Targeting host cell proteases to prevent SARS-CoV-2 invasion
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Abstract

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) has spread worldwide and caused widespread devastation. In the absence of definitive therapy, symptomatic management remains the standard of care. Repurposing of many existing drugs including several anti-viral drugs is being attempted to tackle the COVID-19 pandemic. However, most of them have failed to show significant benefit in clinical trials. An attractive approach may be to target host proteases involved in SARS-CoV-2 pathogenesis. The priming of the spike (S) protein of the virus by proteolytic cleavage by the trans-membrane serine protease-2 (TMPRSS2) is necessary for it to bind to its receptor, angiotensin converting enzyme-2 (ACE2) and subsequently enter the cell. There are other proteases with varying spatiotemporal locations that may be important for viral entry and subsequent replication inside the cells, and these include trypsin, furin and cathepsins. In this report, we discuss the tentative therapeutic role of inhibitors of TMPRSS2, cathepsin, trypsin, furin, plasmin, factor X and elastase in infection caused by SARS-CoV-2. Both available evidence as well as hypotheses are discussed, with emphasis on drugs which are approved for other indications such as bromhexine, ammonium chloride, nafamostat, camostat, tranexamic acid, epsilon amino-caproic acid, chloroquine, ulinastatin, aprotinin and anticoagulant drugs. Simultaneously, novel compounds being tested and problems with using these agents are also discussed.
Targeting host cell proteases to prevent SARS-CoV-2 invasion
COVID-19 has spread worldwide with 3726292 confirmed cases and 257405 deaths as of 8th May 2020.  In the absence of definitive therapy, symptomatic management remains the standard of care. However, repurposing of many existing drugs including several anti-viral drugs is being attempted to tackle the COVID-19 pandemic. Protease inhibitors have been employed to inhibit the chymotrypsin- like main viral protease (Mpro or 3CL hydrolase) of SARS-CoV-2 which is responsible for cleaving the viral polyproteins to generate several non-structural proteins taking part in viral replication and maturation. The catalytic site of this protease has been conserved across different corona viruses.1,2,3 Some existing antiviral protease inhibitors like remdesivir, lopinavir, ritonavir, nelfinavir, indinavir, zanamivir etc. have been predicted to have inhibitory action against this viral protease through molecular docking studies.3,4 Some of these antiviral protease inhibitors are effective against SARS-CoV, MERS-CoV and HIV in different models.  However, several viral protease targeted therapies for COVID-19 have failed in clinical trials.5,6 A novel therapeutic avenue may involve inhibiting host proteases which play a role in the infectivity of SARS-CoV-2. SARS-CoV-2 has been shown to bind to the angiotensin converting enzyme-2 (ACE-2) receptor on pulmonary epithelial cells, cells of upper respiratory tract and gastro-intestinal tract mucosa, kidney, liver and other tissues through its Spike (S) protein. The S protein of both SARS-CoV-2 and the earlier SARS-CoV have two functional domains: S1 for binding to ACE2 and S2 for membrane fusion.7,8,9,10 The priming of the S protein by proteolytic cleavage by the trans-membrane serine protease-2 (TMPRSS2) is necessary for the virus to bind to ACE2 and subsequently enter the cell.8 There are other proteases with varying spatiotemporal locations that may be important for viral entry and subsequent replication inside the cells, and these include trypsin, furin and cathepsins. Activation in SARS-CoV, to a limited extent, has been shown to occur by TMPRS11d belonging to the human airway trypsin like (HAT) family of type II transmembrane serine proteases (TTSPs), plasmin, factor X and elastases.11 Thus, there may be several protease inhibitors which may inhibit viral entry and / or replication inside host cells and could act as potential therapeutic agents against COVID-19. 
