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 24 

Abstract: Atazanavir (ATV) has already been considered as a potential repurposing drug to 2019 coronavirus disease (COVID-19), 25 

however, there are controversial reports on its mechanism of action and effectiveness as anti-severe acute respiratory syndrome 26 

coronavirus 2 (SARS-CoV-2). Through the pre-clinical chain of experiments: enzymatic, molecular docking, cell-based, and in vivo 27 

assays, it is demonstrated here that both SARS-CoV-2 B.1 lineage and variant of concern gamma are susceptible to this antiretrovi-28 

ral. Enzymatic assays and molecular docking calculations showed that SARS-CoV-2 main protease (Mpro) was inhibited by ATV, 29 

with Morrison’s inhibitory constant (Ki) 1.5-fold higher than boceprevir (GC376, a positive control). ATV was a competitive inhibi-30 

tion, increasing the Mpro’s Michaelis-Menten (Km) more than 6-fold. Cell-based assays indicated that SARS-CoV-2 gamma is more 31 

susceptible to ATV than its predecessor strain B.1. Using oral administration of ATV in mice to reach plasmatic exposure similar to 32 

humans, transgenic mice expression in human angiotensin converting enzyme 2 (K18-hACE2) were partially protected against 33 

lethal challenge with SARS-CoV-2 gamma. Moreover, less cell death and inflammation were observed in the lung from infected 34 

and treated mice. Our studies may contribute to a better comprehension of the Mpro/ATV interaction, which could pave the way to 35 

the development of specific inhibitors of this viral protease.  36 

Keywords: SARS-CoV-2, COVID-19, repurposing drugs; atazanavir; protease inhibitor, pharmacokinetics, molecular docking. 37 

1. Introduction 38 

The 2019 coronavirus disease (COVID-19) was firstly reported in Wuhan (China) and its etiological agent, severe 39 

acute respiratory syndrome coronavirus 2 (SARS-CoV-2), spread globally into the second pandemic of the 21st centu-40 

ry, after influenza A(H1N1) pandemic in 2009. SARS-CoV-2 continuously circulate, even among individuals with 41 

preexisting immunity, and caused about 258 million confirmed cases along with 5.16 million deaths worldwide [1-5]. 42 

SARS-CoV-2 variants of concern (VoC) might escape the humoral immune response to natural infection or vaccination 43 

[4,5], which reinforces the necessity of specific antiviral treatments. After almost a two-year effort in the repurposing 44 
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of clinically approved drugs, limited benefit for COVID-19 patients have been demonstrated [5]. Thus, it is necessary 45 

to improve the pre-clinical characterization of repurposed drugs to rationalize further clinical studies, in terms of po-46 

sology and susceptibility of VoC, and learn from their interactions with the viral target enzyme.  47 

We have previously described that atazanavir (ATV), a clinically approved human immunodeficiency virus 48 

(HIV) protease inhibitor [6], is endowed with anti-SARS-CoV-2 activity [7]. Although we described early in the pan-49 

demic outbreak the ATV’s activity against SARS-CoV-2, by in silico and cell-based assays (in Vero-E6 and A549 cell 50 

lines), proper characterization of its enzymatic target, pharmacology on type II pneumocytes (the most affect cell in 51 

severe COVID-19) and antiviral activity in infected mice have not been described. Nevertheless, numerous clinical 52 

trials were initiated for out- and in-patients with COVID-19 to test ATV combined or not with other commercial 53 

drugs, such as ritonavir or dexamethasone [7-9], however no definitive response emerged from these clinical trials yet. 54 

Studies reconfirmed, by bioinformatics and basic enzymatic inhibition curves, that ATV targets SARS-CoV-2 55 

major protease (Mpro), an enzyme responsible for the cleavage of eleven sites of the viral polyprotein, a key-step in 56 

virus life cycle [10,11]. The development of PAXLOVIDTM from Pfizer and its clinical efficacy of reduce hospitalization 57 

by 80% reconfirms that Mpro is a very important druggable target [12]. Thus, other drugs that target this enzyme de-58 

serve a more detailed characterization, to provide insight on pharmacophoric regions for next generation of anti-59 

