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Abstract

:

After almost three years of the pandemic, Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) is still spreading around the world, causing notable sanitary and social issues. New antiviral therapies are constantly under investigation. However, few options have been approved for the treatment of COVID-19. Clinical trials are currently ongoing to evaluate the efficacy of nelfinavir on mild–moderate COVID-19. This study aims to investigate the activity of this compound on SARS-CoV-2 “Variants of Concern” (VOCs), comparing its effectiveness with the approved drugs remdesivir and molnupiravir. The experiments were conducted in a biosafety level 3 facility. In this study, we used a Vero-E6-cell-based infection assay to investigate the in vitro activity of nelfinavir, molnupiravir, and remdesivir. Four strains of SARS-CoV-2 were tested: 20A.EU1, B.1.1.7, P.1, and B.1.617.2. All compounds reached micromolar/submicromolar EC50, EC90, and EC99. Furthermore, the Cmax/EC50 and Cmax/EC90 ratios were >1 for all compounds and all variants tested. Our study demonstrated that nelfinavir, as molnupiravir, and remdesivir are effective in vitro on SARS-CoV-2 variants.
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1. Introduction


The course of the Coronavirus Disease 2019 (COVID-19) pandemic was improved after the introduction of several efficient vaccines, but the spread of Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2) is still occurring due to the emergence of variants of concern (VOCs) [1]. Nowadays, antiviral drugs approved for the treatment of COVID-19 are remdesivir, which is indicated for the treatment of in-hospital patients with pneumonia or as an early treatment of mild–moderate disease (outpatients or inpatients), and molnupiravir and the nirmatrelvir/ritonavir combination, that are indicated for the treatment of patients who are at high risk of progressing to severe COVID-19. The latter are available as oral tablets and have played an important role in the early treatment of the disease, reducing the probability of hospitalization by about 90%. Another orally administrable drug with promising anti-SARS-CoV-2 activity is nelfinavir, a protease inhibitor of human immunodeficiency virus 1 (HIV-1). Clinical trials are now ongoing to demonstrate the efficacy of this drug against COVID-19 [2].



Few studies have demonstrated the potential efficacy of nelfinavir against SARS-CoV-2. Nelfinavir is an antiretroviral drug widely used in the past for the treatment of HIV-1 infection. Its effectiveness is guaranteed by the capacity to selectively inhibit HIV-1 protease preventing cleavage of the gag-pol viral polyprotein that results in the inhibition of virions maturation [3]. Consequently, it has been described how the replication leads to immature and noninfectious virus particles release [4].



In addition, nelfinavir is able to inhibit cell fusion resulting from SARS-CoV-2 Spike (S) glycoprotein. The specific mechanism is not clear, but some studies suggested that its activity is related to the inhibition of the 3CL SARS-CoV-2 main protease. However, Pathak et al. found that nelfinavir seemed to have no activity on this protease while it binds with high-affinity tyrosine-protein-kinase FYN and the neurokinin 2 receptor [5,6]. Furthermore, another study by Narayanan A. et al. showed that nelfinavir does not affect the entry of the virus into the cells [7].



Molnupiravir (EIDD-2801, MK-4482) is a broad-spectrum antiviral drug originally developed for the treatment of influenza and alpha-virus infections. The drug target is the RNA-dependent RNA polymerase (RdRp) that is encoded by all RNA viruses and is the most conserved protein of all RNA viruses [8]. Molnupiravir is administered as a prodrug that is rapidly cleaved in plasma to the active metabolite of the drug [9]. The active metabolite can be used by the RdRp as a substrate to form stable base pairs with a consequent proofreading escape, giving rise to the so-called “viral error catastrophe”. Subsequently, the formation of new complete viral particles is blocked by the mutated products. The broad-spectrum activity of molnupiravir is probably due to this two-step mechanism [10].



Remdesivir is a nucleoside analogue that, as molnupiravir, acts inhibiting the RdRp of coronaviruses. It was originally developed for the treatment of Ebola and, at the beginning of the COVID-19 pandemic, became the first antiviral drug to give successful results on SARS-CoV-2 infection [11]. Remdesivir is a phosphoramidate prodrug that is metabolized to yield an active analogue molecule: remdesivir triphosphate (RTP). The RdRp uses RTP as a substrate, incorporating remdesivir monophosphate (RMP) into the growing RNA product. In coronaviruses, after RMP incorporation, the polymerase can extends the RNA by three more nucleotides before the RNA synthesis stalls [12].



