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Abstract

In the past two decades, three highly pathogenic human coronaviruses severe acute respiratory 

syndrome coronavirus (SARS-CoV), Middle East respiratory syndrome coronavirus, and, recently, 

SARS-CoV-2, have caused pandemics of severe acute respiratory diseases with alarming 

morbidity and mortality. Due to the lack of specific anti-CoV therapies, the ongoing pandemic of 

coronavirus disease 2019 (COVID-19) poses a great challenge to clinical management and 

highlights an urgent need for effective interventions. Drug repurposing is a rapid and feasible 

strategy to identify effective drugs for combating this deadly infection. In this review, we 

summarize the therapeutic CoV targets, focus on the existing small molecule drugs that have the 

potential to be repurposed for existing and emerging CoV infections of the future, and discuss the 

clinical progress of developing small molecule drugs for COVID-19.
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1 | INTRODUCTION

Coronaviruses (CoVs) are a large family of enveloped and nonsegmented positive-sense 

RNA viruses which can infect a wide range of hosts, including human and animals.1 CoVs 

belong to the family Coronaviridae of the order Nidovirales and can be classified into four 

genera (alpha, beta, gamma, and delta).2 Human coronaviruses (HCoVs) were first 
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discovered in the 1960s and since, there have been seven identified HCoVs, including two 

α-CoVs, HCoV-229E and HCoV-NL63, as well as five β-CoVs HCoV-OC43, HCoV-HKU1, 

severe acute respiratory syndrome coronavirus (SARS-CoV), Middle East respiratory 

syndrome coronavirus (MERS-CoV), and SARS-CoV-2.1–4 All HCoVs are believed to cross 

species barriers and emerge originally as zoonoses.4–7 Human strains HCoV-229E, HCoV-

NL63, HCoV-OC43, and HCoV-HKU1 usually cause mild symptoms of common cold.8 

However, in the past two decades, three highly pathogenic HCoVs, SARS-CoV, MERS-CoV, 

and SARS-CoV-2, have emerged with human-to-human transmission, causing severe acute 

respiratory diseases with alarming morbidity and mortality.2,9

SARS-CoV emerged initially in southern China in November 2002 and spread to 29 

countries and regions through international air travel, resulting in 8098 cases and 774 deaths 

with a fatality rate of 9.6% by the end of the pandemic in July 2003.10 MERS-CoV was first 

identified in Saudi Arabia in 2012. Dromedary camels are the major reservoir host for 

MERS-CoV which are involved in direct or indirect transmission to humans.1,11–14 At the 

end of January 2020, there were a total of 2519 laboratory-confirmed cases including 866 

associated deaths (34.3% of cases) reported in 27 countries, the majority of which were 

reported from Saudi Arabia (2106 cases including 783 associated deaths).15 At the end of 

2019, the third highly pathogenic HCoV, named SARS-CoV-2 (2019-nCoV), was reported 

in Wuhan, China, as the cause of coronavirus disease 2019 (COVID-19) outbreak.16 Human-

to-human transmission of SARS-CoV-2 was confirmed, mainly through respiratory droplets 

and indirect contact via contaminated surfaces.17–19 Most people with COVID-19 suffer 

mild to moderate respiratory illness and recover without special treatment; however, older 

people and those with comorbidities such as cardiovascular disease and diabetes are more 

likely to develop severe disease with high mortality.20 Although SARS-CoV-2 possesses a 

relatively lower case-mortality rate as compared with SARS-CoV and MERS-CoV, it can be 

transmitted more efficiently, even by infected people in mild condition or asymptomatic 

carriers, making it challenging to control.21,22 The World Health Organization declared the 

COVID-19 outbreak a public health emergency of international concern on January 30 and a 

pandemic on March 11, 2020, successively. As of November 29, 2020, there are more than 

61 million reported cases of COVID-19, including more than 1,448,990 deaths in over 180 

countries and regions.23 Despite the significant clinical impact and the availability of very 

recently FDA-approved Veklury (remdesivir), there remains an urgent need for more 

approved antiviral therapeutics effective for CoV infections.

