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Abstract

:

Repurposing clinically available drugs to treat the new coronavirus disease 2019 (COVID-19) is an urgent need in the course of the Severe Acute Respiratory Syndrome coronavirus (SARS-CoV-2) pandemic, as very few treatment options are available. The iminosugar Miglustat is a well-characterized drug for the treatment of rare genetic lysosome storage diseases, such as Gaucher and Niemann-Pick type C, and has also been described to be active against a variety of enveloped viruses. The activity of Miglustat is here demonstrated in the micromolar range for SARS-CoV-2 in vitro. The drug acts at the post-entry level and leads to a marked decrease of viral proteins and release of infectious viruses. The mechanism resides in the inhibitory activity toward α-glucosidases that are involved in the early stages of glycoprotein N-linked oligosaccharide processing in the endoplasmic reticulum, leading to a marked decrease of the viral Spike protein. Indeed, the antiviral potential of protein glycosylation inhibitors against SARS-CoV-2 is further highlighted by the low-micromolar activity of the investigational drug Celgosivir. These data point to a relevant role of this approach for the treatment of COVID-19.
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1. Introduction


The novel Severe Acute Respiratory Syndrome coronavirus (SARS-CoV-2), the etiologic agent of coronavirus disease 2019 (COVID-19), has now spread worldwide causing a global pandemic [1,2]. To date there have been more than 120 million confirmed cases and almost 3 million deaths worldwide spurring a global effort to tackle the disease [3]. SARS-CoV-2 belongs to the genus Betacoronavirus of the order/family/sub-family Nidovirales/Coronaviridae/Coronavirinae [4]. The virion is enveloped and contains a single RNA genome of positive polarity.



Morphologically, SARS-CoV-2 is about 120 nm in diameter with large projections of heavily glycosylated trimeric Spike (S) proteins. Other surface proteins include the membrane (M) and envelope (E) proteins, while, inside the envelope, the helical nucleocapsid (N) wraps the viral RNA.



The virus targets cells of the upper and lower respiratory tract epithelia through the viral Spike that binds to the angiotensin-converting enzyme 2 (ACE2) receptor, a process facilitated by the host type 2 transmembrane serine protease, TMPRSS2. Once inside the cell, viral polyproteins are synthesized that encode for the replication machinery required to synthesize new RNA via the RNA-dependent RNA polymerase activity.



Replication is cytoplasmatic at the level of the endoplasmic reticulum (ER), which is heavily rearranged. Structural proteins are then synthesized leading to the completion of assembly and the release of viral particles [5,6]. Currently, specific antiviral treatment against SARS-CoV-2 is limited to the repurposed drug remdesivir, which received emergency use authorization for COVID-19 treatment; however, debate on its real efficacy remains open. Indeed, in addition to remdesivir, several antiviral drugs being proposed are from the repurposing of drugs developed for other viral infections.



Lopinavir, ritonavir, (hydroxy)chloroquine, umifenovir, and favipiravir are examples that are currently being evaluated; however, none have been conclusively shown to be effective [7]. A recent addition to the armamentarium of strategies to inhibit SARS-CoV-2 is represented by neutralizing monoclonal antibodies, although their narrow window of applicability and sensitivity to Spike immunological escape mutations makes them non-resolutive [8].



The iminosugar Miglustat (Zavesca; N-butyl-1-deoxynojirimycin, NB-DNJ) inhibits α-glucosidases I and II, which are involved in the early stages of glycoprotein N-linked oligosaccharide processing in the ER [9]. As most enveloped viruses require glycosylation for surface protein folding and secretion, modulation of the oligosaccharides to induce a reduction in infectivity is a strategy for the treatment of immune deficiency virus type 1 (HIV-1), culminating in phase I/II clinical trials [10,11].



The use of iminosugars to misfold viral glycoprotein as a therapeutic approach has thus far been applied to several other viral infections including: hepatitis B and C viruses, Dengue and other flaviviruses, and Ebola virus [12,13,14]. An additional property of certain iminosugars is the glucosyltransferase inhibition activity, which is the basis for the current therapy of rare genetic lysosome storage diseases, such as Gaucher and Niemann-Pick type C [15]. This activity of Miglustat could impact virus entry by modification of the plasma membrane.