Based on the antiviral mechanism of nelfinavir, molnupiravir, and remdesivir, the emergence of VOCs should not have changed their antiviral activity. To date, the effects of these drugs were mostly evaluated by assessing the cytopathic effect (CPE), cell viability, or by immunofluorescence staining of virions. All these experimental methods generally report SARS-CoV-2 replication or presence without considering the effective infectious ability of viral particles.



Consequently, this study aims to confirm the in vitro efficiency of nelfinavir against the most clinically impacting SARS-CoV-2 VOCs such as B.1.1.7, P.1, and B.1.617.2 in comparison with 20A.EU1 by determining viral infective particles through a plaque assay. Molnupiravir and remdesivir were included in the study in order to compare the effect of nelfinavir with two drugs currently in use in clinical practice.




2. Materials and Methods


2.1. SARS-CoV-2 Strains Isolation, Vero E6 Cell Cultures, and Antivirals


SARS-CoV-2 strains were manipulated into the Biosafety Level 3 (BSL3) Virology laboratory at “Santa Maria Della Misericordia Hospital”, Perugia, Italy, as previously described [13]. The universal transport medium (UTM) of a nasopharyngeal swab was mixed with a 1:1 nystatin (10,000 U/mL) and a penicillin–streptomycin (10,000 U/mL) solution for 1 h at 4 °C to remove microbial contamination. The mixture was centrifuged at 400× g for 10 min and the supernatant was transferred on Vero E6 ATCC CRL-1586 cells monolayer. Cells were cultivated in Eagle’s minimum essential medium (MEM) containing 10% fetal bovine serum (FBS) and 1% (v/v) penicillin–streptomycin at 37 °C with 5% CO2. The supernatant was then titered by a Half-maximal Tissue Culture Infectious Dose (TCID50) endpoint dilution assay [14] and stored in small aliquots at −80 °C.



The virus genome sequencing for variant assignation was performed as previously described [15].



Whole-genome sequencing identified a SARS-CoV-2 genome belonging to clade 20A.EU1 (lineage B.1), a B.1.1.7 strain (better known as the Alpha variant), a P.1 strain (also known as the Gamma variant), and a B.1.617.2 strain (also known as the Delta variant) [16]. The SARS-CoV-2 clade 20A.EU1 (lineage B.1) strain was isolated in May 2020 from a symptomatic patient during the first wave of infections. B.1.1.7 and P.1 SARS-CoV-2 clades were isolated in January 2021 during the third wave. Lastly, the B.1.617.2 strain was isolated in July 2021. Virus stock aliquots were thawed immediately before each experiment, diluted to desired concentrations, and discarded after use.



Remdesivir (Veklury®, Gilead, Foster City, CA, USA) was suspended in sterile water. Nelfinavir mesylate hydrate (Sigma-Aldrich, St. Louis, MO, USA) and molnupiravir (EID-2801, Sigma-Aldrich, St. Louis, MO, USA) powders were reconstituted in DMSO at a final concentration of 2 mg/mL following the manufacturer’s instructions. Small stock aliquots were prepared and stored at −80 °C. Before each experiment, the compounds were diluted to the desired concentration with complete medium.




2.2. Cytotoxicity Assay


Cytotoxic effect of the selected antivirals was obtained by an MTT (3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide) reduction assay. MTT was purchased from Merck (Merck, Darmstadt, Germany), dissolved in sterile PBS at the concentration of 5 mg/mL, and filter-sterilized immediately before use.



Vero E6 cells (100 µL, 1 × 105/mL) were dispensed into each well of a 96-well plate and incubated at 37 °C with 5% CO2 for 24 h. After incubation, the medium was discarded and the monolayers were incubated with 100 µL of nelfinavir (100–0.1 µM), molnupiravir (200–0.1 µM), or remdesivir (200–0.1 µM) for another 24 h in the same conditions. Simple medium and medium with DMSO (0.1–10%) were used as control according to the antiviral solvent used. After treatments, 10 µL of MTT solution were added to each well and the plate was subsequently incubated for 3 h in the same conditions. Finally, 100 µL of DMSO were used to dissolve formazan crystals precipitated on the bottom of the wells after an incubation for 1 h. Absorbance values at 570 nm (reference filter at 630 nm) were obtained using a microplate reader (Tecan Infinite M200, Tecan Trading AG, Mannedorf, Switzerland). The percentages of cytotoxicity of each antiviral were calculated based on cells treated with the respective vehicle (medium with or without DMSO). The latter were used for the determination of the concentrations able to inhibit cells by 50% with respect to the negative control (GI50). The selectivity index (SI), defined as the ratio of GI50 and the 50% effective concentration (EC50), obtained with the following experiments with antivirals, was then calculated. According to the literature, a bioactive drug or biomolecule with an SI ≥ 10 should be further investigated [17].




