive correlation between salivary gland sporozoite load and number of sporozoites expelled (ρ = 0.35; p=0.0002). In Burkina Faso, Anopheles coluzzii mosquitoes were infected by natural gametocyte carriers. Among salivary gland sporozoite positive mosquitoes, 89% (33/37) expelled sporozoites with a median of 1035 expelled sporozoites (IQR, 171–2969). Again, we observed a strong correlation between ruptured oocyst number and salivary gland sporozoite load (ρ = 0.9; p<0.0001) and a positive correlation between salivary gland sporozoite load and the number of sporozoites expelled (ρ = 0.7; p<0.0001). Several mosquitoes expelled multiple parasite clones during probing. Whilst sporozoite expelling was regularly observed from mosquitoes with low infection burdens, our findings indicate that mosquito infection burden is positively associated with the number of expelled sporozoites. Future work is required to determine the direct implications of these findings for transmission potential.
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