COVID-19 antivirals.  60 

Anti-Mpro from ATV has been disputed as controversial depending on assay conditions [13]. This apparent par-61 

adox reinforces that detailed mechanism of action and robust series of pre-clinical experiments should be conducted 62 

to shed light on the ATV inhibitory mechanism and the susceptibility of contemporaneous SARS-CoV-2 strains to this 63 

drug. Here, we address additional explanations to controversial effects of ATV on Mpro, characterizing it as a competi-64 

tive inhibitor of this viral enzyme that requires a catalytic water to be effective. ATV possesses anti-SARS-CoV-2 activ-65 

ity against B.1 and gamma strains on Calu-3 cells, a model of type II pneumocytes. ATV reached the plasma and lungs 66 

of treated Swiss-Webster mice and protected SARS-CoV-2-infected transgenic mice expression in human angiotensin 67 

converting enzyme 2 (K18-hACE2) from mortality. Moreover, ATV reduced virus-induced inflammation and cell 68 

death in bronchoalveolar lavage (BAL), and lung damage in infected and treated animals. This study compiles pre-69 

clinical results that may allow further rationalization of clinical trials against COVID-19. 70 

 71 

2. Materials and Methods 72 

2.1. General materials 73 

Carboxymethyl cellulose (CMC), tris(4-(dimethylamino)phenyl)methylium chloride (crystal violet), formalde-74 

hyde, hematoxylin, eosin, phosphate buffer solution (PBS), ethanol, dimethyl sulfoxide (DMSO), ketamine, xylazine, 75 

trisodium citrate, calcium chloride (CaCl2), and remdesivir (RDV) were purchased from Sigma-Aldrich/Merck (St. 76 

Louis, MO, USA). Atazanavir sulfate (ATV) was kindly donated from Instituto de Tecnologia de Farmacos, 77 

Farmanguinhos, Rio de Janeiro, Brazil. 78 

2.2. Cells and virus 79 

African green monkey kidney (Vero, subtype E6) and human lung epithelial (Calu-3) cells were cultured in 80 

high-glucose Dulbecco’s modified Eagle medium (DMEM - HyClone, Logan, Utah) supplemented with 100 U/mL 81 

penicillin, 100 μg/mL streptomycin (P/S - Thermo Fisher Scientific®, Massachusetts, USA), and 10% fetal bovine se-82 

rum (FBS - HyClone, Logan, Utah). The cells were incubated at 310K in 5 % of carbon dioxide (CO2). 83 

The SARS-CoV-2 B.1 lineage (GenBank #MT710714) and gamma variant (also known as P1 or B.1.1.28 lineage; 84 

#EPI_ISL_1060902) were isolated on Vero E6 cells from nasopharyngeal swabs of confirmed cases. All procedures 85 

related to virus culture were handled at biosafety level 3 (BSL3) multiuser facility at Fundação Oswaldo Cruz (Fiocruz), 86 

Rio de Janeiro, Brazil, according to World Health Organization (WHO) guidelines [14]. 87 

2.3. Enzymatic assays 88 

The ATV capacity to inhibit enzymatic velocity of PLpro and Mpro from SARS-CoV-2 was determined by the 89 

commercial kit provided by BPS Bioscience® company (catalog number: #79995-1 and #79955-1, respectively) follow-90 

ing the procedure and recommendations from literature and manufacturer [15-17]. Basically, 100 nM PLpro was incu-91 

bated in 50 mM HEPES pH 7.4, 0.01% Triton X-100 (v/v), 0.1 mg/mL bovine serum albumin (BSA), 2 mM dithiothreitol 92 

(DTT) with 25 μM of its substrate (modified peptide Z-RLRGG-AMC with CAS number 167698-69-3) in the presence 93 

various concentrations (0-10 μM of ATV or GRL0617 (positive control) for 45-60 minutes. On the other hand, 88.8 nM 94 
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Mpro was incubated overnight in reaction buffer (20 mM Tris pH 7.3, 100 mM NaCl, 1 mM EDTA, 1 mM DTT, and 1 95 

μM BSA) containing 25 μM of substrate (modified peptide DABCYL-KTSAVLQSGFRKME-EDANS with CAS number 96 