2.3. SARS-CoV-2 Yield Reduction Assay


Vero E6 cells (30,000 cells/well) were cultured in 96-well plates at 37 °C with 5% CO2 for 24 h. After incubation, cells were infected with a multiplicity of infection (MOI) of 0.01. Four strains of SARS-CoV-2 were used: B.1 20A.EU1, B.1.1.7, P.1, and B.1.617.2. SARS-CoV-2 strains were allowed to adsorb to the surface of cells for 1 h at 37 °C. Then, the virus inoculum was removed, and cells were treated with 3-fold serial dilutions (0.62–50 µM) of nelfinavir, molnupiravir, and remdesivir. In each plate, negative controls (complete medium and compounds alone) and infected positive controls (SARS-CoV-2 alone) were included. Plates were incubated at 37 °C with 5% CO2 for 48 h. After incubation, cell supernatants were stored at −80 °C for subsequent analysis. Furthermore, the plates were stained with 0.5% crystal violet solution for 30 min, then each well was carefully washed to remove dead and nonadherent cells. Crystal violet was solubilized and absorbance at 570 nm was determined by microplate reader.




2.4. Plaque-Reduction Assay


The cell supernatants obtained in previous experiments were used for virus titer determination, as previously described [18]. Vero E6 cells (300,000 cells/well) were cultured in 12-well plates for 24 h at 37 °C with 5% CO2. The medium of each well was replaced with 250 µL of tenfold serial dilution of supernatants and incubated for 1 h, rocking the plate by hand every 15 min. The supernatants dilutions were removed and 1 mL of overlay medium (complete medium with agar 0.1%) was added to each well for 72 h. After that, the cells were fixed and stained with a solution containing 4% formalin and 0.5% crystal violet. Viral titer was expressed as plaque-forming units (PFU)/mL, considering wells with 2 to 50 plaques. Viral titration was performed in triplicate. The effect of antiviral compounds was expressed as the concentrations able to reduce viral replication by 50, 90, and 99% compared to the control (EC50, EC90, and EC99). Furthermore, the ratio of the maximum achievable plasma concentrations at an approved dose in humans (Cmax) and EC50, EC90, and EC99 values were calculated. Cmax was deduced from literature data. Cmax/(EC50, EC90 or EC99) ratio above 1 was a good indicator of potential human efficacy [19]. Each experiment was performed at least twice. The viral titer reduction was calculated for each compound in comparison to the respective control (sterile water for remdesivir and DMSO for nelfinavir and molnupiravir).




2.5. Statistical Analysis and Data Elaboration


Statistical analysis was performed using Prism Graphpad v.8.3 (GraphPad Software, San Diego, CA, USA). Data were tested for normality using the Kolmogorov–Smirnov test and were presented as mean with the respective standard deviation (SD) or median with interquartile range (IQR), as appropriate. EC50, EC90, and EC99 concentrations were calculated using four-parameter variable-slope regression modeling. GI50 values were obtained using nonlinear regression. The Kruskal–Wallis test was used to compare the means of EC50 for each VOC and compound. A p value < 0.05 was considered significant.





3. Results


Nelfinavir, molnupiravir, and remdesivir were assessed for their cytotoxicity on Vero E6. The cells were treated with different concentrations of each compound and the metabolic activity was evaluated through an MTT assay. The treatment with molnupiravir led to no statistically significant cytotoxic effect at all the tested concentrations, and remdesivir showed a slight reduction of cell viability of about 20% when the concentrations of 100 and 200 µM were used. Conversely, nelfinavir was able to reduce Vero E6 viability by about 70% compared to the control cells only at the highest concentration tested (100 µM). Following these results, the subsequent experiments were performed using the three antivirals at the maximum concentration of 50 µM and with threefold serial dilutions.



The selected compounds were then tested in a yield reduction assay to subsequently determine the number of infectious viral particles on the cell supernatants. Four-parameter variable-slope regression modeling of nelfinavir showed a half-maximal effective concentration (EC50) of 2.00 µM (95% confidence interval, CI 1.18 to 2.83), an EC90 of 3.86 µM, and an EC99 of 7.90 µM (slope of 3.35; 95% CI −5.339 to 12.04) for the 20A.EU1 SARS-CoV-2 strain (Figure 1A and Table 1).



