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Despite the urgent need for effective antivirals against SARS-CoV-2 to mitigate the catastrophic impact of the COVID-19 pandemic, favipiravir and ivermectin are among the common repurposed drugs that have been provisionally used in some countries. There have been clinical trials with mixed results, and therefore, it is still inconclusive whether they are effective or should be dismissed. It is plausible that the lack of clear-cut clinical benefits was due to the finding of only marginal levels of in vivo antiviral activity. An obvious way to improve the activity of antivirals is to use them in synergistic combinations. The in vitro antiviral activity of the combinations of favipiravir, ivermectin, niclosamide, and chloroquine against SARS-CoV-2 was assessed in Vero E6 cells and the lung epithelial cell, Calu-3. Here we show that favipiravir and ivermectin had synergistic effects against SARS-CoV-2 in Vero E6 cells. In addition, we found that favipiravir had an additive effect with niclosamide, another repurposed anti-parasitic drug with anti-SARS-CoV-2 activity. However, the anti-SARS-CoV-2 activity of favipiravir was drastically reduced when evaluated in Calu-3 cells. This suggested that this cell type might not be able to metabolize favipiravir into its active form and that this deficiency in some cell types may affect the in vivo efficacy of this drug. Favipiravir and ivermectin show the best synergistic effect. This combination is being tested in a randomized controlled clinical trial (NCT05155527).
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INTRODUCTION
Up to the end of June 2022, the COVID-19 pandemic had resulted in more than 6 million deaths (Worldometer, 2022). The emergence of variants with antigenic changes causing vaccine escape has obliterated the hope to eradicate the virus, and the disease will likely continue to be a major problem for the foreseeable future. Effective antivirals are urgently needed to mitigate the disease burden, especially where vaccine supplies are insufficient. In addition, infection and illnesses continue even in a vaccinated population, and effective antivirals would ensure the return to normalcy with a further reduced risk of severe disease and death. While new effective antivirals have been developed (Wen et al., 2022), they are costly and not widely available. Furthermore, treatment using monoclonal antibodies can be effective only in the early phase of the disease (Hurt and Wheatley, 2021). Repurposed drugs with antiviral activity have been the main target for developing COVID-19 treatments (Alam et al., 2021). Remdesivir is the repurposed antiviral with the most supporting clinical data for its effectiveness and is recommended by many treatment guidelines (Ansems et al., 2021; Wang et al., 2021a). However, the drug cannot be taken orally and, therefore, is not used in mild cases or in an early phase. Early antiviral treatment is very likely to be more effective and will prevent not only death but also progression to severe disease (Ngo et al., 2021). Several repurposed drugs with in vitro antiviral activity have been tested in clinical trials (Alam et al., 2021). Some have been shown to be ineffective, and some have shown mixed results. Marginal or low levels of efficacy could be a reason for the lack of a clear-cut benefit for some of these drugs.
Favipiravir has been approved in Japan as an alternative drug for the treatment of resistant influenza infections (Delang et al., 2018; Goldhill et al., 2021). Favipiravir (T-705; 6-fluoro-3-hydroxy-2-pyrazinecarboxamide) is a pyrazine analog that can prevent RNA elongation by viral RNA-dependent RNA polymerase (RdRp) (Furuta et al., 2017). The catalytic domain of RdRp is conserved among several RNA viruses; thus, favipiravir shows inhibitory effects against a broad range of RNA viruses, including influenza A viruses (Baranovich et al., 2013), respiratory syncytial virus (Jochmans et al., 2016), West Nile virus (Escribano-Romero et al., 2017), Zika virus (Kim et al., 2018; Pires de Mello et al., 2018), and Ebola virus (Guedj et al., 2018). Favipiravir is metabolized intracellularly to its active form, favipiravir-ribofuranosyl-5′-triphosphate (favipiravir-RTP) (Furuta et al., 2017). It is believed to inhibit viral replication by inhibiting viral RdRp and by inducing lethal hypermutations (Baranovich et al., 2013; Wang et al., 2021b). Recently, it was shown that favipiravir also inhibits SARS-CoV-2 by inducing lethal hypermutations (Shannon et al., 2020). The broad-spectrum antiviral activity of favipiravir makes it a potentially promising drug for the treatment of the recently emerged SARS-CoV-2. However, favipiravir was tested in clinical trials with mixed results (Hassanipour et al., 2021). It is being used for COVID-19 treatment in some countries, including Thailand (Department of Medical Services, 2020).