730985-86-1) and ATV or boceprevir (GC376, positive control), at concentrations ranging from 0 to 10 μM. Fluores-97 

cence signal was measured at an emission wavelength of 460 nm with excitation at 360 nm in a GloMax® (Promega) 98 

plate reader. Morrison’s inhibitory constant (Ki) was calculated by non-linear regression using GraphPad Prism 9. The 99 

Michaelis-Menten plot was conducted for 88.8 nM Mpro incubated overnight in assay buffer with substrate concentra-100 

tions varying from 0 to 100 μM in the presence and absence of 2.5 μM of ATV. After fluorescence quantification, the 101 

Michaelis-Menten constant (Km) and maximum velocity (Vmax) were calculated by non-linear regression using 102 

GraphPad Prism 9. The value was presented as mean ± standard deviation (SD). 103 

2.4. Molecular docking procedure 104 

The crystallographic structure of Mpro was obtained from Protein Data Bank (PDB), with access code 7K40 [18]. 105 

The chemical structure for ATV was built and minimized in terms of energy by Density Functional Theory (DFT) via 106 

Spartan'18 software (Wavefunction, Inc., Irvine, CA, USA) [19]. The molecular docking calculations were performed 107 

with GOLD 2020.2 software (Cambridge Crystallographic Data Center Software Ltd., CCDC, CB2 1EZ, UK) [20]. Hy-108 

drogen atoms were added to the protease following tautomeric states and ionization data, which are inferred by the 109 

GOLD 2020.2 software at pH 7.4. The number of genetic operations (crossing, migration, mutation) during the search 110 

procedure was set as 100,000. Redocking studies were carried out with the crystallographic ligand boceprevir (GC376, 111 

PDB code: 7K40), obtaining the lowest root mean square deviation (RMSD) value by ChemPLP function. It was de-112 

fined 8 � radius around the active binding site and the figures were generated with PyMOL Delano Scientific LLC 113 

software (DeLano Scientific LLC: San Carlos, CA, USA) [21]. 114 

2.5. Yield-reduction assays and virus titration  115 

Calu-3 cells (2.0 × 105 cells/well) were infected with multiplicity of infection (MOI) of 0.1 and 0.001 for SARS-116 

CoV-2 B.1 lineage and MOI of 0.1 for SARS-CoV-2 gamma strain. Infection was performed in 96-well plates (Nalge 117 

Nunc Int, Rochester, New York, USA) for 1 h at 37°C in 5 % of CO2. Inoculum was removed and cells were incubated 118 

different concentrations of ATV (0.00, 0.60, 1.25, 2.50, 5.00, and 10.0 μM) or RDV (0.00, 0.0001, 0.001, 0.01, 0.10, 0.50, 119 

1.0, 5.0, and 10.0, μM) in DMEM with 10% FBS. After 48 h, the supernatants were harvested, and infectious virus titers 120 

were quantified by plaque forming assays according to previous publications [7,22,23]. 121 

To perform the virus titration, Vero cells (2.0 × 104 cell/well) in 96-well plates (Nalge Nunc Int, Rochester, New 122 

York, USA) were infected with log-based dilutions of the yield reduction assays` supernatants for 1 h at 37°C in 5% of 123 

CO2. After the incubation, medium containing 1.8% CMC with 5% FBS was added and incubated at 37°C with 5% CO2 124 

for 72 h. The cells were fixed with 10% formaldehyde in PBS and stained with a 0.04% solution of crystal violet in 70% 125 

methanol. The virus titers were calculated by scoring the plaque-forming unit – (PFU/mL) and a non-linear regression 126 

analysis of the dose-response curves was also performed to calculate the 50% effective concentration (EC50). All exper-127 

iments were carried out at least three independent times, including a minimum of two technical replicates in each 128 

assay, and each data was analyzed from Prism GraphPad software 8.0 (Windows GraphPad Software, San Diego, 129 

California USA). The value was presented as mean ± standard deviation (SD). 130 

2.6. Cytotoxic assays 131 

Vero cells (2.0 × 104 cell/well) were treated for 3 days with different concentrations of ATV or RDV (ranging 132 

from 1 to 600 μM) as previously described by us [7,23]. The 50% cytotoxic concentration (CC50) was calculated by a 133 

non-linear regression analysis from a dose–response curve. All experiments were carried out at least three independ-134 

ent times and each data was analyzed from Prism GraphPad software 8.0 (Windows GraphPad Software, San Diego, 135 

