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NV-CoV-2, a nanoviricide composed of covalently attached polyethylene glycol and alkyl pendants that are designed to bind free virion particles of multiple strains of coronaviruses in a broad-spectrum manner at multiple points. The binding interaction is like a nano-velcro-tape and may cause a lipid–lipid fusion between nanoviricide micelle and the lipid envelope of the virus. A nanoviricide can encapsulate the virus and dismantle it without any involvement of the host immune system, ultimately disabling the infectibility of the host cells. Thus, it may be expected to count a stronger and synergistic antiviral effect by combining NV-CoV-2 with other anti-coronavirus regimens like remdesivir. Furthermore, some ligands similar to the SARS-CoV S-protein are designed by molecular modeling and attached to the nanoviricide at the same site as where the cognate cellular receptor, ACE2, binds. As a result, a competitive binding inhibition may occur. A nanoviricide can encapsulate other antiviral compounds and protect them from serum-mediated degradation in vivo. This makes the antiviral compounds available for a longer period of time to interact with RNA polymerase and inhibit it. Altogether, a multipoint antiviral efficacy can be achieved with our nanoviricide, NV-CoV-2.
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INTRODUCTION
Nanoviricide® is a platform technology-based biopolymer called NV-CoV-2, that is used as a broad-spectrum antiviral compound. The backbone of this flexible biopolymer is composed of polyethylene glycol (PEG) and some alkyl pendants. PEG will form the hydrophilic shell and render non-immunogenicity. The alkyl chains make up the flexible core. The resulting material is different from liposomes, which are dynamic micelles. Polymeric chemical groups in our naonovircide are uniformly distributed allowing them to attach to virus-specific ligands such as peptides, antibody fragments, and various chemical moieties (Diwan et al., 2021a).
Electron photomicrographs can support our aforementioned mechanism in which murine cytomegalovirus (CMV) was incubated with our nanoviricide. Figures 1B and C demonstrate that the binding of CMV to our nanoviricide results in the CMV naked capsids, which are non-infectious.
[image: Figure 1]FIGURE 1 | Effects of two different nanoviricides binding to murine cytomegalovirus (MCMV). (A) Control treated virion: MCMV containing multiple capsids and a lipid coat with coat proteins. (B,C) MCMV virions treated with two different nanoviricides. Virion disruption with capsids spilling out.
In Vitro and In Vivo Anti-SARS-CoV-2 Capacity of Nanoviricide
Physical, Chemical, and Pharmaceutical Properties and Formulation
Chemical Name
The IUPAC name of the polymer NV-CoV-2 is derived using MarvinSketch 6.2.1. Based on polyethylene glycol of 22 repeat units substituted by two hexadecylamine, the IUPAC name of NV-CoV-2 repeat unit is 2-({1-carboxy-3-[(1-{[2-carboxy-1-(hexadecylcarbamoyl)ethyl]sulfanyl}-3-({3-carboxy-3-[(1,2-dicarboxyethyl)sulfanyl]propanoyl}oxy)-4-{[1-(hexadecylcarbamoyl)-3-[(65-hydroxy-3,6,9,12,15,18,21,24,27,30,33,36,39,42,45,48,51,54,57,60,63-henicosaoxapentahexacontan-1-yl)oxy]-3-oxopropyl]sulfanyl}butan-2-yl)oxy]-3-oxopropyl}sulfanyl)butanedioic acid.
Molecular Formula
Based on polyethylene glycol of 22 repeat units (m) substituted by two hexadecylamine (R1), the theoretical molecular formula for the repeat unit of the polymeric drug substance (NV-CoV-2, 6) is C104H188N2O44S4.
Molecular Weight
Nominal calculated formula weight of the polymer repeat unit (RU) is 2298.85 g/mol when the hexadecylamine substitution level (x) per repeat unit is 2, the MMSA substitution level (y) is also 2, and the starting polyethylene glycol (P10, 1) consists of 22 repeat units (m). The actual substitution levels are less than these theoretical limits and are described in the drug substance specifications. The repeat unit (RU) formula weight at hexadecylamine (HDA) substitution level x between 0 and 2 is described by the formula: MWRU = 1853 + 223x. The degree of polymerization, n, in P10M2DT (HDA)x (MMSA)y polymer is 8 ± 2.
Pharmaceutical properties, formulations for injection, physical properties, and chemical properties are all available in bioRxiv preprint doi: https://doi.org/10.1101/2021.11.24.469813. (Diwan et al., 2021a; the full paper was submitted at PLoS One, and it is in press).
Pharmacology
NV-CoV-2 is being developed for the treatment of SARS-CoV-2 infection using the human coronavirus, CoV-NL63. Like SARS-CoV-2, CoV-NL63 binds to angiotensin-converting enzyme 2 (ACE2) for entry into cells. Therefore, CoV-NL63 was used as an appropriate model virus for proof-of-concept studies in vitro and in vivo.