Celgosivir is an investigational prodrug of the natural α-glucosidases I inhibitor castanospermine, which was initially developed, similarly to Miglustat, as an HIV-1 inhibitor up to Phase I–II clinical trials [16,17]. Phase II clinical trials have also been conducted in patients with hepatitis C virus infection and showed poor efficacy as monotherapy but were synergistic in combination with pegylated Interferon α-2b [18]. With the advent of highly effective direct acting antivirals for HCV, the use of interferon and associated drugs is not the primary recommended treatment option for HCV.



Finally, the Phase 1b CELADEN trial investigated the safety and efficacy of Celgosivir in patients with Dengue fever [19]. Although safe and well tolerated, Celgosivir did not significantly reduce the viral load or fever burden in Dengue patients. However, early intervention may be required as shown in animal studies [20]. Careful evaluation of the CELADEN trial suggested that new dosing regimens could achieve better responses in patients with secondary Dengue infection [21].



The wealth of data on the clinical use of Miglustat for the treatment of lysosomal storage disorders and the antiviral properties observed on enveloped viruses make Miglustat an ideal candidate of drug repurposing for COVID-19. In this work, Miglustat was shown to be active for the inhibition of SARS-CoV-2 in different cell types at concentrations compatible with those obtained for the treatment of Gaucher and Niemann-Pick type C in patients.



Time of addition studies indicated that the inhibitory activity was at the post-entry level and affected the release of infectious viruses. The proper folding and release of the Spike protein and progeny virus appeared to be affected. In addition, the glycosylation inhibitor Celgosivir, which has also been shown to be active against various viruses, has been tested for SARS-CoV-2 and showed potent activity. These data further highlight the opportunity of using inhibitors of this essential pathway for the treatment of COVID-19.




2. Materials and Methods


2.1. Cells, Virus and Antiviral Assay


Vero E6 cells (ATCC-1586) HEK 293T (ATCC CRL-3216), A549 (ATCC CCL-185), U2OS (ATCC HTB-96), human hepatocarcinoma Huh-7 cells kindly provided by Ralf Bartenschlager (University of Heidelberg, Heidelberg, Germany), lung adenocarcinoma Calu-3 (ATCC HTB-55), and Huh-7 cells engineered by lentivirus transduction to overexpress the human ACE2 (Huh7-hACE2) [22] were cultured in Dulbecco’s modified Eagle’s medium (DMEM, ThermoFisher, Paisley, UK ) supplemented with 10% foetal bovine serum (FBS, ThermoFisher, Paisley, UK) and antibiotics. Cell cultures were maintained at 37 °C under 5% CO2. Cells were routinely tested for mycoplasma contamination.



Working stocks of SARS-CoV-2 ICGEB-FVG_5 isolated in Trieste, Italy, were routinely propagated and titrated on Vero E6 cells [23]. Plaque assay was performed by incubating dilutions of SARS-CoV-2 on Vero E6 monolayers at 37 °C for 1 h, which were then washed with phosphate buffered saline (PBS) and overlaid with DMEM 2% FBS containing 1.5% carboxymethylcellulose (CMC, Sigma-Aldrich, St Louis, USA) for 3 days. The cells were then fixed with 3.7% paraformaldehyde (PFA, Sigma-Aldrich, St Louis, MO, USA) and stained with crystal violet 1%. A cytotoxicity assay was performed with Alamar Blue (ThermoFisher, Eugene, OR, USA) according to the manufacturer’s instructions.




2.2. Drugs and Proteins


Miglustat (NB-DNJ) and Celgosivir (MX-3253, MBI-3253) were purchased from Sigma-Aldrich, St Louis, MO, USA (B8299 and SML2314, respectively). Miglustat was dissolved in DMSO to obtain a stock solution, while Celgosivir was dissolved in distilled water.