Ivermectin is a derivative of avermectin (a macrocyclic lactone found in Streptomyces avermectinius) and is being used for anti-parasite medication by blocking the transmission of neuronal signals of the parasites. Ivermectin was previously reported to have broad-spectrum antiviral activity against various types of RNA viruses. The proposed mechanism of action of ivermectin is that the drug molecule targets the host nuclear transport proteins, the importin α/β1 heterodimer, thereby inhibiting the nuclear import of various viral proteins. Several studies demonstrated the antiviral activity of ivermectin in flaviviruses, including dengue virus, West Nile virus, and Zika virus, by inhibiting the nuclear import of the NS5 protein (Xu et al., 2018; Kongmanas et al., 2020; Yang et al., 2020). In human immunodeficiency virus type 1 (HIV-1) and influenza A viruses, it was shown that ivermectin inhibited integrase and viral ribonucleoprotein nuclear import, respectively (Wagstaff et al., 2012; Götz et al., 2016). However, the exact mechanism of the antiviral activity of ivermectin has not yet been well described. Ivermectin also showed anti-SARS-CoV-2 activity (Caly et al., 2020; Yang et al., 2020). Although many clinical trials have shown its efficacy in COVID-19 treatment and prophylaxis (Ahmed et al., 2021; Behera et al., 2021; Kory et al., 2021; Lima-Morales et al., 2021), many others have indicated that it has no clinical benefit (Popp et al., 2021; Vallejos et al., 2021; Lim et al., 2022). These trials varied in the dosages, time of initiating the treatment, and whether to take the drug with a meal. As earlier treatment is more likely to be effective, taking ivermectin with a fatty meal was shown to increase absorption and drug plasma levels (Guzzo et al., 2002). It is still possible that these factors might negatively influence trial outcomes, and the drug may provide some benefit in specific settings despite the disappointing clinical trial results.
Niclosamide is an anthelmintic drug widely used in humans to treat tapeworm infections. The proposed mechanism involves inhibiting oxidative phosphorylation and stimulating adenosine triphosphatase activity in the mitochondria of the tapeworm (Kadri et al., 2018). From several repurposed drug screenings, niclosamide was identified as a multifunctional drug due to its ability to regulate multiple pathways, including mTORC1, STAT3, NF-κB, Notch, NS2B-NS3 interaction, and pH (Li et al., 2014; Xu et al., 2020). This made it a potential candidate for the treatment of cancer, bacterial, and viral infections. Many studies demonstrated the antiviral activity of niclosamide in several viruses, such as the Middle East respiratory syndrome coronavirus (MERS-CoV) (Gassen et al., 2019), dengue virus (Kao et al., 2018), Japanese encephalitis virus (Fang et al., 2013), hepatitis C virus (Mazzon et al., 2019), Epstein–Barr virus (Huang et al., 2017), HIV-1 (Niyomdecha et al., 2020), and the recently emerged SARS-CoV-2 (Jeon et al., 2020; Backer et al., 2021). Niclosamide is still an interesting drug that is being tested in clinical trials (Backer et al., 2021).
Chloroquine is an aminoquinoline and is primarily used for malaria treatment. Repurposed drug screening revealed antiviral activity of chloroquine in diverse types of viruses, including flaviviruses, retroviruses, and coronaviruses, by inhibiting the pH-dependent steps of viral replication (Kamat and Kumari, 2021). Many studies have shown the potent in vitro activity of chloroquine against SARS-CoV-2 (Vincent et al., 2005; Musa, 2020; Wang et al., 2020). However, chloroquine has been dismissed as ineffective in COVID-19 treatment (Singh et al., 2021).
The use of these repurposed drugs in COVID-19 was not supported by data from large clinical trials, and they are not recommended by the World Health Organization (WHO) or the US Food and Drug Administration (US FDA) (Axfors et al., 2021; US FDA, 2021; WHO, 2022). The main reason for the lack of clinical efficacy despite the in vitro activity is that the in vitro IC50 values are usually too high to be achievable in vivo at a normal therapeutic dose (Schmith et al., 2020). Increasing the dosage is not a viable solution, as it may result in toxic effects and adverse events. An approach to decreasing the IC50 values and making them lower than plasma concentrations at a normal therapeutic dose is drug combination (Phougat et al., 2014). However, synergy, or at least an additive effect, is needed to make a combination more effective than single drugs and markedly reduce the IC50s. We, therefore, tested combinations of common repurposed drugs with anti-SARS-CoV-2 activity to identify combinations with good potential for further clinical testing. These drugs are common, inexpensive, and widely available, and their combinations may provide another affordable solution for COVID-19 treatment.
METHODS
Chemicals
The compounds niclosamide (N3510, Sigma), ivermectin (I8898, Sigma), and favipiravir (HY-14768, MedChemExpress) were dissolved in 100% dimethyl sulfoxide (DMSO, Sigma), and chloroquine (HY-17589, MedChemExpress) was dissolved in water and stored at −80°C. All drugs were diluted to the working concentrations in a Minimum Essential Medium with 1.5 g/L sodium bicarbonate, non-essential amino acids, L-glutamine, and sodium pyruvate (MEM; 10-009-CV, Corning) and supplemented with 2% heat-inactivated fetal bovine serum (FBS, Gibco) for the antiviral experiment in Vero E6 cells or Dulbecco’s Modified Eagle Medium/Nutrient Mixture F12 (DMEM/F12; 11320033, Gibco) supplemented with 2% heat-inactivated FBS for Calu-3 cells. The final concentration of DMSO in all experiments was 0.5%.