In Vitro Antiviral Proof-of-Concept Studies
The antiviral efficacy, potency, and cytotoxicity of the antiviral compound NV-CoV-2 in cell cultures were studied. A series of experiments were performed to evaluate the inhibitory activity of the human coronavirus, Cov-NL63 infection in both rhesus monkey kidney epithelial (LLC-MK2) cells and human fetal lung fibroblast (MRC-5) cells. NV-CoV-2 and remdesivir were serially diluted in culture medium to desired final concentrations along with equivalent vehicle concentrations. The virus was then diluted to the appropriate infection PFU/well dose: CoV-NL63 and CoV-229E MOI = 0.01. In a separate clear 96-well plate, 60 μL of the compound was added to 60 μL of virus and incubated for 1 h at 34°C. After incubation, 100 μL/well of compound: virus mixture was added to each well of the cell plates and incubated for 5–7 days. This gives the virus time to replicate and cause cell death (cytopathic effect). A viability assay was used to measure cell viability and determine the amount of cell death (CPE) caused by the virus. Relative CPE levels were compared between all groups to identify any reduction in viral replication, as a reduction in CPE compared to untreated infected controls suggests a decrease in virus production, growth, and spread (Diwan et al., 2021a).
In Vivo Antiviral Proof-of-Concept Studies
Dose-Response of NV-CoV-2
Male and female Sprague–Dawley rats that were 8–9 weeks old were infected with CoV-NL63. All untreated rats infected in this manner succumb to the disease in 5–6 days. This set was used as a model for evaluating the efficacy of NV-CoV-2. Both NV-CoV-2 and vehicle were administered by a tail vein I.V. injection (10 ml/kg), once a day (days 0, 1, 3, 5, and 7). Remdesivir (RDV) was administered by tail vein I.V. injection based on the standard administration protocol. On the first day, two doses were given and then once daily for the remaining 7 days. A group of infected, untreated rats was included as an additional control. The rats were observed daily for clinical and behavior changes and body weight; moribund rats were sacrificed. The primary endpoints were survival and body weight loss.
At both dose levels, treatment with NV-CoV-2 markedly extended the survival of the rats infected intratracheally with a lethal dose of human Cov-NL63 virus. More importantly, both treatments were better than RDV treatment alone (Diwan et al., 2021a). The efficacy of NV-CoV-2 on survival was also reflected in the body weight changes. Body weight loss increased significantly as the animals became moribund. Thus, the treatment with NV-CoV-2 at both 160 and 320 mg/kg/injection for days 0, 1, 3, 5, and 7 had a significant effect on survival in rats using a lethal model of infection with the human coronavirus CoV-NL63. Furthermore, NV-CoV-2 treatment was clearly superior to daily treatment with RDV.
Effect of Number of Days of Dosing of NV-CoV-2 in Rats Infected With CoV-NL63
Consistent with the previous study, the increase in survival after 3–5 days of treatment with NV-CoV-2 was also observed in the body weight changes over time post-infection. The first day of administration of NV-CoV-2 did not significantly affect changes in the body weight when compared to vehicle treatment. Thus, the antiviral efficacy of NV-CoV-2 in rats infected with CoV-NL63 was clearly dependent on the duration of the treatment.
Nanoviricide Can Work as a Safe Cargo
It is conjectured that NV-CoV-2 should be capable of delivering other encapsulated antiviral compounds. Furthermore, these nanoviricide-mediated deliveries only happen to the virus-infected cells, sparing healthy cells, because only infected cells, budding virion, or exposed cell membrane structures display the viral antigen S-protein (or S1 and S2 proteins).
Proof-of-concept studies were conducted in CoV-NL63-infected cell in cultures and also in virus-infected rats (Chakraborty and Diwan 2020a; 2020b) as the SARS-CoV-2 and CoV-NL63 bind to the same receptor, angiotensin-converting enzyme 2 (ACE2), for entry into the host cells (Li et al., 2007). With several studies, both in vitro and in vivo, we have shown that encapsulation of RDV in NV-CoV-2 and the stability of RDV as well as its overall antiviral efficacy of the proposed regimen has improved a lot (Chakraborty and Diwan 2020a; 2020b).