TMPRSS2 and its inhibitors: TMPRSS2 belongs to the type II transmembrane serine protease family and is expressed on bronchial epithelial cells and type II alveolar cells.12,13 It plays an indispensable role in the entry of SARS-CoV-2 into host cells.8 Apart from SARS-CoV-2, TMPRSS2 is required for the activation of SARS-CoV, MERS and influenza virus H1N1 also.11 TMPRSS2 knock out mice display low viral replication and weaker inflammatory responses in the lungs when infected with H1N1 influenza virus.14 This may be expected for SARS-CoV-2 also. 
Camostat mesylate (CM) got highlighted following its success in mitigating corona virus infection in in vitro studies. It is a non-specific protease inhibitor which at 10µM concentration has been shown to decrease MERS-CoV infection in Vero-TMPRSS2 cells by 15-fold. It further inhibits the establishment of SARS-CoV-2 infection in Caco-2 cells and Vero-TMPRSS2 cells but does not interfere with viral infection of TMPRSS-negative 293T cells, suggesting its action as a potential TMPRSS2 inhibitor.8 The drug is presently used in Japan for chronic pancreatitis.15
Nafamostat, another TMPRSS2 inhibitor, has been shown to inhibit the infection by MERS-CoV in Calu3 cells at 10 times lower concentration compared to camostat. Nafamostat, like camostat is used for the treatment of chronic pancreatitis in Japan.15
Bromhexine is a mucolytic, used in productive cough. Following the elucidation of the role of TMPRSS2 in carcinoma prostate metastases, bromhexine was discovered by chemical screening as a potential candidate inhibitor of TMPRSS2. In animal models of prostate tumours, bromhexine was found to reduce the incidence of metastasis to solid organs like lungs and liver.16 With the advantage of a known safety profile, the drug can be tried in patients with COVID-19. The half-maximal inhibitory concentration (IC50) of bromhexine for TMPRSS2 is 0.75µM. A clinical trial testing the efficacy of bromhexine has been started (NCT04355026A). Other TMPRSS2 inhibitors, identified by chemical screening as mentioned in the study by Lucas et al are 0591-5329, 4401-0077,4554-5138 and 8008-1235 having IC50 values of 0.93 µM, 2.68 µM, 1.37 µM and 2.64 µM respectively.16
Other agents: Plasminogen activator inhibitor-1 (PAI-1), hepatocyte growth factor activator inhibitor-2 (HAI-2) are natural inhibitors of multiple proteases including TMPRSS2. Therapeutics based on these molecules can be developed against SARS-CoV-2.17 TLCK- a chloromethylketone derivative, gabexate, aprotinin and benzamidine are also known to inhibit TMPRSS at variable concentrations.18 Peptide conjugated phosphorodiamidate morpholino oligomers against TMPRSS2 mRNA is a specific TMPRSS2 inhibitor. This antisense compound has been found to considerably lower the titres of Influenza A virus in vitro in Calu3 cells.19 Sulfonylated 3-amindinophenylalanylamide derivatives have been identified as synthetic TMPRSS2 inhibitors against influenza viruses. The same can also be tried for SARS-CoV-2 patients.20 Rubitecan, a camptothecin anticancer drug, loprazolam, a known sedative and anticonvulsant and some novel compounds like ZINC000015988935 and ZINC000103558522 have been shown to possess TMPRSS2 inhibiting properties by homology modelling and molecular docking techniques.2
TMPRSS and its relation to gender and ethnicity: The incidence and severity of SARS-CoV2 illness has been found to be high in men as compared to women. The TMPRSS2 promoter site is positively regulated by androgens and in the presence of androgens gets involved in genomic translocations with ERG.21 This TMPRSS2-ERG fusion is seen in majority of patients of carcinoma prostate of European ethnicity. The same translocation is however not a common phenomenon in blacks and Asian patients of carcinoma prostate.12  Considering the trend of higher severity in males and positive upregulation of TMPRSS by androgens, antiandrogenic drugs such as nilutamide, bicalutamide, flutamide, enzalutamide and darulutamide can be tried against SARS-CoV-2. 13-cis retinoic acid, a drug used in nodulocystic acne possesses dihydrotestosterone reducing property and therefore can be used to regulate the expression of TMPRSS2 gene. The drug is being tested in aerosolized and oral formulations in patients of COVID-19 (NCT04353180). The extent to which TMPRSS2 expression in lung or bronchi is influenced by estrogen or is modulated by SARS-CoV-2 is yet to be evaluated. 