California USA). The results were presented as mean ± standard deviation (SD). The selectivity indexes (SI) for ATV 136 

and RDV were calculated through the ratio between CC50 and EC50 values. 137 

2.7. Pharmacokinetic assays 138 

ATV`s concentration in the plasma and lungs of adult Swiss-Webster mice (8-15 weeks) was evaluated over 139 

time. Animals were treated with an oral dose of 60 mg/kg of ATV for 12-time intervals - 00:05, 00:10, 00:20, 00:40, 140 

01:00, 02:00, 03:00, 04:00, 06:00, 08:00, 10:00, and 12:00h. Each treatment group had 5 animals. After these periods of 141 

times, total blood and lungs were collected. Plasma was obtained by blood centrifugation at 8,000 x g for 15 minutes. 142 
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Time zero was obtained by analyzing the matrix pool (blood plasma) of untreated animals. The pharmacokinetic pa-143 

rameters of half-life (t1/2, h), time until maximum concentration is reached (tmax, h), maximum compound concentration 144 

(Cmax, ng/mL), and area under the curve (AUC, h.ng/mL) were determined. The experiments performed in this section 145 

were approved by the Committee on the Use of Laboratory Animals of the Oswaldo Cruz Foundation (CEUA-146 

FIOCRUZ, license L003/21). 147 

2.8. In vivo assays – Mice treatment and infections 148 

Experiments with transgenic mice expressing human ACE-2 receptor (K18-hACE2- mice), were performed in 149 

Animal Biosafety Level 3 (ABSL-3) multiuser facility, according to the animal welfare guidelines of the Ethics Com-150 

mittee of Animal Experimentation (CEUA-INCa, License 005/2021) and WHO guidelines [14]. The animals were ob-151 

tained from the Oswaldo Cruz Foundation breeding colony and maintained with free access to food and water at 29–152 

30°C under a controlled 12 h light/dark cycle. Experiments were performed during the light phase of the cycle. 153 

For infection procedures, mice were anaesthetized with 60 mg/kg of ketamine and 4 mg/kg of xylazine and in-154 

oculated intranasally with DMEM high glucose (MOCK), or 105 PFU of SARS-CoV-2 gamma strain in 10 μl of DMEM 155 

high glucose. It was used 6 mice per experimental group: MOCK (non-infected); SARS-CoV-2-infected without treat-156 

ment (NIL) and SARS-CoV-2-infected and treated with ATV. The animals were treated with a daily dose of 60 mg/kg 157 

of ATV for seven days.  158 

The animals were monitored daily during seven days for survival and body-weight analysis. In the case of 159 

weight loss higher than 20% euthanasia was performed to alleviate animal suffering. In the last day, the 160 

bronchoalveolar lavage (BAL) from both lungs was harvested by washing the lungs once with 1 mL of cold PBS. After 161 

centrifugation of BAL (1500 rpm for 5 minutes), the pellet was used for total and differential leukocytes counts (dilut-162 

ed in Turk’s 2% acetic acid fluid) using a Neubauer chamber. The lactate dehydrogenase (LDH) quantification was 163 

performed with centrifuged BAL supernatant to evaluated cell death (CytoTox96, Promega, USA). Differential cell 164 

counts were performed by cytospin (Cytospin3; centrifugation of 350xg for 5 minutes at room temperature) and 165 

stained by the May-Grünwald-Giemsa method. 166 

After BAL harvesting, lungs were perfused with 20 mL of saline solution to remove the circulating blood. Lungs 167 

were then collected, pottered, and homogenized in 500 μL of a phosphatase and protease inhibitor cocktail Complete, 168 

mini EDTA-free Roche Applied Science (Mannheim, Germany) for 30 sec, using an Ultra-Turrax Disperser T-10 basic 169 

IKA (Guangzhou, China). 170 

2.9. Quantification of viral RNA 171 

The viral RNA from samples collected in the in vivo assays was quantified through quantitative reverse tran-172 

scription polymerase chain reaction (RT-PCR). Total RNA was extracted using QIAamp Viral RNA (Qiagen), accord-173 

ing to manufacturer’s instructions. Quantitative RT-PCR was performed using Quanti Tect Probe RT-PCR Kit 174 