Cells and viruses
Vero E6 (Vero C1008, Cat. no. CRL-1586, ATCC, USA) cells were cultivated in MEM supplemented with 10% heat-inactivated FBS (10% FBS-MEM) at 37°C with 5% CO2. Calu-3 cells (Cat. no. HTB-55, ATCC, USA) were cultivated in DMEM/F12 supplemented with 10% heat-inactivated FBS (10% FBS-DMEM/F12) at 37°C with 5% CO2.
SARS-CoV-2/01/human/Jan2020/Thailand, which represented the original Wuhan strain, was isolated from nasopharyngeal swabs of a confirmed COVID-19 case in Thailand in the previous study (GenBank accession no. QYZ85362.1) (Kanjanasirirat et al., 2020). The virus was propagated in Vero E6 cells. Briefly, Vero E6 were seeded in T75 cell culture flasks at a density of 4 × 106 cells per flask before the day of infection. Then the culture medium was removed, and the cells were inoculated with SARS-CoV-2 at a multiplicity of infection (MOI) of 0.01 for 1 h. Subsequently, the viruses were discarded, and the cells were further maintained in 2% FBS-MEM at 37°C with 5% CO2. The cytopathic effects (CPE) were observed daily until the CPE reached 50%. The supernatants containing viruses were harvested by centrifugation to remove cell debris and stored at −80°C. The viral titer was determined by plaque assay in Vero E6 cells or a 50% tissue culture infectious dose (TCID50) endpoint dilution assay in Calu-3 cells.
Cell viability assay
Vero E6 or Calu-3 cells were seeded in 96-well plates at a density that allowed 100% and 70% confluence, respectively. The culture medium was removed, and the cells were treated with various concentrations of drugs for 48 h. The cell viability was assessed using MTT dyes (Invitrogen). The viable cells would convert the 3-(4, 5-dimethyl-2-thiazolyl)-2, 5-diphenyl-2H-tetrazolium bromide to MTT formazan. Then 50 µL DMSO was added to dissolve the precipitates of MTT formazan in the cells, and the absorbance was read at 570 nm. The cells treated with 0.5% DMSO were used as a cell control. The 50% cytotoxic concentration (CC50) was calculated using non-linear regression analysis. The experiments were repeated at least twice (Supplementary File S2).
Drug treatments
Evaluation of single-drug treatment against SARS-CoV-2 in vitro
Vero E6 or Calu-3 cells were seeded in 96-well plates at a density of 2.5 × 104 cells per well or 2.0 × 104 cells per well, respectively, before the day of infection. Each drug was twofold serially diluted in 2% FBS-MEM or 2% FBS-DMEM/F12. The initial concentrations of favipiravir, ivermectin, niclosamide, and chloroquine used started at 1000, 40, 0.5, and 160 μM, respectively, for the treatments in Vero E6 cells. For Calu-3 cells, the initial concentrations of favipiravir and ivermectin used started at 2000 and 12.5 µM, respectively. Then the cells were pretreated with the serially diluted drugs or 0.5% DMSO as a no-drug control for 1 h at 37°C with 5% CO2. Subsequently, the cells were incubated with SARS-CoV-2 at MOI 0.01 in Vero E6 cells or 500 TCID50/100 µL in Calu-3 cells for 1 h. The optimization of SARS-CoV-2 infection in Calu-3 cells is shown in S1 Fig. After that, the viral inoculum was removed. The cells were further maintained in the media containing serially diluted drugs or 0.5% DMSO for 2 days. The virus supernatants were collected for titration using a plaque assay and one-step quantitative reverse-transcription PCR (qRT-PCR). The half-maximal inhibitory concentration (IC50) was calculated from the dose-response curve of drug treatment against SARS-CoV-2 using non-linear regression analysis. The experiments were repeated at least three times (Supplementary File S2).
Evaluation of two-drug combinations for treatment against SARS-CoV-2 in vitro
Vero E6 or Calu-3 cells were seeded in 96-well plates at a density of 2.5 × 104 cells per well or 2.0 × 104 cells per well, respectively, before the day of infection. The cells were pretreated for 1 h with 16 different pairwise combinations of two drugs. Drug concentrations ranged between 2×, 1×, 0.5× and 0.25× of the IC50 values that were determined from a single drug treatment. In Vero E6 cells, the concentration of favipiravir was 80, 40, 20, and 10 μM; ivermectin was 2.4, 1.2, 0.6, and 0.3 µM; niclosamide was 0.09, 0.045, 0.0225, and 0.01125 µM; and chloroquine was 1.7, 0.85, 0.425, and 0.2125 µM. In Calu-3 cells, the concentration of favipiravir was 1.8, 0.9, 0.45, and 0.225 mM, and the concentration of ivermectin was 0.4, 0.2, 0.1, and 0.05 µM. Subsequently, the cells were infected with SARS-CoV-2 following the same approach used in the single drug experiments. The virus supernatants were collected for titration by one-step qRT-PCR and plaque assay. The experiments were repeated at least three times (Supplementary File S2).