Nelfinavir showed an EC50 of 4.99 µM (the range was too wide for the 95% CI calculation), an EC90 of 5.43 µM, and an EC99 of 5.92 µM (slope of 26.2; the range was too wide for the 95% CI calculation) on the B.1.1.7 strain (Figure 1B). Against P.1, the EC50, EC90, and EC99 were 1.68 µM (95% CI 0.04 to 3.32), 4.17 µM, and 11.25 µM, respectively, with a slope of 2.42 (95% CI −7.87 to 12.7, Figure 1C). Finally, the nelfinavir EC50 for the B.1.617.2 strain was 4.39 µM (the range was too wide for the 95% CI calculation), with an EC90 of 5.12 µM and an EC99 of 6.60 µM (slope of 14.22; the range was too wide for the 95% CI calculation, Figure 1D). The obtained nelfinavir EC50 for the different VOCs were not statistically different (p > 0.05). The complete viral inhibition was achieved for all VOCs with a nelfinavir concentration of 50 µM.



As shown in Figure 2A and Table 1, the molnupiravir EC50 for the 20A.EU1 SARS-CoV-2 strain was 0.66 µM (95% CI 0.47 to 0.86), and to reach 90% and 99% of viral replication inhibition, the concentrations were increased to 1.27 µM and 2.57 µM, respectively (slope of 3.40; 95% CI 3.25 to 10.04).



Against the B.1.1.7 VOC, molnupiravir showed an EC50 of 0.45 µM (95% CI 0.01 to 1.71), an EC90 of 0.91 µM, and an EC99 of 1.98 µM with a slope of 3.08 (95% CI −23.34 to 29.50, Figure 2B). The P.1 strain was significantly inhibited by the molnupiravir treatment, with an EC50 of 0.37 µM (95% CI 0.01 to 1.25), an EC90 of 1.33 µM, and an EC99 of 5.39 µM (slope of 1.71; 95% CI −5.18 to 8.60, Figure 2C). Finally, 0.33 µM (95% CI 0.01 to 1.59), 0.90 µM, and 2.66 µM of molnupiravir were able to inhibit B.1.617.2 replication by 50%, 90%m and 99%, respectively (slope of 2.21; 95% CI −11.08 to 15.50, Figure 2D). No statistically significant differences between EC50 have been found for the different VOCs (p > 0.05). Particularly, the viral replication on the supernatant was not completely inhibited by molnupiravir. Indeed, after the treatment with 50 µM, a residual viral titer was still detected (3.3 to 5 PFU/mL).



Then, remdesivir was used in our experimental setting to obtain the corresponding effective concentrations. The approximate EC50 for the 20A.EU1 SARS-CoV-2 strain was 1.56 µM (the range was too wide for the 95% CI calculation), for EC90 it was 1.86 µM, and for EC99 it was 2.28 µM, with a slope of 11.91 (the range was too wide for the 95% CI calculation, Figure 3 and Table 1).



Remdesivir activity against VOCs was as follows: on B.1.1.7, it showed an EC50 of 0.63 µM (95% CI 0.42 to 0.83), an EC90 of 1.30 µM, and an EC99 of 2.88 µM (slope of 3.02; 95% CI −3.22 to 9.25); on P.1, the EC50 was 1.24 µM (95% CI 0.70 to 1.79), the EC90 was 2.07 µM, and the EC99 was 3.60 µM (slope of 4.32; 95% CI 0.15 to 8.50); finally, on B.1.617.2, it showed an EC50 of 1.37 µM (95% CI 0.94 to 1.79), an EC90 of 2.97 µM, and an EC99 of 6.92 µM (slope of 2.83; 95% CI 0.88 to 4.78). As for the other antivirals tested, no differences between EC50 have been found for the different VOCs (p > 0.05). The complete viral replication inhibition on the supernatant was achieved for all VOCs with a remdesivir concentration of 16.7 µM.



The cytotoxic effects of antiviral on the Vero E6 cells after 48 h of treatment was checked by CV staining. The absorbance values of the treated cells (compounds alone) were not significantly different with respect to the control cells.



The EC50 of each antiviral was used to calculate the SI, as described in the Section 2. The ratios between cytotoxic concentrations and EC50 were >10 for all the antivirals tested (Table 2).



Clearly, it is difficult to translate the in vitro results into clinical practice. There are existing surrogate indexes that could help in this purpose, such as Cmax/EC ratios. To this end, we calculated the Cmax/EC50, Cmax/EC90, and Cmax/EC99 ratios. According to the recent study published by Arshad U. et al., a Cmax/EC50 ratio above 1 is considered a good indicator of potential human efficacy [19].