The SARS-CoV-2 Spike protein receptor-binding domain (RBD) was expressed from pCAGGS using a construct generously provided by Florian Krammer (Mount Sinai, New York, NY, USA) [24]. The plasmid was transfected in 293T cells, and cell extracts and supernatants were harvested at 24 h post-transfection. Miglustat 200 μM was added after transfection and maintained in the medium until the end of the experiment.



Sequence coding for the full-length Spike protein was obtained from the isolate Wuhan-Hu-1 (NCBI Reference Sequence: NC_045512.2). The nucleotide sequence, fused to an immunoglobulin leader sequence (sec) at the N-terminus, with the codon optimized for expression in mammalian cells, was obtained as a synthetic DNA fragment from GenScript Biotech (Leiden, The Netherlands) and cloned as HindIII/ApaI into a pCDNA3 vector.




2.3. Plaque Reduction Assay


Vero E6 cells were seeded at 6 × 104 cells/well density in a 48-well plate and incubated at 37 °C overnight. The cells were infected with 30 viral PFU/well and incubated at 37 °C for 1 h. Following incubation, the virus was removed, and the wells washed with 1× PBS. The infected cells were maintained with 800 μL of overlay medium containing 1.5% CMC with DMEM + 2% heat-inactivated FBS, and Miglustat dilutions. The cells were then incubated at 37 °C for 3 days. Finally, the cells were fixed with 3.7% PFA and stained with crystal violet.



The plaques were counted, and the values were normalized to the vehicle (DMSO). The plaque reduction assays were conducted in double replicates for three independent experiments. The inhibition was calculated with the formula: (1-(average plaques Miglustat/average plaques Vehicle)) × 100 and plotted against dilutions as the antilog. For the cytotoxicity assay, the fluorescence readings were normalized for vehicle and percent plotted against the dilutions. The half maximal effective concentration (EC50) and cytotoxic concentration (CC50) were calculated using GraphPad Prism Version 7.




2.4. Immunofluorescence, Immunoblotting, and Flow-Cytometry


A recombinant monoclonal reactive with the receptor-binding domain of the S protein was generated based on a mouse small immune protein (SIP) scaffold (mSIP-3022) [25]. The DNA fragment encoding for the variable regions VL (NCBI accession code: DQ168570.1) and VH (NCBI accession code: DQ168569.1) of human monoclonal antibodies, clone CR3022 [26,27], was synthetized as scFV by GenScript Biotech (Leiden, Netherlands) and cloned into ApaLI-BspEI sites upstream of the Hinge-CH2-CH3 domains of the mouse IgG2b expression vector as described previously [28].



The plasmid was transfected in ExpiCHO-S cells (Life-Technologies, Bleiswijr, The Netherlands) following the manufacturer’s instructions. Eight days post transfection, the supernatant was loaded on the HiTrap protein G HP 1 mL column (GE Healthcare, Chicago, IL, USA) in binding buffer (20 mM sodium phosphate pH 7.0) and eluted with acetic acid 50 mM pH 2.7. The eluted antibody was immediately neutralized with 1 M Tris pH 8, and analysed by RP-HPLC and by SDS PAGE to maintain the dimeric structure. The production yield was 0.8 mg/mL. For immunofluorescence, the cells were fixed in 3.7% PFA, permeabilized with 0.1% Triton and processed with mSIP-3022 as per standard procedure [29].



Since mSIP-3022 did not react with the denatured S protein, a convalescent serum from a COVID-19 patient was used for immunoblotting at a 1:200 dilution. The images were acquired on a Zeiss LSM880 confocal microscope. For immunoblotting, whole-cell lysates were resolved by 12% SDS-PAGE and blotted onto nitrocellulose membranes. The membranes were blocked in 5% nonfat milk in Tris-buffered saline (TBS) plus 0.1% Tween 20 (TBST), followed by incubation with the human serum diluted 1:200 in the same solution for 1 h at room temperature.



After washing three times with TBST, secondary horseradish peroxidase (HRP)-conjugated antibodies were incubated for 1 h at room temperature. The blots were developed using a chemioluminescent HRP substrate (Millipore, Billerica, USA). An anti-his antibody (monoclonal #8722 Sigma) was used at 1/2000 dilution for immunoblotting. The anti-Spike RBD mouse monoclonal MAB105420 (R&D systems, Northest Minneapolis, MN, USA) was used at the concentration of 2 μg/mL for immunoblotting.