Cathepsin inhibitors: Cathepsins have lysosomal location and require acidic pH to cleave the S protein. Although, TMPRSS2 is required for priming of S protein and is indispensable for viral entry and pathogenesis, cathepsins do play some role in viral activation. Compounds inhibiting cathepsins can therefore be of utility in limiting viral infectivity. Such compounds include LIII, bafilomycin, EST, MDL, leupeptin, cytochalasin D, E-64d, TLCK, ammonium chloride, chymostatin, anti-bacterials like teicoplanin, dalbavancin, oritavancin, telavancin, cathepsin K inhibitors such as odanacatib and balicatib, cystatin B and cystatin C. Simultaneous administration of cathepsin B/L inhibitors such as E-64d or ammonium chloride with camostat results in complete inhibition of SARS-CoV-2 infection in Vero-TMPRSS2 cells.8 It is noteworthy that both bromhexine and ammonium chloride are constituents of multiple over-the-counter (OTC) cough formulations, likely to be prescribed in viral cough syndromes. Similarly, simultaneous use of K11777, a vinylsulfone compound and a known cathepsin inhibitor, with camostat has been shown to inhibit the development of infection by HCoV-229-E S-protein bearing pseudoviruses in Caco-2 cells better than each agent alone.22 Viral entry is significantly inhibited by TLCK, a compound which can inhibit both TMPRSS2 and cathepsins. 

Chloroquine: This antimalarial drug has been shown to interfere with the entry of SARS-CoV and SARS-CoV-2 in Vero-E6 cells. The drug gets concentrated inside the endosomes and lysosomes and converts the acidic milieu of these organelles to basic. This blunts the action of lysosomal enzymes. Apart from this enzyme inhibitory action, chloroquine can alter the glycosylation patterns of ACE-2 receptors and exerts immunomodulatory actions.23,24
Trypsin inhibitors: Trypsin is located extracellularly and can carry out the activation of S protein of various corona viruses at S1-S2 or S2’ site, independent of pH. It has been shown to activate Influenza A virus, MERS-CoV and SARS-CoV, although its exact role in SARS-CoV-2 is unclear.11 Trypsin mediated activation of protease-activated receptors on lung vasculature can contribute to pulmonary endothelial cell contraction and the increased vascular permeability induced by a diffuse inflammation state results in the leakage of plasma into pulmonary interstitium producing lung edema.25 Thus, trypsin may have a role at the initial viral entry phase as well as in the generation of late inflammatory cascades. 

Ulinastatin, also known as bikunin is present in the human blood and urine and is a multi-protease inhibitor. It stabilizes lysosomal function and blunts the inflammatory response and multi organ dysfunction. The drug was found to reduce mortality in Indian patients of sepsis with organ dysfunction in a randomized controlled trial.26 At present it is available in Japan, India and China and used in the management of pancreatitis and sepsis.