Based on the literature data, the achievable maximum plasma concentrations are 4 µg/mL (regimen 1250 mg twice daily), 2.97 µg/mL (regimen 800 mg twice daily), and 2.23 µg/mL (regimen 100 mg once daily) for nelfinavir, molnupiravir, and remdesivir, respectively [9,20,21].



As shown in Table 3, the Cmax/EC50 and Cmax/EC90 ratios were above 1 for all compounds against all the VOCs tested. Molnupiravir showed higher values, while remdesivir and nelfinavir demonstrated similar Cmax/EC ratios. In particular, nelfinavir reached Cmax/EC50 ratios between 1.21 and 3.59 for the different variants. The differences found among the variants were not significant for any compound.



Interestingly, the Cmax/EC99 ratio of molnupiravir was above 1 for all VOCs, while for nelfinavir, it was above 1 only for the B.1.1.7 strain, and for remdesivir, the Cmax/EC99 was <1 only for B.1.617.2.




4. Discussion


Driven by the results obtained with in vitro experiments and docking-based virtual screening, several molecules have been proposed for COVID-19 treatment. However, few options have been approved by the Food and Drug Administration (FDA) and the European Medicine Agency (EMA) for the treatment of COVID-19. In consideration of the progress of the pandemic and of the importance to treat the SARS-CoV-2 infection early to avoid its evolution into a critical illness, the need for oral antiviral drugs becomes more and more evident. This study aimed to test nelfinavir activity on different VOCs, also comparing their activity with two of the currently available therapies (remdesivir and molnupiravir).



Clinical trials are ongoing to confirm the efficacy of nelfinavir [2]. However, to the best of our knowledge, this drug has not been tested on SARS-CoV-2 variants such as P.1 and B.1.617.2 strains.



Molnupiravir, a new generation broad-spectrum antiviral, has been released with the indication of mild–moderate COVID-19 early treatment [22]. Remdesivir is a nucleoside analogue approved for the treatment of COVID-19 pneumonia and, as a short course of therapy, for mild–moderate SARS-CoV-2 infection [23].



Nelfinavir was found to be the most promising HIV-1 protease inhibitor that could be active on SARS-CoV-2 [24,25]. [In silico studies, such as molecular dynamics simulations, and protease inhibition assays preliminarily suggested an interesting activity of the compound [26,27]. Sixto-Lopez et al. suggested that mutations on protein S may change the viral binding with nelfinavir, but the study could not predict how this finding impacts antiviral activity [28]. In this regard, our study showed how no significant differences in antiviral activity could be found between different strains of SARS-CoV-2.



The effect of nelfinavir in inhibiting viral replication was previously described in our previously published manuscript [25]. In that context, the antiviral was able to prevent cell death to a greater extent than remdesivir treatment. Furthermore, a plaque-reduction assay and real-time PCR analysis showed a significant reduction of viral load after nelfinavir coincubation. It must be considered that the experiments were performed using only the SARS-CoV-2 20A.EU1 strain and with the purpose to analyze the effect of viral infection at the cellular level, but nelfinavir has proven to be a good positive control in limiting the infection and the infection-induced biochemical modifications.



Other in vitro studies on different cell-based experiments confirmed the antiviral potency of this drug, with an EC50 ranging from 0.07 to 3.36 µM [5,6,7,29,30,31].



Of note, the best activity of nelfinavir in reducing the viral titer was obtained by Narayanan et al. by using a plaque assay to determine the EC50. As described above, this result should not be surprising if compared with other methods for the determination of the viral load and considering the mechanism of action of nelfinavir.



These results are not discordant with ours, despite the differences in the experimental protocols. Furthermore, Arshad et al. demonstrated that nelfinavir is active at a low concentration that could be easily reached in vivo. The Cmax/EC90 ratio above 1 should be guaranteed to achieve effective concentrations [19], and our study confirmed these data for all VOCs tested (Cmax/EC90 1.1-1.6).



In addition, the results achieved by cytotoxicity experiments together with data obtained from the antiviral efficacy of nelfinavir showed how effective concentrations of this drug could be easily tolerated by cells. The safety of this molecule may not be new, considering the fact that this drug has been approved and used with the indication for the treatment of another important pandemic such as that of HIV. An added value is certainly given by the selectivity index value obtained by crossing these data with the EC50 of nelfinavir. The latter was found to be much higher than 10 for all the SARS-CoV-2 variants tested. According to the definition, it must be considered that the higher the SI ratio, the theoretically safer and more effective the drug would be during in vivo treatment for a given viral infection.