HEK 293T cells expressing the Spike protein on the cell surface were incubated for 40 min in 3% BSA in PBS buffer and then stained with the mSIP-3022 (1 μg/mL) or MAB105420 (1 μg/mL) antibodies in the same buffer. After washes and incubation with secondary goat anti mouse IgG antibody diluted 1/1000 (Alexa 488 Jackson Immunoflourescence, Cambridge, UK), the cells were analysed with FacsCalibur and Cell-Quest software (Beckton Dickson, Sanjose, CA, USA).




2.5. Viral RNA Quantification


The 812bp SARS-CoV-2_multitarget (MTG) synthetic RNA sequence was synthesized and cloned into the pEX-A128 vector (Eurofins Genomics, Ebersberg, Germany). The primers and probes (FAM-BBQ/BHQ1) for rRT-qPCR are listed in Supplementary Table S1 and include also a specific set for the unique detection of the SARS-CoV-2_MTG as well as of the endogenous RNAse P.



The DNA of pEX-A128-SARS-CoV-2_MTG was linearized with EcoRI and purified by the NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel catalog no: REF 740609.50). Synthetic RNA was obtained by T7 in vitro transcription with MEGAscript T7 Kit n. AM1333 (ThermoFisher, Rockford, IL, USA) according to manufacturer’s specifications. The RNA was then quantified by UV light absorbance using a nanodrop and loaded on a 6% Acrylamide/8 M Urea gel.



Synthetic and viral RNAs were reverse transcribed and amplified with the Luna Universal Probe One-Step Reaction Mix (New England BioLabs, Ipswich, MA, USA, catalogue no. E3006L). Uniform reaction conditions were set to a 10 min RT reaction at 55 °C, with denaturation at 95 °C for 3 min, 45 cycles of amplification with extension at 58 °C for 30 s, and denaturation at 95 °C for 15 s. Primers were used at the concentrations shown in Supplementary Table S1. The amplification reactions were performed on a BioRad Cfx96 Thermocycler.



More detailed information on the SARS-CoV-2_multitarget (MTG) synthetic RNA is available at https://www.icgeb.org/covid19-resources/ (accessed on 29 April 2021).




2.6. High Content Assay


The assay is described in detail elsewhere [30]; briefly, Huh 7-hACE2 cells were seeded overnight to adhere to a 96-well plate, treated with serial dilution of the compounds, and then infected with SARS-CoV-2 with appropriate controls (vehicle, not infected, infected and not treated, and infected and treated with the control inhibitor hydroxychloroquine). The plates were incubated for 20 h at 37 °C, and then fixed with 4% PFA, permeabilized with 0.1% of Triton-X for 15 min and incubated in blocking buffer (PBS containing 1% of BSA).



The antibody mSIP-3022 was diluted in blocking buffer and incubated for 2 h at 37 °C. The cells were washed twice in PBS and incubated with the secondary antibody AlexaFluor488-conjugated goat anti-mouse IgG (Cat No. A-11001, ThermoFisher, Rockford, IL, USA) plus DAPI for 1 h at 37 °C. Each plate was kept in PBS after washing. Digital images were acquired using the Operetta high content imaging system (Perkin Elmer, Walthem, MA, USA). The digital images were taken from nine different fields of each well. The total number of cells (nuclei) and the number of infected cells were analysed using the Columbus Image Data Storage and Analysis System (Perkin Elmer, Waltham, MA, USA).




2.7. Statistics


Typically, three independent experiments in triplicate repeats were conducted for each condition examined. The average values are shown with the standard deviation and p-values, measured with a paired two-tailed t-test. Only significant p-values are indicated by the asterisks above the graphs (** p < 0.01 highly significant; * p < 0.05 significant). Where asterisks are missing, the differences were calculated to be non-significant (n.s.).