Aprotinin is a multi-protease inhibitor used in acute pancreatitis. Administered intravenously, the drug is also used before dental, cardiopulmonary and prostate surgeries to reduce postsurgical bleeding and inflammatory response. An aerosol form of aprotinin is available in Russia for the treatment of mild to moderate influenza.27
Other agents: Sulfonylated amindinophenylalanyl derivatives, sunflower trypsin inhibitor (STI), PAI based compounds, benzene sulfonyl based AEBSF, and turkey ovomucoid are other examples of agents with trypsin inhibiting property.28 

Furin inhibitors: Furin belongs to the pro-protein convertase subtilisin kexin (PCSK) family of serine proteases. The enzyme is ubiquitously expressed in human cells. Furin is more reactive than other pro-protein convertases like PC-4, PC-5, PACE-4 and PC-7, involved in viral activation.29 The R-X-X-R motif is the classical binding site of furin. The location of furin is not fixed and the enzyme has been seen to be secreted extracellularly too. The strategic location of furin causes the activation of corona S protein during viral morphogenesis as seen in case of MERS-CoV which possesses the R-X-X-R motif in the S1-S2 cleavage site.30 The same site is not seen in SARS-CoV which therefore depends upon activation of S protein at S2’ site by enzymes such as TMPRSS2 or furin like enzymes before viral entry into the new cell. Recently, a furin like recognition site has been shown in SARS-CoV-2 in the S1-S2 region. This may therefore cause S protein activation within the host cell before virus egress and obviate the need of virus activation before attacking a new host cell.30 Acquisition of furin like recognition sequence by SARS-CoV-2 might be the result of recombination with other viruses over time or a consequence of laboratory selection with serial passage of virus. Considering the role furin and other PCSK enzymes play in viral pathogenesis, furin inhibitors can be tried with a possibility of curtailing viral spread. α1-antitrypsin Portland (α1-PDX), dideoxystreptamine derivatives, nanoantibody Nb14, chloromethylketone (CMK) and decanoyl derivatives of cleavage motifs, polyarginines, peptides and peptidomimetics against furin and short hairpin RNA (sh-RNA) against furin mRNA are some examples of furin interfering therapies. sh-RNA based therapies against furin are being tried in patients with gynecological malignancies and lung carcinoma. (NCT01867086, NCT01061840) Because of redundancy and similarity in structures of proteases, these inhibitors can inhibit other PCSKs and proteases, resulting in systemic cytotoxic adverse effects. A selective furin inhibitor acting on the airways can resolve this hurdle.29,31 
Plasmin inhibitors: Apart from TMPRSS, furin, trypsin and cathepsin, plasmin generated from plasminogen by urokinase or tissue plasminogen activator can also potentiate envelope protein activation of influenza virus, MERS-CoV and SARS-CoV.11 The exact role of plasmin in S protein activation of SARS-CoV-2 is yet to be elucidated but plasminogen/plasmin system plays a multitude of roles in viral pathogenicity. Plasmin degrades fibrin into fibrin degradation products FDPs (such as D-dimers and D-monomers) and uncontrolled activation of plasminogen can lead to a systemic fibrinolytic sate and internal bleeding, one of the common causes of mortality in SARS-CoV-2.32 Increased plasminogen/plasmin levels in blood and airways and elevated blood levels of FDPs are seen in patients of SARS-CoV-2 landing in ARDS or multi-organ failure. 

Considering this, plasmin inhibition can be tried as a novel therapeutic strategy for SARS-CoV-2. Physiologically α2-antiplasmin and α2-macroglobulin inhibit plasmin, but this inhibition is not enough to counteract the effect of elevated levels of plasmin seen in inflammatory lung conditions. Pharmacologic inhibition may be achieved by drugs like aprotinin, tranexamic acid, epsilon amino caproic acid (EACA), ulinastatin, HAI-2/ placental bikunin, and α-1 antitrypsin.26 Tranexamic acid and EACA are already approved and used as antifibrinolytics. 