Viral quantitation
Plaque assay
Vero E6 cells were seeded in 12-well plates at a density of 2.2 × 105 cells per well, which allowed 100% confluence to be reached within 18 h. The culture medium was removed, and the cells were inoculated with 100 µL of 10-fold serial dilutions of virus supernatants for 1 h at 37°C with 5% CO2. After that, the virus supernatants were removed, and the cells were overlaid with 1.56% microcrystalline cellulose (Avicel, RC-591) in 2% FBS-MEM. The cells were further incubated at 37°C with 5% CO2 for 3 days. The overlaid medium was removed, and the cells were fixed with 10% (v/v) formalin in phosphate-buffered saline (PBS) for 2 h. The fixed infected cells were washed in tap water, stained with 1% (w/v) crystal violet in 20% (v/v) ethanol for 5 min, and washed to remove the excess dyes. The plaques were counted, and the viral titers were calculated in plaque-forming units per ml (pfu/mL).
50% cell culture infectious dose (TCID50) endpoint dilution assay
Calu-3 cells were seeded in 96-well plates at a density of 2 × 104 cells per well. The culture medium was removed, and the cells were incubated with a half-log10 serial dilution of the virus stock for 48 h at 37°C with 5% CO2. After that, the cells were fixed with 1:1 methanol/acetone for 30 min at 4°C and the infectivity was detected with an antibody against the SARS-CoV-2 nucleocapsid protein (40143-R001, Sino Biological). The viral TCID50 titers were calculated using the Reed and Muench method (Reed and Muench, 1938).
One-step qRT-PCR for SARS-CoV-2
The one-step qRT-PCR was used as a screening method to detect the RNA of SARS-CoV-2 directly from the virus supernatants without RNA extraction (Ganguly et al., 2020; Jitobaom et al., 2022). This assay was validated by comparing the results with viral quantitation using the plaque assay. The virus supernatants were heat-inactivated at 70°C for 20 min. Then the inactivated samples were diluted 1:10 with DNase/RNase free distilled water. One-step qRT-PCR was performed using the Power SYBR one-step kit (Applied Biosystems) and the LightCycler 480 (Roche, LC480). The one-step RT-PCR master mix was prepared following the kit’s instructions for a 10 µL reaction volume.
The primers used were N-Fw: 5′-GGG​GAA​CTT​CTC​CTG​CTA​GAA​T-3′ and N-Rv: 5′-CAG​ACA​TTT​TGC​TCT​CAA​GCT​G-3′. Then 5.4 µL of the master mix was mixed with 4.6 µL of the sample in 96-well white PCR plates. RNA of SARS-CoV-2 purified from the virus stock using TRIzol-LS (Invitrogen) was used as a positive control. The samples also included a no-template control (nuclease-free water and the medium of SARS-CoV-2 mock-infected cells). The LC480 was run according to the Power SYBR one-step kit’s instructions. Briefly, the revere transcription step at 48°C for 30 min and the activation of polymerase at 95°C for 10 min was followed by 45 amplification cycles (95°C for 15s, 60°C for 1 min) and a melting curve step to determine the specificity of the PCR product from the melting temperature (Tm) (95°C for 30s, 60°C for 30s). The threshold cycle (Ct) values were calculated from raw fluorescence data using the Abs Quant/2nd derivative method. The Tm calling analysis was performed to exclude reactions with non-specific amplification by comparing no template control with the product amplified from the positive control. The inhibition of SARS-CoV-2 production in drug-treated cells was relative to the cells treated with 0.5% DMSO.
Evaluation of the combination synergy scores
The SynergyFinderPlus web application was used to analyze and visualize the degree of combination synergy (Zheng et al., 2022). The synergy scores of two-drug combinations were analyzed by comparing the observed drug combination response (percent inhibition) against the expected response, calculated using reference models (Ianevski et al., 2020). The reference models used in this study include the Loewe additivity (Loewe), Zero Independence Potency (ZIP), Highest Single Agent (HSA), and Bliss independence models (Bliss) (Yadav et al., 2015). For a synergy score less than −10, the interaction between two drugs accounted for antagonistic effects; from −10 to 10, the interaction between two drugs accounted for additive effects; and larger than 10, the interaction between two drugs accounted for synergistic effects.
Statistical analysis
All drug treatment experiments were performed in triplicate, and the data are shown as mean ± SD. The IC50 and the CC50 were calculated by non-linear regression analysis using GraphPad Prism 9 (GraphPad Software, Inc., CA). The selectivity index (SI) was calculated from the ratio between CC50 and IC50.
RESULTS
Single drug treatment against SARS-CoV-2 in Vero E6 cells
The main features of the antiviral activities of favipiravir and the repurposed anti-parasitic drugs niclosamide, ivermectin, and chloroquine are shown in Table 1 and Figure 1. Virus production was determined using both plaque assays and one-step qRT-PCR and is expressed as the percent inhibition relative to the DMSO-treated cell control. The IC50 values determined by both methods are similar. The IC50 values calculated from the dose-response determined by one-step qRT-PCR for favipiravir, ivermectin, niclosamide, and chloroquine were 40.49, 1.24, 0.048, and 0.89 µM, respectively. And the IC50 values calculated from the dose-response determined by plaque assay for favipiravir, ivermectin, niclosamide, and chloroquine were 41.81, 1.23, 0.046, and 0.82 µM, respectively. This confirmed that viral RNA quantitation could accurately determine the infectious viral output for these experiments, and for higher throughput, one-step qRT-PCR was used for screening of two-drug combinations. The selectivity indexes of each single drug treatment are also shown in Table 1.