(Qiagen) in a StepOne Plus™ Real-Time PCR System (Thermo Fisher Scientific). Amplifications were carried out in 15 175 

μL reaction mixtures containing 2× reaction mix buffer, 50 μM of each primer, 10 μM of the probe, and 5 μL of RNA 176 

template. Primers, probes, and cycling conditions recommended by the Centers for Disease Control and Prevention 177 

(CDC) protocol were used to detect the SARS-CoV-2 (CDC 2020). Amplification of the housekeeping gene glyceralde-178 

hyde-3-phosphate dehydrogenase (GAPDH) was used as a reference for the number of cells. The cycle threshold (CT) 179 

values for this target were compared to those obtained with different cell quantities (107 to 102), for calibration. 180 

2.10. Measurements of inflammatory mediators and cell death 181 

The levels of IL-6, TNF-α, KC, and PF4 were quantified in BAL samples from uninfected (MOCK), infected 182 

without treatment (NIL), and infected and treated animals by ELISA, using specific kits and following the manufac-183 

turer’s instructions (R&D Systems). Cell death was determined according to the activity of LDH in the BAL as previ-184 

ously described in the section 2.7. 185 

2.11. Histological procedure 186 

Histological features related to the injury caused by SARS-CoV-2 infection were analyzed in the lungs of K18-187 

hACE2 mice. Inflammatory and vascular infiltrates and evidence of cell degeneration was evaluated to characterize 188 

the level of the tissue damage. The collected material was fixed with formaldehyde (4%), dehydrated and embedded 189 

in paraffin to the obtention of tissue slices through the use of a microtome. The slices were fixed and stained with 190 

hematoxylin and eosin for microphotographs analysis. 191 
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2.12. Clotting time 192 

Human blood samples were collected from healthy donors in 3.8% trisodium citrate (9∶1, v/v), and platelet-poor 193 

plasma was obtained by centrifugation at 3,000 rpm for 10 min. Plasma (100 μL) was incubated with 1 μL of ATV at 194 

various concentrations (diluted in DMSO) for 2 min at 310K. Plasma clotting was initiated by the addition of 100 μL of 195 

25 mM CaCl2, and the time for clot formation was recorded on a KC-4 Delta coagulometer (Tcoag, Ireland). Time for 196 

clot formation was recorded in triplicates. 197 

3. Results 198 

3.1. Enzymatic and cell-based assays for ATV in SARS-CoV-2 D614G and gamma strains 199 

To advance on details on how ATV inhibits SARS-CoV-2 Mpro, we initially performed a dose-dependent inhibi-200 

tion curve. ATV was slightly less potent than the positive control boceprevir (GC376) [24] (Figure 1A). The Morrison’s 201 

inhibitory constant (Ki) values for GC376 and ATV were 208 ± 0.15 and 703 ± 79 nM, respectively. Next, we tested 202 

ATV against various concentrations of Mpro substrate. We observed that maximum velocity (Vmax) values in the pres-203 

ence and absence of ATV were not different, while the Michaelis-Menten constant (Km) values increased significantly 204 

in the presence of this drug (Figure 1B), indicating a competitive inhibition profile. Our results are specific to Mpro 205 

because, differently from the positive control GRL0617, ATV did not inhibit SARS-CoV-2 papain-like protease (PLpro) 206 

(Figure 1C). Since structural improvements on the Mpro active site were determined more recently [25,26], SARS-CoV-207 

2 molecular docking calculations were carried out to test if a catalytic water (H2Ocat) was required for ATV action. 208 

Since the highest docking score value was obtained in the presence of H2Ocat, molecular docking calculation suggested 209 

a dependence of ATV potency of water content into the catalytic site of Mpro (Figure 1D). 210 

The competitive inhibition implies that Mpro’s substrate concentration may affect its susceptibility to ATV. Thus, 211 

we tested if ATV’s potency is also affected in type II pneumocyte cell line (Calu-3) infected with different SARS-CoV-2 212 

MOIs. In cell-based assays, the intracellular concentration of Mpro’s substrate would be proportional to the virus input. 213 