Plasmin generation can also be targeted by the inhibitors of urokinase plasminogen activator (u-PA), the key protein involved in the generation of plasmin in lungs. Certain TTSPs such as matriptase have shown stimulatory actions on uPA. Direct inhibitors of u-PA or matriptase can therefore reduce the level of plasmin in airways. Various small molecule inhibitors, peptide based and antibody-based inhibitors of matriptase are available. Peptide based and antibody-based inhibitors are believed to be more selective compared to small molecules. Examples of natural matriptase inhibitors include ecotin, sunflower trypsin inhibitor, kempopeptin, knottins and HAI.33 While ecotin is a natural multi-protease inhibitor, synthesized ecotin-variants are more selective and potent inhibitors of matriptase. HAI-1 based inhibitors of matriptase with increased potency have also been engineered.34,35 
Issues with plasmin and matriptase inhibition: While inhibition of plasmin is desired, a relevant point to note is the positive role played by u-PA or plasmin in lung physiology. Plasmin can bind to furin like cleavage sites present on epithelial Na-channel (ENaC) subunits resulting in their cleavage and activation. u-PA can also activate ENaC channels directly.36 Activation of ENaCs results in the clearance of airway surface fluid and prevents lung edema.37 To what extent plasmin inhibition can impede alveolar fluid clearance is not clear at present. Administered parenterally; plasmin inhibitors carry the risk of thrombotic events. They should hence be tested with a balanced consideration of risks and benefits. The chief disadvantage of matriptase inhibitors is their lack of selectivity which is responsible for off-target adverse effects.
Factor X inhibitors: A Factor X homologue has been shown to be involved in the cleavage and activation of S protein of SARS-CoV and influenza virus in chick embryo.38 SARS-CoV infection of 293T cells and Vero E6 cells is inhibited in the presence of Ben-HCl, a known inhibitor of factor X and thrombin.39  No study has yet explored the action of factor X in SARS-CoV-2 pathogenesis. Anticoagulants inhibiting factor X and thrombin such as unfractionated heparin (UFH), low molecular weight heparin (LMWH) and oral factor-X inhibitors such as rivaroxaban and apixaban can be tried as prophylactic or therapeutic agents against SARS-CoV-2. Clinical trials based on these agents have started (NCT04344756, NCT04345848). Some studies have also shown the anti-inflammatory actions of heparin in clinical and in vitro scenarios; whether benefits of heparin in viral infections such as SARS-CoV-2 are independent of its anticoagulant action need stronger evidence from larger clinical studies.40
Elastase inhibitors: Studies evaluating the interplay between elastases and corona virus pathogenicity are scarce at present. Some in vitro studies have shown the role of certain elastases such as elastase-1 in SARS-CoV S-protein activation.41 Mice infected with a modified corona virus strain (Fr-Mo strain) show increased infectivity and poor survival in the presence of known elastase inducers such as lipopolysaccharide (LPS) or low pathogenicity bacteria like Pasteurella pneumotropica.42 Whether, S protein of SARS-CoV or SARS-CoV-2 is activated in vivo by neutrophil elastase or elastases released by bacteria is yet to be elucidated. While α-1 antitrypsin is a natural inhibitor of elastases, brensocatib is a novel indirect inhibitor of neutrophil elastases and is currently being studied in clinical trials of bronchiectasis patients.43
Conclusion:

In this article, we discussed the known and tentative roles of host proteases in the pathogenesis of SARS-CoV-2 infection. In the absence of specific antivirals against SARS-CoV-2 and a potential vaccine, symptomatic treatment in the form of oxygen supplementation, vigilant administration of intravenous fluids and respiratory support are the only available therapeutic options. Considering the high infectivity of SARS-CoV-2, the significant morbidity and mortality in patients with co-morbidities, and the ability of SARS-CoV-2 to mutate, novel therapies in the form of host protease inhibitors can be explored. Many such inhibitors such as camostat, nafamostat, bromhexine, ammonium chloride, aprotinin, ulinastatin, heparin, LMWH, tranexamic acid, EACA and chloroquine are commercially available in many countries, and being used for diverse other indications. With the advantage of known safety profiles of these drugs, they can be tried immediately in clinical trials of SARS-CoV-2 patients. The therapies can also be combined with other investigational antiviral drugs such as ritonavir/lopinavir and remdesvir which so far have given disappointing results in clinical trials of SARS-CoV2 patients. While use of other more broad-spectrum protease inhibitors can bring with them many off target and cytotoxic adverse effects, the problem can be minimized by using these for short courses of therapy and delivering them through local (inhalational) route.
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