TABLE 1 | The single drug treatment against SARS-CoV-2 in Vero E6 cells.
[image: Table 1][image: Figure 1]FIGURE 1 | Evaluation of the antiviral activity of drug candidates against SARS-CoV-2 in vitro. The dose-response curves of a single drug treatment against SARS-CoV-2 are shown: (A) favipiravir, (B) ivermectin, (C) niclosamide, and (D) chloroquine. Vero E6 cells were pretreated with twofold serial dilutions of the drug for 1 h and infected with SARS-CoV-2 at an MOI of 0.01. The infected cells were maintained in the medium containing serial dilutions of the single drugs or 0.5% DMSO for 2 days. The virus production was determined using the plaque assay and one-step qRT-PCR. The dose-response curves are expressed as the percent inhibition relative to the DMSO-treated cell control. The effect of drug treatment on cell viability was determined using a MTT assay and expressed relative to the DMSO-treated cell control.
Two-drug combination treatments against SARS-CoV-2 in Vero E6 cells
The antiviral activities of favipiravir and the repurposed anti-parasitic drug combinations were assessed in vitro to find the combinations with good potential for COVID-19 treatment. Two-drug combinations were evaluated in Vero E6 cells, including favipiravir-ivermectin, favipiravir-niclosamide, and favipiravir-chloroquine. The evaluations of two-drug combinations were performed following the same infection protocol by treating with 16 different pairwise combinations of two drugs. All 16 pairwise two-drug combinations showed no significant cytotoxicity.
Favipiravir-ivermectin combination
The presence of ivermectin at various concentrations ranging from 0.3 to 2.4 µM induced a strong shift in the dose-response curves of favipiravir (Figure 2A). However, the accurate IC50 values of the dose-response curves with minimal antiviral activity above 50% could not be determined. Thus, the extrapolated IC50 values and fold reduction were dismissed (Table 2). In a similar manner, the presence of favipiravir also induced a strong shift in ivermectin dose-response curves with the presence of 80, 40, and 20 µM of favipiravir, while the presence of 10 µM of favipiravir resulted in a 4.28-fold reduction of the ivermectin IC50 value (Figure 2B; Table 2). All pairwise combinations showed increasing inhibitory effects compared to single drug treatments, with a maximum antiviral activity of approximately 90% (Figure 2C). The mean Loewe synergy scores of 13.43 accounted for the synergistic effect between favipiravir and ivermectin, with peak scores of 27.28 and 95% confidence intervals (CI) [21.56, 32.71] (Figure 2D). Moreover, the synergy score calculation using the HSA reference model also showed synergistic effects, with a mean synergy score of 23.79. However, the use of ZIP and Bliss independence models gave values of 9.94 and 9.88, respectively, which indicated the additive effect between favipiravir and ivermectin.
[image: Figure 2]FIGURE 2 | Evaluation of favipiravir-ivermectin combination treatments against SARS-CoV-2 in Vero E6 cells. Vero E6 cells were treated for 1 h with twofold serial dilutions of favipiravir in the presence of different fixed concentrations of ivermectin (A) or, alternatively, serial dilutions of ivermectin in the presence of different fixed concentrations of favipiravir (B). The cells were infected with SARS-CoV-2 at MOI 0.01. After removing the virus inoculum, the cells were further maintained in the medium containing drugs for 2 days. Virus production was determined using one-step qRT-PCR. The dose-response matrix of a two-drug combination is shown in (C). The synergy scores of two-drug combinations (D) were calculated using SynergyFinderPlus. For synergy scores less than −10, the interaction between two drugs was antagonistic. On scores from −10 to 10, the interaction between two drugs accounted for additive effects. For scores larger than 10, the interaction between two drugs accounted for the synergistic effect. The independent experiments were performed in triplicate, and the data are shown as mean ± SD in (A–C) or mean [95% confidence intervals (CI)] in (D) (Abbreviation: F, favipiravir; I, ivermectin).
TABLE 2 | Antiviral activity of two-drug combination treatments against SARS-CoV-2 in Vero E6 cells.
[image: Table 2]Favipiravir-niclosamide combination
The presence of 0.09 and 0.045 µM niclosamide induced a strong shift in the dose-response curves of favipiravir, with the inhibitory activity ranging from 80% to 98% (Figures 3A, C). The presence of 0.0255 and 0.01125 µM niclosamide resulted in a 4.76- and 5.15-fold reduction of favipiravir IC50 values, respectively (Figure 3A; Table 2). Similarly, the presence of 80, 40, and 20 µM favipiravir also induced a strong shift in the niclosamide dose-response curves. While the presence of 10 µM of favipiravir resulted in a 3.428-fold reduction of the niclosamide IC50 value (Figure 3B; Table 2). The dose-response matrix shows an increasing inhibitory effect due to the increasing concentrations of favipiravir and niclosamide (Figure 3C). The mean Loewe synergy scores of 7.48 accounted for the additive effect between favipiravir and niclosamide, with peak scores of 16.86, 95% CI [12.88, 23.64] (Figure 3D). The synergy scores of 4.29 and 4.37 were obtained when using the ZIP and Bliss independence reference models, which also accounted for the additive effect between favipiravir and niclosamide. However, the synergy score calculation using the ZIP reference model resulted in synergy scores of 16.27, which showed the synergistic effect of this combination.