Other studies also found that nelfinavir could have a synergic activity with other compounds, such as molnupiravir, remdesivir, mefloquine, and others, while alone it is less potent than remdesivir [32]. The efficacy of nelfinavir treatment against SARS-CoV-2 has been also tested in vivo by Foo CS et al. by monitoring hamster infection. The authors found no reduction of viral load in the lung tissue but a substantial improvement in lung pathology [33]. The observed effect could be ascribed to nelfinavir ability to induce the production of noninfectious viral particles, as already described, highlighting the importance of establishing an adequate experimental setting for the assessment of antiviral efficacy.



All these studies agree with the possible role of nelfinavir in the fight against the pandemic and, in this context, the lack of influence of VOCs makes this possibility more concrete. However, the most important study on this topic is the clinical trial ongoing in Japan [2]. It could clarify if nelfinavir deserves a place in COVID-19 therapy. It is important to underline that nelfinavir is an unbranded molecule, so the cost of this therapy would be affordable for every country.



Different in vitro and in vivo studies demonstrated the anti-SARS-CoV-2 activity of molnupiravir. Cox et al., using an in vitro model similar to ours (but with a higher viral dose of infection of 0.1 MOI instead of 0.01), found an EC50 and EC90 of 3.4 μM and 5.4 μM, respectively. Subsequently, they demonstrated that molnupiravir was efficacious to mitigate SARS-CoV-2 infection and block transmission in a ferret model [18].



Molnupiravir was also demonstrated to reduce the viral titer of SARS-CoV-2 in other in vivo models. In particular, in hamsters infected with B.1-G (the Wuhan strain), B.1.1.7, and B.1.351 VOCs, it was able to reduce the titer by 1.8, 2, and 5 logs of TCID50/mL [34].



Our study demonstrated that molnupiravir is also active on P.1 and B.1.617.2 in vitro; the latter was one of the most widespread VOCs during the beginning of global vaccine administration. Furthermore, Wahl et al., using a platform based on immunodeficient mice with subcutaneous implantation of human lung tissue, demonstrated the potential activity of molnupiravir as a therapy and as pre-exposure prophylaxis. Furthermore, they found that, probably as expected, the antiviral activity is more powerful the earlier the treatment [35].



Considering these data and the global emergency, there was an unprecedented collaboration between sponsors, contract research organizations, and regulatory authorities that enabled to the acceleration of the passage to in-human studies [36].



Phase 1 studies demonstrated that molnupiravir is safe and well-tolerated and the dose of 800 mg twice daily for 5 days is probably the best choice for posology. For this reason, we considered the Cmax obtained with this dose. According to our data, molnupiravir should reach an effective concentration in vivo [9,37]. In light of the above, molnupiravir received approval for human use and it is now administered as an early therapy for patients at risk of disease progression.



However, it could be metabolized in 2-deoxyribonucleoside that, if embodied in human DNA, could cause mutations as well, as has been shown in mammalian cell cultures (CHO-K1 cells) [38,39]. These data raised concerns about the potential risk of molnupiravir-induced tumorigenesis and teratogenesis that should be further investigated.



According to our data, despite the lower EC50 values obtained, molnupiravir was not able to eradicate SARS-CoV-2 in vitro. This effect could be probably explained by the capacity of the coronaviruses to escape from molnupiravir activity by using a specific exonuclease [40].



Remdesivir has been widely used in COVID-19 treatment and it has been demonstrated in a few studies that its activity is not affected by the emergence of the common variants of concern. However, remdesivir treatment can cause mutations in the RNA-dependent RNA polymerase gene following the treatment, increasing intrahost genomic diversity and resulting in the emergence of novel major variant species [41]. Our study confirmed that remdesivir is active on Alpha, Gamma, and Delta variants and the concentrations reached in vivo are expected to be efficient on these strains.



As shown in Table 3, although the differences identified among variants are not statistically significant, the antiviral effect variability could be explained by the different fitness of each strain. It has been well-described how different variants of SARS-CoV-2 showed lower replication ability and much higher replication times, and these may influence the antiviral response. Indeed, considering that the antiviral acts on a replicant virus, if the replication is slow or ineffective, the antiviral activity could seem lower in vitro.