Indeed, ATV’s EC50 value for the SARS-CoV-2 B.1 lineage varied in a MOI-dependent way (Table 1), similarly to 214 

remdesivir (RDV) (Table 1), a competitive inhibitor of the SARS-CoV-2 RNA polymerase complex under clinical use 215 

[27,28]. The SARS-CoV-2 gamma VoC is more susceptible to ATV and RDV than its predecessor strain B.1 (Table 1). 216 

Since the CC50 values of 312 ± 8 and 512 ± 30 μM for ATV and RDV, respectively, their selective index (SI) values were 217 

consistent with an adequate safety profile in vitro (Table 1).  218 

 219 

Figure 1. (A) The ATV and boceprevir (GC376, positive control) activity on 88.8 nM Mpro velocity at 0-10 μM of inhibitor (protease 220 

assay kit #79955-1, BPS Biosciences, USA). (B) Michaelis-Menten plot for 88.8 nM Mpro incubated overnight in assay buffer with 221 

substrate concentrations from 0 to 100 μM in the presence and absence of 2.5 μM of ATV. (C) The ATV and GRL-617 (positive con-222 

trol) activity on 100 nM PLpro velocity at 0-10 μM of inhibitor (protease assay kit #79995-1, BPS Biosciences, USA). (D) The 3D repre-223 

sentation of the best docking pose for ATV into Mpro catalytic site in the presence of the catalytic water (H2Ocat) obtained with 224 

GOLD 2020.2 software (Cambridge Crystallographic Data Centre, Cambridge, CB2 1EZ, UK) using ChemPLP as scoring function. 225 

For better interpretation the Mpro structure was represented only in the monomeric form with the domains I, II, and III in light red, 226 
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orange, and gray, respectively. The ATV and catalytic amino acid residues are in stick representation in pink and cyan, respective-227 

ly, while H2Ocat is represented as sphere. 228 

 229 

Table 1. In vitro pharmacological parameters for ATV and RDV against SARS-CoV-2 variants in Calu-3 cells. 230 

  ATV  RDV 
Strain MOI EC50 (μM) CC50 (μM) SI  EC50 (μM) CC50 (μM) SI 

B.1 0.1 0.490 ± 0.020 

3
1
2
 
±
 8
 637  0.461 ± 0.038 

  

 

 

 

 

 

 

 

 

 

 

 

5
1
2
±
3
0
 1,111 

B.1 0.001 0.321 ± 0.016 972  0.225 ± 0.019 2,276 

P1 (formally B.1.1.28) 0.1 0.399 ± 0.020 782  0.113 ± 0.010 4,530 

 231 

3.2. In vivo antiviral activity of ATV against SARS-CoV-2 gamma variant 232 

 We first aimed evaluate ATV´s pharmacokinetics profile over time in the plasma and lungs of Swiss-Webster 233 

mice treated with 60 mg/kg of this drug, a dosage equivalent to its plasma exposure in humans under treatment 234 

against HIV. Upon treatment with 60 mg/kg, ATV concentration in the plasma was similar to the standard treatment 235 

of 300 mg in humans (Figure 2A) [29]. Interestingly, ATV seems to be concentrated in the lung of the treated animals 236 

(Figure 2B). 237 
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 238 

Figure 2. Pharmacokinetics of atazanavir (ATV) in mice. Swiss-Webster mice at 8-15 weeks of age were orally treated with 60 239 

mg/kg of ATV. (A) At indicated time points, concentration of ATV was measured in the plasma and in the lungs. The insert in 240 

panel A represents the pharmacokinetic parameters in the plasma. (B) The area under the curve (AUC) for the anatomical com-241 

partments were registered. 242 

 243 

Next, we infected K18-hACE2-transgenic mice with SARS-CoV-2 gamma VoC and treated them with a daily 244 

oral dose of 60 mg/kg ATV, initiating 12h after infection. Whereas the infection kills all animals within 6 days, a statis-245 

tically significant increase in animal survival was observed in the infected and ATV-treated mice (Figure 3A). ATV 246 

protected the mice to continue to lose weight at the 6th day after infection (Figures 3B). In the bronchoalveolar lavage 247 