[image: Figure 3]FIGURE 3 | Evaluation of favipiravir-niclosamide combination treatments against SARS-CoV-2 in Vero E6 cells Vero E6 cells were treated for 1 h with twofold serial dilutions of favipiravir in the presence of different fixed concentrations of niclosamide (A) or, alternatively, serial dilutions of niclosamide in the presence of different fixed concentrations of favipiravir (B). The cells were infected with SARS-CoV-2 at MOI 0.01. After removing the virus inoculum, the cells were further maintained in the medium containing drugs for 2 days. Virus production was determined using one-step qRT-PCR. The dose-response matrix of a two-drug combination is shown in (C). The synergy scores of two-drug combinations (D) were calculated using SynergyFinderPlus. For synergy scores less than −10, the interaction between two drugs was antagonistic. On scores from −10 to 10, the interaction between two drugs accounted for additive effects. For scores larger than 10, the interaction between two drugs accounted for the synergistic effect. The independent experiments were performed in triplicate, and the data are shown as mean ± SD in (A–C) or mean [95% confidence intervals (CI)] in (D) (Abbreviation: F, favipiravir; N, niclosamide).
Favipiravir-chloroquine combination
The results show that the presence of chloroquine induced a shift in the dose-response curves of favipiravir, with a 3.11 and 1.72-fold reduction of favipiravir IC50 values in the presence of 0.425 and 0.2125 µM chloroquine, respectively (Figure 4A; Table 2). The presence of favipiravir also induced a shift in the chloroquine dose-response curves, with a 1.48-fold reduction of the chloroquine IC50 value in the presence of 10 µM of favipiravir (Figure 4B; Table 2). The dose-response matrix shows the increasing inhibitory effect in pairwise combinations with high concentrations of favipiravir and chloroquine (Figure 4C). However, most parts of the synergy score map show negative to low positive scores, even with the high concentrations of both drugs (Figure 4D). The mean Loewe synergy scores of −0.37 accounted for the additive effect between favipiravir and chloroquine, with peak scores of 11.33, 95% CI [9.11, 14.15] in the combination of 40 µM favipiravir and 0.425 µM chloroquine. The synergy scores of −7.19, −7.62, and 7.79 were obtained when using ZIP, Bliss independence, and HSA reference models, which also accounted for the additive effect of favipiravir and chloroquine.
[image: Figure 4]FIGURE 4 | Evaluation of favipiravir-chloroquine combination treatments against SARS-CoV-2 in Vero E6 cells. Vero E6 cells were treated for 1 h with twofold serial dilutions of favipiravir in the presence of different fixed concentrations of chloroquine (A) or, alternatively, serial dilutions of chloroquine in the presence of different fixed concentrations of favipiravir (B). The cells were infected with SARS-CoV-2 at MOI 0.01. After removing the virus inoculum, the cells were further maintained in the medium containing drugs for 2 days. Virus production was determined using one-step qRT-PCR. The dose-response matrix of a two-drug combination is shown in (C). The synergy scores of two-drug combinations (D) were calculated using SynergyFinderPlus. For synergy scores less than −10, the interaction between two drugs was antagonistic. On scores from −10 to 10, the interaction between two drugs accounted for additive effects. For scores larger than 10, the interaction between two drugs accounted for the synergistic effect. The independent experiments were performed in triplicate, and the data are shown as mean ± SD in (A–C) or mean [95% confidence intervals (CI)] in (D) (Abbreviation: F, favipiravir; C, chloroquine).
Evaluation of single-drug treatment against SARS-CoV-2 in Calu-3 cells
Favipiravir-ivermectin combinations in Vero E6 cells demonstrated the synergistic effect. Thus, this combination was selected for further study in the human lung cancer cell line, Calu-3. Firstly, the inhibitory effects of single favipiravir and ivermectin treatments were determined using a plaque assay (Figure 5). The IC50 values of favipiravir and ivermectin were 913 µM and 0.2 µM, respectively. The effect of drug treatment on cell viability was determined using an MTT assay. The CC50 values of favipiravir and ivermectin were >2 mM and 3.09 µM. Therefore, the SI values of favipiravir and ivermectin were >2.19 and 15.45, respectively.