3. Results


3.1. Anti-SARS-CoV-2 Activity of Miglustat in Vero E6 and Huh7 Cells


The antiviral properties of Miglustat were initially assessed by performing a plaque assay. SARS-CoV-2 strain ICGEB-FVG_5 was used to infect Vero E6 cells for 1 h. After removal of the inoculum and a wash in PBS, the cells were overlaid with medium containing 1.5% CMC and dilutions of the drug as indicated in Figure 1a. At 72 h post-infection, the cells were fixed and stained to reveal plaques, which were visually counted. In parallel, the cytotoxicity was assessed by the Alamar blue method at the indicated dilutions of drug. The effective concentration for 50% inhibition (EC50) of Miglustat was 41 ± 22 μM with no apparent cytotoxicity up to 1000 μM (CC50 > 1000 μM). The plaque assay was performed in Vero E6 cells, which is standard for the growth of SARS-CoV-2. However, further analysis would be better performed in cells of human origin.



To establish an infectious model in human cells, a number of available cell lines were tested, including U2OS (osteosarcoma), A549 (adenocarcinoma of the human alveolar basal epithelial), HEK 293 (human embryonic kidney cells), and Huh7 (hepatocellular carcinoma). None of the cell lines tested supported SARS-CoV-2 infection except for the Huh7 hepatocellular carcinoma cell line. As shown in Supplementary Figure S1A, Huh7 supported SARS-CoV-2 infection, albeit delayed by 24 h and at a lower efficiency compared to Vero E6. Miglustat showed an EC50 of 13.45 ± 0.7 μM and a CC50 > 1000 μM in Huh7 as measured with the virus yield inhibition assay and by the Alamar blue method for cytotoxicity.



To stain infected cells, a protocol for immunofluorescence was established. To this end, a recombinant monoclonal based on an SIP mouse scaffold (mSIP-3022) was generated carrying the CDR regions of the antibody CR3022 reactive against the receptor binding domain (RBD) of the Spike protein of SARS-CoV-1, which showed high binding affinity also for SARS-CoV-2 Spike protein [27]. As shown in Supplementary Figure S1B, mSIP-3022 efficiently stains the Spike protein in the cytoplasm of infected Vero E6 and Huh7 cells 24 h post-infection.



Next, the efficiency of the SARS-CoV-2 infection of Huh7 cells was assessed in the presence of Miglustat. As shown in Figure 1b and quantified in Figure 1c, Miglustat maintained the number of Huh7 infected cells at the level observed 24 hpi, while the mock treated cells showed an increase of infected cells at 48 hpi as expected from an expansion of the infection in the cell culture. We also noted that the mean fluorescence intensity of the Spike signal decreased significantly in treated cells (Supplementary Figure S2).



Finally, we also measured the inhibitory activity of Miglustat in the human lung cell line Calu-3 to obtain a more physiological cellular model of infection. Miglustat had an EC50 of 80.5 ± 23 μM and a CC50 > 1000 μM in Calu-3 cells as measured with the virus yield inhibition assay and by the Alamar blue method, respectively.



These data confirm the inhibitory effect of Miglustat in cells of human origin and suggest that the activity of Miglustat is at the level of replication and/or secretion of new infectious virus and not at the binding and entry level.




3.2. Dissection of Miglustat Antiviral Activity by Time of Addition Experiments


To better characterize this hypothesis, a time-of-addition (TOA) experiment was performed. Different conditions were used: pre-treatment, co-treatment, and post-treatment. Huh7 cells were pre-treated with 200 μM Miglustat for 3 h and then infected for 1 h in the absence of drug (moi = 0.1). Afterward, the virus was removed and the cells were cultured in drug-free medium until the end of the experiment. For co-treatment, the drug was added together with the virus during infection, and then the cells were maintained in drug-free medium.



For the post-entry experiment, the drug was added at 3 h post-infection and maintained until the end of the experiment. As shown in Figure 2a, addition of the drug did not affect the viral entry, and the drug was not virucidal when administered concomitant with infection. Replication (intracellular viral RNA) was slightly affected at 48 hpi and significantly at 72 hpi consistent with the idea that Miglustat was effective at the post-entry level. This was reflected by the reduction of intracellular nucleocapsid N protein observed at both time points (Figure 2b).