The limits of this study are the use of in vitro tests, the use of nonhuman cell lines, and the lack of other VOCs, such as Omicron. However, although the Vero E6 cell is not a human cell line, this model is appropriate to test an antiviral compound that does not affect viral entry into the host cells. Indeed, Calu-3 cells, a human cell line obtained from an adenocarcinoma patient, could be more representative because SARS-CoV-2 uses endosomes fusion to enter Vero E6 cells, while lung cells are infected by cell surface fusion. On the Vero E6 model, antivirals against SARS-CoV-2 that target endosomes may not be effective on epithelial cell lines and, consequently, in vivo [42]. Nelfinavir, molnupiravir, and remdesivir, by inhibiting the polymerase activity and the main protease, respectively, could be efficiently tested on Vero E6. Furthermore, we decided to deliberately exclude the most spreading Omicron variants nowadays according to our recently published paper [43]. The less efficient propagation of Omicron VOCs on Vero E6 cells could overestimate/underestimate the antiviral effect obtained in this experimental setting. Above all, the current screening of novel compounds to fight SARS-CoV-2 should also be done with the intent of creating prompt action for future viral pandemics.




5. Conclusions


Our study demonstrated that the activities of nelfinavir, molnupiravir, and remdesivir are not affected by the emergence of VOCs. In this context, comparing them with other drugs such as monoclonal antibodies, their activity on VOCs could make the difference. The oral availability of nelfinavir and molnupiravir should permit the early treatment of COVID-19 patients, avoiding disease progression. Furthermore, though the Cmax/EC90 is only an estimate, it indicates a potential achievement of effective concentration in vivo for all the VOCs tested. Following our results, we confirmed that nelfinavir is active against SARS-CoV-2 and its activity results to be very similar to the two drugs used in our work, which, moreover, have been approved and are still in use in the treatment of COVID-19.



The strategy of using old drugs already approved for other pathologies is certainly useful in speeding up the procedures for their approval and use in a short time. In the case of highly prevalent pandemics such as COVID-19, the combined use of in silico approaches and preclinical tests will certainly have their place in future actions against newly emerging pathogens.
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Figure 1. Dose–response inhibition test of nelfinavir (0.62–50 µM) against 20A.EU1 (A), B.1.1.7 (B), P.1 (C), and B.1.617.2 (D) strains of SARS-CoV-2 in Vero E6 cells (MOI 0.01). After yield reduction assay on 96-well plates, supernatants were titered with a plaque assay. EC50, EC90, and EC99 were deduced from four-parameter variable-slope regression modeling. The red line represents the nonlinear regression curve. The titers under 102 PFU/mL were excluded from the graphical representation. 
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Figure 2. Dose–response inhibition test of molnupiravir (0.62–50 µM) against 20A.EU1 (A), B.1.1.7 (B), P.1 (C), and B.1.617.2 (D) strains of SARS-CoV-2 in Vero E6 cells (MOI 0.01). After yield reduction assay on 96-well plates, supernatants were titered with a plaque assay. Effective concentrations (EC50, EC90, and EC99) were deduced from four-parameter variable-slope regression modeling. The red line represents the nonlinear regression curve. The titers under 102 PFU/mL were excluded from the graphical representation. 
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Figure 3. Dose-response inhibition test of remdesivir (0.62–50 µM) against 20A.EU1 (A), B.1.1.7 (B), P.1 (C), and B.1.617.2 (D) strains of SARS-CoV-2 in Vero E6 cells (MOI 0.01). After yield reduction assay on 96-well plates, supernatants were titered with a plaque assay. EC50, EC90 and EC99 were deduced from four-parameter variable slope regression modeling. The red line represents the nonlinear regression curve. The titers under 102 PFU/ml were excluded from the graphical representation. 
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Table 1. Antiviral effective concentrations on different SARS-CoV-2 strains.
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EC50 (µM)

	
EC90 (µM)

	
EC99 (µM)




	

	
Nel

	
Mol

	
Rem

	
Nel

	
Mol

	
Rem

	
Nel

	
Mol

	
Rem






	
20A.EU1

	
2.00

	
0.66

	
1.56

	
3.86

	
1.27

	
1.86

	
7.90

	
2.57

	
2.28




	
B.1.1.7

	
4.99

	
0.45

	
0.63

	
5.43

	
0.91

	
1.30

	
5.92

	
1.98

	
2.88




	
P.1

	
1.68

	
0.37

	
1.24

	
4.17

	
1.33

	
2.07

	
11.25

	
5.39

	
3.60




	
B.1.617.2

	
4.39

	
0.33

	
1.37

	
5.12

	
0.90

	
2.97

	
6.60

	
2.66

	
6.92








Effective concentration (EC), nelfinavir (Nel), molnupiravir (Mol), remdesivir (Rem).
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Table 2. Selectivity index (SI) of nelfinavir, molnupiravir, and remdesivir.
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SI