[image: Figure 5]FIGURE 5 | Evaluation of single-drug treatment against SARS-CoV-2 in Calu-3 cells. The dose-response curves of a single drug treatment against SARS-CoV-2 are shown for (A) favipiravir and (B) ivermectin. Calu-3 cells were treated with twofold serial dilutions of the drug for 1 h and infected with SARS-CoV-2. The infected cells were maintained in the medium containing serial dilutions of the single drug, or 0.5% DMSO, for 2 days. Virus production was determined using a plaque assay. The dose-response curves are expressed as percent inhibitions relative to the DMSO-treated cell control. The effect of drug treatment on cell viability was determined using a MTT assay and expressed relative to the DMSO-treated cell control. The experiments were performed in triplicate for drug treatments and in duplicate for cell viability assays; the data are shown in mean ± SD.
Evaluation of favipiravir-ivermectin combination treatment against SARS-CoV-2 in Calu-3 cells
The presence of 0.4 and 0.2 µM ivermectin induced a strong shift in the dose-response curves of favipiravir to a comparable level in every pairwise combination, ranging from 70% to 80% of inhibitory activity (Figure 6A). While the presence of 0.1 and 0.05 µM ivermectin induced a shift in the dose-response curve of favipiravir, with a 1.56 and 1.37-fold reduction of favipiravir IC50 values, respectively (Figure 6A; Table 3). Similarly, the presence of 1.8 and 0.9 mM favipiravir also induced a strong shift in the dose-response curves of ivermectin. The shift of ivermectin dose-response curves was observed with a 2.06 and 1.33-fold reduction of ivermectin IC50 values in the presence of 0.45 and 0.225 mM favipiravir, respectively (Figure 6B; Table 3). The dose-response matrix shows the increasing inhibitory effect in relation to the increasing drug concentrations (Figure 6C). The mean Loewe synergy scores of 1.44 accounted for the additive effect between favipiravir and ivermectin, with peak scores of 10.08, 95% CI [6.62, 15.30] (Figure 6D). Moreover, the synergy score calculation using ZIP, Bliss independence, and HSA reference models gave values of −2.21, −2.26, and 9.34, respectively, which indicated the additive effect between favipiravir and ivermectin. All 16 pairwise two-drug combinations showed no significant cytotoxicity (Figures 6A,B).
[image: Figure 6]FIGURE 6 | Evaluation of favipiravir-ivermectin combination treatments against SARS-CoV-2 in Calu-3 cells. Calu-3 cells were treated for 1 h with twofold serial dilutions of favipiravir in the presence of different fixed concentrations of ivermectin (A) or, alternatively, serial dilutions of ivermectin in the presence of different fixed concentrations of favipiravir (B). The cells were infected with SARS-CoV-2 at MOI 0.01. After removing the virus inoculum, the cells were further maintained in the medium containing drugs for 2 days. The virus production was determined using a plaque assay. The dose-response matrix of a two-drug combination is shown in (C). The synergy scores of two-drug combinations (D) were calculated using SynergyFinderPlus. For synergy scores less than −10, the interaction between two drugs was antagonistic. On scores from −10 to 10, the interaction between two drugs accounted for additive effects. For scores larger than 10, the interaction between two drugs accounted for the synergistic effect. The independent experiments were performed in triplicate, and the data are shown as mean ± SD in (A–C) or mean [95% confidence intervals (CI)] in (D) (Abbreviation: F, favipiravir; I, ivermectin).
TABLE 3 | Favipiravir-ivermectin combination treatments against SARS-CoV-2 in Calu-3 cells.
[image: Table 3]DISCUSSION
Our results showed anti-SARS-CoV-2 activity of favipiravir in a high micromolar range (Vero E6: IC50 = 40.49 µM; Calu-3: IC50 = 913.4 µM), which is in line with the previous studies (Jeon et al., 2020; Shannon et al., 2020; Wang et al., 2020; Ohashi et al., 2021). The average maximum free plasma concentration of favipiravir ranges from 362 μM to 530 µM (Mentré et al., 2015; Nguyen et al., 2017; Hassanipour et al., 2021), which exceeds the drug IC50 value determined only using our Vero E6 model. A previous study demonstrated differences in favipiravir-RTP levels in different cell lines; higher favipiravir-RTP levels were observed in Vero, A549, and HEK293T compared to MDCK cells (Huchting et al., 2019). Further studies are required to assess the favipiravir-RTP levels and the activities of cellular enzymes required for phosphoribosylation in Calu-3 cells and lung cells.
The results of clinical trials demonstrated that favipiravir provided benefit to mild or moderate COVID-19-infected patients when taken early (Agrawal et al., 2020; Cai et al., 2020). However, the plasma concentration of favipiravir in critical patients was much lower, ranging from 28.2 µM to lower than the limit of quantification (>1 μg/mL or 6.37 µM) (Favié et al., 2018; Irie et al., 2020), which does not reach the IC50 concentration, thereby raising a concern in severe COVOD-19 treatment. Notably, the in vivo studies in a hamster model showed that the anti-SARS-CoV-2 activity of favipiravir could be achieved with a very high dose (Kaptein et al., 2020; Driouich et al., 2021). Therefore, a drug combination approach should be used to improve the antiviral activity of favipiravir. In this study, repurposed anti-parasitic drugs with broad-spectrum antiviral activity were selected for the two-drug combination treatment, including ivermectin, niclosamide, and chloroquine.