Interestingly, a strong reduction of infectious virus was observed in the post-entry conditions (Figure 2c,d) paralleled by a decrease of extracellular viral genomes (Figure 2e,f) and N protein (Figure 2g). To note, the quantification of viral genomes was obtained by a method developed for the purpose that takes advantage of a synthetic RNA carrying several of the targets for amplification currently in use (Supplementary Figure S3 and Table S1). This approach is freely available by accessing the ICGEB COVID-19 Resources pages (https://www.icgeb.org/covid19-resources/) (accessed on 29 April 2021).



As we measured only a minor effect of the drug on intracellular viral RNA together with a more pronounced inhibition on released viral genomes and on infectivity, we decided to explore the later stages of the viral lifecycle in greater detail.




3.3. Effect of Miglustat on the Spike Protein


We expected Miglustat activity at the post-entry level to target the proper folding of glycoproteins. The Spike protein and its receptor-binding domain are heavily glycosylated and undergo folding and glycosylation through the ER before being secreted and exposed on the plasma membrane. Previous data on the Spike protein of SARS-CoV-1 indicated that both glycosylation and secretion were affected by Miglustat [31,32]. Therefore, we took advantage of an expression vector for SARS-CoV-2 Spike RBD to assess the effect of Miglustat treatment on protein release from transfected 293T cells. As shown in Figure 2h, the protein was highly abundant in the cell supernatant in normal conditions; however, upon treatment with 200 μM Miglustat, the amount of protein in the supernatant was reduced.



Conversely, RBD was more abundant in the intracellular extracts of treated cells, consistent with the accumulation of misfolded proteins in the ER (Supplementary Figure S4). These data point to the role of Miglustat as an inhibitor of the proper folding and/or release of functional Spike protein. To reinforce this observation, full-length Spike protein was transfected in 293T cells, and the fully folded protein expressed on the cell surface was detected by the conformation-dependent mSIP-3022 antibody (Figure 2i). The antibody CR3022 was not developed for this study as it was discovered against SARS-CoV in 2003 [26] and further characterized for SARS-CoV-2 [27].



In this work, we cloned the complementarity-determining region (CDR) in a mouse small immune protein (mSIP) scaffold and verified that it was able to detect Spike in immunofluorescence and flow-cytometry. CR3022 was recently described to bind to Spike RBD of SARS-CoV-2 in a conformation-dependent mode through what is called protein “breathing”, which requires the unmasking of a cryptic epitope bound by the antibody [33]. Indeed, when we repeated the experiment with a different SARS-CoV-2 Spike RBD antibody able to bind a linear epitope (MAB10540), we demonstrated that Spike was still present on the surface of cells expressing Spike and only marginally affected by Miglustat treatment (Figure 2j). These data are not conclusive on the role of Miglustat in Spike folding but are suggestive that the impact of the drug treatment could be both at the secretion and folding level.




3.4. Anti-SARS-CoV-2 Activity of Miglustat and Celgosivir


To highlight the role of inhibitors of glycosylases in the context of SARS-CoV-2 infection, both Miglustat and the Castanospermine pro-drug Celgosivir were tested in parallel in a high-throughput assay based on Huh7-hACE2 cells recently developed [30]. As shown in Figure 3a, Miglustat confirmed its antiviral potential with an EC50 of 19.9 ± 3.4 μM. Celgosivir was also inhibitory as hypothesized, with a remarkable EC50 of 1 ± 0.2 μM (Figure 3b). In both cases, the number of viable nuclei increased upon treatment, a result of the protection from infection and lack of cytotoxicity up to the highest concentrations tested (500 and 200 μM, respectively). CC50 was also measured by the Alamar blue assay with values exceeding 1000 μM for both drugs.