(BAL) of the treated animals, ATV significantly decreased SARS-CoV-2 RNA levels (Figure 3C), cell death - based on 248 

lactate dehydrogenase (LDH) activity (Figure 3D), and cell-based inflammation – based on cells counts of 249 

polymorphonuclear and mononuclear cells (Figure 3E and F). 250 
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MOCK Nil ATV

 

Figure 3. ATV protected K18-hACE2-transgenic mice infected with SARS-CoV-2 from mortality. The survival (A), and 251 

weight variation (B) of the different experimental groups: non-infected and non-treated (MOCK) or SARS-CoV-2-252 

infected and non-treated (NIL) SARS-CoV-2-infected and treated with ATV. After 12h of infection the treated group re-253 

ceived the first of a daily dose of 60 mg/kg of ATV. The animals were treated for six days. Survival was statistically as-254 

sessed by Log-rank (Mentel-Cox) test, where * p < 0.05. The viral load (C), LDH levels (D), polymorphonuclear and 255 

mononuclear cells counts (E) and immunocytochemical staining (F) were assessed in the BAL six days after infection in 256 

the indicated experimental groups. All the analysis were performed with 6 mice/group. 257 

ATV reduced the SARS-CoV-2-induced IL-6 levels in the BAL and in the lungs of treated animals (Figure 4). In 258 

the lung, levels of TNF-α and KC were also reduced in the infected/untreated over untreated mice (Figure 4). These 259 

results are in line with our previous description that ATV decreases the levels of SARS-CoV-2-induced pro-260 

inflammatory cytokines in monocytes [7] and virus-triggered pyroptosis [30]. Moreover, SARS-CoV-2 infection pro-261 

voked severe lung injury, leading to hemorrhage, and shrinking of the lobe, bronchiole, and alveoli (Figure 5), which 262 

was reduced by ATV. This protection is the consequence of the direct antiviral and anti-inflammatory activity of ATV, 263 

since this molecule could not prevent hemorrhage as an anti-clotting agent (Figure S1, Supplementary Material). 264 
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Figure 4. The proinflammatory content in terms of cytokines IL-6, TNF-α, KC, and PF4 in BAL and lung samples. * p < 266 

0.05 267 

 268 

Figure 5. Microphotographs for histology of lung lobe, bronchiole, and alveoli samples from K18-hACE2-transgenic mice non-269 

infected (MOCK) and infected with SARS-CoV-2 gamma strain without (NIL) and treated with ATV upon the six treated days. 270 

4. Discussion 271 

Repurposing of clinically approved drugs was considered an accelerated strategy to combat SARS-CoV-2 infec-272 

tions [31,32]. However, limited clinical benefit has been documented for most repurposed drugs, whereas in the 273 

meantime orally available antiviral drugs against COVID-19 demonstrated clinical efficacy to reduce hospitalization, 274 

such as molnupiravir [33] and PAXLOVIDTM [12]. Molnupiravir and PAXLOVIDTM respectively target the viral RNA 275 

synthesis and Mpro. Besides detailed mechanism of action, these compounds fulfilled pre-clinical steps of investigation, 276 

from cell-based to animal models, to allow further clinical development to be conducted at target plasmatic concentra-277 
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tion. Here, we performed these steps for ATV. The comprehension that ATV inhibits competitively Mpro and requires 278 

a catalytic water may allow further development of anti-SARS-CoV-2 analogs, that act differently than PAXLOVIDTM, 279 

a covalent inhibitor of Mpro by interaction with the catalytic cysteine (Cys-145) residue [34].  280 

We originally demonstrated that ATV inhibited SARS-CoV-2 Mpro preparations and virus replication [7]. The 281 

controversial effects of ATV on SARS-CoV-2 Mpro are documented in the literature [10,12]. In line with studies that 282 

demonstrated SARS-Cov-2 susceptibility to ATV, we demonstrated here that Mpro was inhibited by this drug, with Ki 283 

1.5-fold higher than boceprevir (GC376) and in a competitive fashion, increasing the enzyme’s Km more than 6-fold. It 284 

is unlikely that the other SARS-CoV-2 protease, PLpro, was targeted by ATV in these assays, because its Ki for PLpro 285 

was above the threshold of in vitro inhibition. 286 

The amino acid residue His-41 of Mpro requires water to catalyze proteolytic cleavage [25,26] and ATV targets 287 

this moiety. The presence of 20% glycerol in enzyme assay mixture reduces the water content and prevents ATV activ-288 

ity, that is why Ma and Wang [13,35] could not identify this HIV protease inhibitor as a potential antiviral against 289 