Ivermectin showed potent in vitro anti-SARS-CoV-2 activity in the low micromolar range (Vero E6: IC50 = 1.24 µM; Calu-3: IC50 = 0.2 µM). However, many clinical trials showed varying results in COVID-19 treatment, ranging from efficacious to no significant benefit (Vallejos et al., 2020; Bryant et al., 2021; Popp et al., 2021). The maximum plasma concentration of ivermectin was 0.059 µM, which was below the IC50 value for anti-SARS-CoV-2 activity (Caly et al., 2020; Schmith et al., 2020). However, higher concentrations of ivermectin were detected in various tissues, including fat, skin, and nodular tissues (Baraka et al., 1996), suggesting the potential of ivermectin in antiviral therapy. Additionally, a clinical study reported that ivermectin was safe and reduced the level of plasma nonstructural protein 1 in dengue patients (Suputtamongkol et al., 2021).
To improve the antiviral activity of these drugs, a drug combination approach was used. Favipiravir and ivermectin showed in vitro synergistic antiviral activity against SARS-CoV-2 in Vero E6 cells. The presence of ivermectin lowered the favipiravir IC50 value. A similar trend was observed for favipiravir, which also lowered the ivermectin IC50 value below the maximum plasma concentration. However, in Calu-3 cells, the favipiravir-ivermectin combination only showed an additive effect. This suggested that a drug combination strategy would help improve antiviral activity. Additionally, the combination of remdesivir and ivermectin also showed synergistic effects (Jeffreys et al., 2020; Tan et al., 2021). As both remdesivir and favipiravir target viral RdRp, their interaction with ivermectin may represent a similar synergistic mechanism.
Niclosamide also showed potent in vitro anti-SARS-CoV-2 activity in a low micromolar range (Vero E6: IC50 = 0.048 µM). The favipiravir-niclosamide combination demonstrated only an additive effect in Vero E6 cells. Similarly, the drug combination lowered the IC50 values of both favipiravir and niclosamide. The in vitro anti-SARS-CoV-2 activity of chloroquine showed a low micromolar range in Vero E6 cells. However, a recent study reported that chloroquine could efficiently block virus infection in Vero and Huh7.5 cells but not in Calu-3 cells (Hoffmann et al., 2020b). Vero and Huh7.5 cells require endosomal acidification during viral entry, while the entry in Calu-3 cell is pH-independent by using TMPRSS2, a transmembrane serine protease, to cleave the Spike protein extracellularly and bypass the pH-dependent step (Hoffmann et al., 2020a; Dittmar et al., 2021). Moreover, in vivo and clinical studies showed that chloroquine treatment in COVID-19 patients was ineffective (Kashour et al., 2021). In this study, the favipiravir-choroquine combination only demonstrated a minimum additive effect. It was previously shown by mathematical modeling that drugs working at the entry step performed poorly in synergy with other drugs (Melville et al., 2018). The lack of good synergy with chloroquine supports this model. A previous study demonstrated an antagonistic effect of the hydroxychloroquine and remdesivir combination against SARS-CoV-2, while nitazoxanide (which should be similar to niclosamide) made good synergy with various drugs (Bobrowski et al., 2021).
The drug combination approach maximizes the antiviral activity with a reduced dosage of drugs needed, thus minimizing the side effects and the risk of resistance development. In particular, the combination of antiviral drugs with drugs utilizing different modes of action or acting on cellular targets helps reduce cellular toxicity and drug resistance. (Day and Siu, 2016). There are several successful drug combinations used in the treatment of HIV-1 and the hepatitis C virus (WHO, 2018; AASLD, 2021). Moreover, the combination of favipiravir and ivermectin is being tested in a randomized controlled clinical trial (ClinicalTrials.gov Identifier: NCT05155527).
In summary, our study demonstrated that the antiviral effects of single drugs were only achieved by using high doses. The drug combination strategy is able to reduce the IC50 values of individual drugs, providing the treatment with more options. Thus, the combinations of favipiravir and ivermectin or niclosamide are the attractive drug combinations to test in clinical trials due to their synergism, relatively good safety profile, and wide availability.
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Bliss, Bliss independence; CC50, 50% cytotoxic concentration; COVID-19, corona virus disease of 2019; CPE, cytopathic effect; Ct, threshold cycle; DMEM/F12, Dulbecco’s Modified Eagle Medium/Nutrient Mixture F12; DMSO, dimethyl sulfoxide; EC50, half maximum effective concentration; favipiravir-RTP, favipiravir-ribofuranosyl-5′-triphosphate; FDA, Food and drug administration; FBS, fetal bovine serum; HSA, Highest Single Agent; HIV-1, human immunodeficiency virus type 1; IC50, half-maximal inhibitory concentration; Loewe, Loewe additivity; MEM, Minimum Essential Medium; MOI, multiplicity of infection; qRT-PCR, quantitative reverse-transcription polymerase chain reaction; RdRp, RNA-dependent RNA polymerase; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; SI, selectivity index; TCID50, 50% cell culture infectious dose; Tm, melting temperature; WHO, World Health Organization; ZIP, Zero Independence Potency.
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