4. Discussion


Host directed antiviral therapy is a strategy of inhibiting virus infection by targeting host factors that are essential for viral replication [34]. Currently, there is a pressing need for antiviral drugs in the context of SARS-CoV-2 infection. Miglustat is a drug that is in current clinical use for the treatment of certain genetic disorders and was shown to be active against a variety of viral infections making it a suitable candidate for drug repurposing toward SARS-CoV-2 [35]. In this work, the activity of Miglustat against SARS-CoV-2 has been demonstrated in vitro on Vero E6 cells with EC50 values ranging from 13 to 80 μM in different cell lines.



The standard dosage for lysosomal storage diseases, such as Gaucher or Niemann- Pick, is 100 mg/three times a day, with a maximum daily dose of 600 mg/day. A single dose of 100 mg Miglustat reached a peak in plasma concentration of around 3–5 μM within 4 h, while the half-life was approximately 8 h. When this dose was administered every 4 h/six times per day, the plasma concentration of Miglustat stabilized around 10 μM [36]. When 200 mg Miglustat was administered every 8 h/three times a day, the plasma concentration could be also higher than 10 μM in 24 h. However, increased dosage could lead to well-described adverse reactions that include tremors, diarrhoea, numbness, and thrombocytopenia. The concentration of Miglustat at the site of SARS-CoV-2 replication in the lungs is not known.



Miglustat has been shown to act through two different mechanisms: at the level of virus entry, by perturbing the plasma membrane, and at the level of folding and secretion of virion proteins by affecting the essential glycosylation steps in the ER. The first mechanism is not supported by the data since pre-treatment of cells with Miglustat three hours before infection did not inhibit SARS-CoV-2. However, the possibility remains open that Miglustat affects a receptor that has a slow turnover and is affected only marginally in three hours.



For example, hACE2, the human receptor of Spike, has been shown to be targeted by Miglustat, although the kinetics have not been investigated [37]. The correct folding and secretion of glycoproteins is a process that is tightly controlled in the ER by chaperons, such as Calnexin, that recognize specific glycosylation intermediates [38]. Miglustat interferes with this process resulting in the accumulation of misfolded proteins and a defect in secretion. Consistently, the Spike protein of SARS-CoV-1 was shown to bind Calnexin, and disruption of this function caused a decrease of virus infectivity [32].



The inhibition of glycosylation of viral proteins in the ER exerts a potent antiviral effect, which is further demonstrated by the activity of Celgosivir against SARS-CoV-2, with an EC50 of 1 ± 0.2 μM. Pharmacokinetics data from the CELANDEN clinical trial showed that Celgosivir was rapidly converted to Catastanospermine in vivo with a maximum peak concentration of 30.2 μM and a minimum concentration always above 2 μM throughout the dosing period [21].



After this work was posted as preprint in May 2020, two other reports explored the use of glucosidase inhibitors for the treatment of SARS-CoV-2. Nunez-Santos et al. tested and confirmed Miglustat and Castanospermine, the active component of the prodrug Celgosivir, as glycosylation inhibitors of SARS-CoV-2 Spike and the hACE2 receptor [37]. In their work, they failed to demonstrate a functional effect on syncytia formation or on the interaction of Spike with hACE2. However, their approach was mostly based on transfected Spike and did not consider infection assays.



ACE2 glycosylation inhibitors have been already shown to be functional in inhibiting other human coronaviruses, thus, expanding the potential of Miglustat for another important target for SARS-CoV-2 infection [39]. The mechanism was not clear, as it appears to have occurred at a step following binding to the receptor. The work of Clarke et al. assessed the activity of a derivative of Miglustat, UV-4, and of Celgosivir on SARS-CoV-2-infected cells and demonstrated inhibitory activity in the micromolar range, in agreement with our work [40]. These different approaches concur in demonstrating that inhibitors of glucosidases are active in infectious assays and in in vitro assays probing Spike and ACE2 proteins. How the inhibitors are actually inhibiting the virus appears to be unrelated to binding to the receptor and, instead, to a post-binding effect.