COVID-19 - whereas Li et al. [10] reached results similarly to ours. Our enzymatic assay includes bovine serum albu-290 

min (BSA) to avoid non-specific binding of small molecules to Mpro. In our Mpro FRET-based enzymatic assay, reac-291 

tions were allowed to occur overnight to increase the sensitivity, instead of 1h [13]. Although one might argue that a 292 

longer reaction time will increase the rate of false positive results, the following cell-based assays provide an addi-293 

tional layer of evidence that ATV activity against SARS-CoV-2 is credible. 294 

Considering the substrate-dependent inhibitory effect of ATV, we hypothesized ATV’s potency in cell-based as-295 

says would be influenced by varying the virus input, because higher numbers of virus particles should translate into 296 

increased quantities of Mpro substrate. To test this hypothesis, Calu-3 cells, which is more closely resemble type II 297 

pneumocytes than A549 and Vero cells [36], were infected with a 100-fold different multiplicity of infections (MOI) of 298 

SARS-CoV-2, B.1 lineage, and treated with ATV or RDV, a competitive inhibitor of viral RNA synthesis. The MOI-299 

dependent inhibition was consistent for ATV and RDV. The similarity in the cell-based potency of ATV to its Ki for 300 

Mpro further reinforces the conclusion that Mpro is the target of ATV in vitro. 301 

The emerging Brazilian SARS-CoV-2 gamma variant, initially detected in the state of Amazonas, was responsi-302 

ble for a public health calamity, spreading rapidly in Brazil and considered as one of variant of concern by WHO. The 303 

mutations found in gamma variant have been associated with increased transmissibility, higher viral load, propensity 304 

for immune evasion, and SARS-CoV-2 reinfection [37,38]. ATV presented adequate inhibitory profile against the pre-305 

decessor strain of SARS-CoV-2 and also the gamma variant in vitro. Based on that and considering the lethality of 306 

gamma variant on K-18 mice model, we next performed in vivo experiments. 307 

At plasma exposures similar to humans [29], ATV enhanced by 30% the survival of K18-hACE2-transgenic mice 308 

infected with SARS-CoV-2 gamma strain and decreased virus-induced cell death and inflammation. Despite there is 309 

not a statical difference in the body weight between the untreated and treated groups, the protective effect of ATV 310 

was viewed in relation to the significantly decrease of SARS-CoV-2 RNA levels in the bronchoalveolar lavage (BAL), 311 

as well as a significant reduction in the number of mononuclear leukocytes, polymorphonuclear leukocytes and LDH 312 

levels. In the BAL infected and treated animals displayed lower levels of IL-6, TNF-α, KC and PF4, compared to un-313 

treated mice. The in vivo anti-inflammatory of ATV observed here is in line with the ability of this molecule to inhibit 314 

pyroptosis in human primary monocytes for both BAL and lung samples clearly showing that ATV protect both cell 315 

death and inflammation [39].  316 

Our study shows that ATV inhibits SARS-COV-2 Mpro with a mechanism of action different than PAXLOVIDTM, 317 

showing ATV/Mpro interface could give insights for further drug development. The in vitro and in vivo results recon-318 

firm, in different magnitudes, SARS-CoV-2 susceptibility to ATV. Further ongoing clinical trials will determine if 319 

standard dose, used in HIV-treatment can prevent severe COVID-19 or if it is necessary higher doses [40]. According 320 

to ATV’s monography [29], doses three times higher could be used for shorter periods of time, when compared to the 321 

life-lasting HIV treatment.  322 
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SUPPLEMENTARY MATERIAL 465 

 466 

Figure S1. Superposition of the monomeric unit of Mpro (in gray, PDB code 7K40) with (A) FXa (in salmon, PDB code 2P16) and (B) 467 

thrombin (in cyan, PDB code 1KTS). For better interpretation the catalytic water (H2Ocat) of Mpro is not shown. (C) Fibrin formation 468 

trial without and in the presence of three concentrations of ATV. 469 
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