Therefore, it is expected that in vivo, our polymer encapsulation can provide RDV for longer periods of time improving its antiviral activity. In our in vivo study, the untreated rats and the vehicle-treated rats infected with the CoV-NL63 virus directly into the lungs only survived for 5 days. The group of rats treated daily with a dose of RDV at 10 mg/kg (NV376, double dose on the first day, mimicking standard Veklury® protocol), survived up to 7.5 days. The group of rats treated with NV-CoV-2, 320 mg/kg (high, given on alternate days for five doses), survived until day 14. The survival rate of the rats administered with NV-CoV-2-R (comprising 160 mg/kg NV-CoV-2/med and 16 mg/kg RDV/low, given on alternate days for five doses) increased to 18 days. The total RDV dose was matched in the RDV and NV-CoV-2-R groups enabling simple comparison of the effect on survival (Chakraborty et al., 2022b).
Safety Issues of Our Generic Biopolymer (NV387) and/or Virus-Specific Biopolymer (NV-CoV-2)
Core battery tests as defined in the ICH S7A guidelines were conducted on the respiratory and central nervous systems in the standardized conscious rat model, and the cardiovascular system in a non-human primate model (cynomolgus monkeys-Macaca fascicularis) upon intravenous administration of NV-CoV-2. No significant adverse effects on respiratory function or neurobehavioral effects were observed at 1 h of post-dose time point in all dose groups of rats. Body temperature in rats was not affected by the intravenous administration of NV-CoV-2.
The intravenous administration of NV-CoV-2 in conscious telemetered cynomolgus monkeys did not induce any significant, biologically relevant effects on heart rate, arterial blood pressure, cardiac rhythm, or ECG parameters. All monkeys maintained sinus rhythm throughout the study. Additionally, NV-387 was found to be non-immunogenic in a rat model. NV-387 was non-allergenic in several animal models given as injection as well as given orally. NV-387 was found to be non-mutagenic in the standardized bacterial reverse mutation test (Ames test) and non-genotoxic in the standardized micronucleus test. The micronucleus test is a genotoxicity test to detect the chromosome damaging potential after exposure to a test chemical in human TK6 cells in vitro.
The hydrophobicity, or more specifically, the hydrophilic/hydrophobic balance in the polymer, is expected to affect its aggregation properties as well as interactions with proteins and cell membranes. Nevertheless, the design principles that we used, of incorporating PEG in the backbone to enable “stealth mode,” and pendant alkyl chains to enable mimicking cellular membranes, and enabling self-assembly that presents an unstructured hydrophilic PEG surface for the micelle, are expected to enable similar non-mutagenic, non-immunogenic, non-allergenic, and non-genotoxic characteristics to the TheraCour polymer platform.
DISCUSSION
Viruses bind to specific cell surface ligands in order to attach to cells and internalize. A nanoviricide is designed to act like a decoy of a human cell. When the virus sees the appropriate ligand displayed on a nanoviricide micelle, the virus is believed to bind to it. This may cause the flexible nanoviricide to lead to a chain binding to an additional viral coat protein, analogous to the “Velcro” effect from cooperative interactions. This property enables the ligands which individually may have low affinity but achieve very high avidity when their polyvalency result. This concept was shown earlier convincingly with polymeric vs. monomeric inhibitors in the scientific literature (Barton et al., 2011, 2016).
Unlike antiviral antibodies, nanoviricide on binding with a virus particle develops van der Waals interactions which promote encapsulation of the virus particle by conformational re-arrangement of the polymeric chains of the nanoviricide. The lipid tails of the nanoviricide would integrate with the lipid membrane coating of the virus. This is similar to a coordinated surfactant attack on the virus particle which leads to dismantling of the virus envelope as well as stripping off the glycoproteins necessary for viral adsorption and cellular entry.
The antiviral efficacy and potency and the cytotoxicity of the antiviral compound NV-CoV-2 in cell cultures were studied (Li et al., 2007; Barton et al., 2011, 2016; Chakraborty and Diwan 2020a; Chakraborty and Diwan 2020b; Diwan et al., 2021b). Relative CPE levels were compared between all groups to identify any reduction in viral replication, as a reduction in CPE compared to untreated infected controls suggests a decrease in virus production/growth/spread.
NV-CoV-2, in addition to its possessing intrinsic antiviral activity, the polymer encapsulation renders RDV highly effective against SARS-CoV-2 by protecting the drug from plasma-mediated degradation (Chakraborty et al., 2021b) (Figure 2).
[image: Figure 2]FIGURE 2 | Graphical representation of NV-CoV-2 action mechanism.
Treatment with NV-CoV-2 and NV-CoV-2-R, extended dose dependently the survival of rats infected intratracheally with a lethal dose of human CoV-NL-63 virus when NV-CoV-2-R showed a much better effect than NV-CoV-2. Importantly, both treatments were also markedly better than RDV treatment alone. Thus, NV-CoV-2 containing encapsulated RDV, NV-CoV-2-R, clearly demonstrates antiviral efficacy in this lethal infection model with CoV-NL-63 virus.
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