In conclusion, this work provides in vitro evidence for the repurposing of Miglustat and for the investigational drug Celgosivir as inhibitors of SARS-CoV-2. Consideration of both drugs for clinical trials for the treatment of COVID-19 patients should carefully consider dosing, adverse side effects, and, most importantly, the initiation of treatment with respect to the progress of the disease. Alternative routes of administration, such as by aerosol, could also be envisaged for the treatment of COVID-19 patients. Inhibitors of glycosidases represent a promising class of broad-range antivirals that could represent a first line option for emerging viral infections.
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Figure 1. Anti-SARS-CoV-2 activity of Miglustat. (a) Antiviral plaque assay. Miglustat at the indicated concentrations was added to Vero E6 monolayers infected with SARS-CoV-2. Following incubation for three days, the cells were fixed and stained to count the viral plaques against vehicle control, which were plotted as the percent inhibitory activity (black dots). The cytotoxicity was measured by the Alamar blue method and data plotted as percent viability (red squares). (b) Immunofluorescence assay. Huh7 cells were infected with SARS-CoV-2 moi = 0.1 and incubated with Miglustat as indicated. The cells were then fixed and stained with mSIP-3022 antibody against Spike (red) to acquire confocal images. The nuclei were stained by DAPI. The bar corresponds to 20 μm. (c) Quantification of infected cells. SARS-CoV-2 infected cells were counted. The results from 200 cells per condition were plotted as the percent of infected cells. Each pair of mock/treatment conditions was analysed and only significant differences are marked by the asterisks, significant p-values are indicated by ** p < 0.01 highly significant; * p < 0.05 significant, measured with a paired two-tailed t-test. 
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Figure 2. Time of addition studies and the role of Spike. (a) Time-of-addition experiment: SARS-CoV-2 genomic RNA. Huh7 cells were infected at moi = 0.1 and incubated with Miglustat before infection (pre-treatment), during infection (co-treatment), and after infection (post-treatment) as described in the text. At the indicated time points, the total RNA was extracted from the infected cells and analysed by RT qPCR. The data are shown as fold-change normalized to their respective T0 values. (b) Time-of-addition experiment: SARS-CoV-2 proteins. Protein extracts from Huh7 cells treated as in (a) were immunoblotted with a COVID-19 convalescent human serum. The N protein is indicated with Vimentin as the loading control. (c,d) Time-of-addition experiment: SARS-CoV-2 infectious virus. The infectious virus produced in the experiment was measured as PFU/mL on Vero E6 cells as indicated. (e,f) Time-of-addition experiment: SARS-CoV-2 secreted genomes. The SARS-CoV-2 genomes in the supernatant of infected cells were quantified by RT qPCR as indicated. (g) Time-of-addition experiment: SARS-CoV-2 secreted virions. The virion protein N of secreted SARS-CoV-2 was detected with a convalescent human serum. The loading controls are shown in Figure 2b showing the cell extract results of infected cells. (h) Secretion of SARS-CoV-2 Spike RBD. The his-tagged Spike-RBD was expressed for 24 h in HEK-293T cells in the presence of Miglustat and protein detected by immunoblot for the his-tag both in supernatant and cell extracts with β-actin as the loading control. (i,j) Surface expression of SARS-CoV-2 Spike. Full-length SARS-CoV-2 Spike was expressed in HEK-293T cells for 24 h in the presence of Miglustat and its expression and correct folding on the cell surface was detected with the mSIP-3022 antibody (i) or with the anti RBD antibody MAB10540 (j). The control was incubated with the secondary antibody only (IgG). Significant p-values are indicated by ** p < 0.01 highly significant; * p < 0.05 significant, measured with a paired two-tailed t-test. 
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Figure 3. Anti-SARS-CoV-2 activity of Miglustat and Celgosivir. (a) Dose response of Miglustat in Huh-7hACE2 cells. Miglustat, at the indicated concentrations, was added to cell monolayers infected with SARS-CoV-2. Following incubation for 20 h, the cells were fixed and stained with the anti-Spike recombinant antibody mSIP-3022. Immunofluorescence images of infected cells (black) and the number of nuclei (blue) were collected and analysed by the Operetta high content imaging system using the Columbus Image Data Storage and Analysis software. (b) The dose response of Celgosivir in Huh7-hACE2 cells. Celgosivir, at the indicated concentrations, was added to cell monolayers infected with SARS-CoV-2 and processed as above. 
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