	

	
Nel

	
Mol

	
Rem






	
20A.EU1

	
48.30

	
ND

	
946.79




	
B.1.1.7

	
19.36

	
ND

	
2344.44




	
P.1

	
57.50

	
ND

	
1191.13




	
B.1.617.2

	
22.01

	
ND

	
1078.10








Selectivity index (SI); nelfinavir (Nel), molnupiravir (Mol), remdesivir (Rem), Not determined (ND). The SI for molnupiravir has not been determined, since GI50 was higher than the maximum dose tested (200 µM).
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Table 3. Ratios between the maximum achievable plasma concentrations at an approved dose in humans (Cmax) and EC50, EC90, and EC99 values.
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Cmax/EC50

	
Cmax/EC90

	
Cmax/EC99




	

	
Nel

	
Mol

	
Rem

	
Nel

	
Mol

	
Rem

	
Nel

	
Mol

	
Rem






	
20A.EU1

	
3.01

	
13.56

	
2.37

	
1.56

	
7.10

	
1.99

	
0.76

	
3.51

	
1.62




	
B.1.1.7

	
1.21

	
20.26

	
5.90

	
1.11

	
9.92

	
2.85

	
1.02

	
4.55

	
1.29




	
P.1

	
3.59

	
24.41

	
2.97

	
1.45

	
6.77

	
1.79

	
0.54

	
1.67

	
1.03




	
B.1.617.2

	
1.37

	
27.16

	
2.71

	
1.18

	
10.04

	
1.25

	
0.91

	
3.39

	
0.53








Effective concentration (EC), maximum serum concentration (Cmax), nelfinavir (Nel), molnupiravir (Mol), remdesivir (Rem). Cmax and EC are expressed as µg/mL.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
PFU/mI

PFU/ml

1x108-
8x107-
6x107-
4%x107—

2x107 -

20A.EU1

Molnupiravir

3x106+

2x106+

1%106+

P.1

Dose uM

PFU/mI

PFU/mI

B

B.1.1.7
1%107 -

8x106—

6x106-
@

4x106-

2x1084

0 -
0

B.1.617.2

3%106+

2x106-

1x108q






nav.xhtml


  microorganisms-10-02471


  
    		
      microorganisms-10-02471
    


  




  





media/file0.png





media/file2.png
PFU/ml

PFU/ml

Nelfinavir

20A.EU1
1%108-
8x107—
&
6x107—
4x107 -
2x107 -
0 T T T 1
0 5 10 15 20
Dose uM
P.1
3x106-
[
2x106-
1%106—
0 ] T e |
0 5 10 15 20

Dose uM

B B.1.1.7
1%107 -
8x106
E  6x10°-
S ‘
o 4x106-
2x1064
0 T T ¢ 1
0 5 10 15 20
Dose uM
B.1.617.2
3x106-
3
E  2x10¢-
)
(1
o
11064
0 I ) —e 1
0 5 10 15 20
Dose uM





media/file5.jpg
PFUmI

PEUmI

o
o
o
200

o

c

28010t
20
preTs
o
o

et0n

Remdesivir

20AEU1
:
E
i s
Dose M
P
E
H H
Dose bt

B BA17
o

o
o

206

Dose

BASIT2
1800

o

o





media/file6.png
PFU/mI

PFU/ml

5x107 -

4x107

3x107

2x107 -

1%107 -

20A.EU1

Remdesivir
B

8x106-

6x106—

PFU/ml

2x106+

C

2.5%x106-

2x106-

1.56%x106-9

1%106-
5x105—

0

P.1

-5x105-

4%106-

B.1.1.7

o) -
o

D

1.5%x106~

1%106-

PFU/mlI

5x10°—

B.1.617.2






media/file3.jpg
PRUmI

PRUMI

o
o
o
o

200

20AEU1

Molnupiravir

PEUmI

1o
o
axior.
pors

BAALT

3o

20

o

Dose M

PRUmI

o

o

20

o

H

Dose

BASIT2

Dose M

H





media/file1.jpg
PFUImI

PFUMI

o
o
10
a0

20

a0t

o

Nelfinavir

208801 B 17
o
s
z o
£ s
e
.
H L] HEE TR
Doseutt Dose
P b B.1.617.2
seon
E oo
s
.
3 IR ) Tow % s
Dose utt Dose