Developing new highly effective anti-CoV drugs may require several years of drug 

development efforts. However, facing the urgency of the ongoing pandemic COVID-19, 

screening the existing broad-spectrum antiviral drugs or other drugs targeting viral or host 

proteins involved in the virus life cycle may serve as a fast and efficient approach for 

combating this deadly infection.1 This repurposing strategy offers diverse advantages over 

de novo drug discovery including a less time-consuming development process, reduced costs 

and risks, as well as available pharmacokinetic (PK) and safety profiles.24 In this review, we 

discuss the potential drugs and drug targets against CoV, focusing on the existing small 

molecule drugs that may be repurposed for existing and emerging CoV infections of the 

future, and highlight the clinical progress in developing small molecule drugs for the 

ongoing pandemic of COVID-19.
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2 | CORONAVIRUS TARGETS FOR DRUG DEVELOPMENT

2.1 | Coronavirus genomes and structures

Coronaviruses possess a positive-sense, single-stranded RNA genome, and a helically 

symmetrical nucleocapsid. The RNA genome contains a 5ʹ-methylated cap and a 3ʹ-
polyadenylated tail ranging from 26.4 to 31.7 kb in size.25,26 CoVs share similar genome 

organization of 5ʹ-leader-UTR-replicase (ORF1a/b)-spike (S)-envelop (E)-membrane (M)-

nucleocapsid (N)-3ʹ-UTR-poly(A) tail (Figure 1).1,27,28 The open reading frames (ORFs) 1a 

and 1b take up two-thirds of the genome and encode two large replicase-transcriptase 

polyproteins (pp1a and pp1ab).26 Self-cleavage of pp1a and pp1ab produces 16 

nonstructural proteins (nsp1–16), including two viral cysteine proteases, nsp3 (papain-like 

protease [PLpro]) and nsp5 (3C-like or main protease [3CLpro]), nsp12 (RNA-dependent 

RNA polymerase [RdRp]), nsp13 (helicase) and other nsps with known or unknown 

functions which are likely involved in viral transcription and replication.26,29–31 The later 

ORFs encode four main structural proteins: S, E, M, and N proteins and accessory proteins, 

the number and function of which may vary depending on specific CoV.26 The S protein is a 

class I fusion protein that comprises two subunits, the amino-terminal receptor-binding S1 

and carboxy-terminal membrane fusion S2.32 It forms homotrimers which make up the spike 

structure on the viral surface and mediates host attachment and membrane fusion during 

entry, determining host range and cell tropism.33 The E and M proteins play an important 

role in forming the viral envelope and maintaining its structural shape, whereas the E protein 

also has ion channel activity required for pathogenesis.26,34 The N protein is the only protein 

that exists in the nucleocapsid. It contains two separate domains, an N-terminal domain 

(NTD) and a C-terminal domain (CTD), and both domains can bind to RNA by using 

different mechanisms. The N protein was found to be involved in processes associated with 

viral genome and replication cycle as well as host cellular response to viral infections.35,36

2.2 | Life cycle and key targets

The CoV life cycle includes several essential steps, which can be targeted for the 

development of anti-CoV therapeutics. The first step is viral entry that is initiated by the 

binding of the surface S1 unit of the S protein to a cellular receptor (Figure 2).26,28,37 The 

S1 subunit consists of two independent domains, NTD and CTD. Most CoVs, such as 

SARS-CoV and MERS-CoV, use CTD as the receptor binding domain (RBD).38 Many 

CoVs recognize peptidases as their cellular receptors and cell entry even occurs without the 

enzymatic domain of these proteins; however, the molecular mechanism of virus entry 

remains elusive.39 SARS-CoV and SARS-CoV-2 utilize angiotensin-converting enzyme 2 

(ACE2) as their cellular receptors,40,41 whereas MERS-CoV binds to dipeptidyl peptidase 4 

(DPP4) for virus entry.42 Once RBD of the S1 subunit binds to the host receptor, it will 

induce conformational changes in the S2 subunit (the stalk region of S), approximate viral 

and cell membrane via inserting the fusion peptide of S2 into target cell membrane, and 

finally enable fusion.1,43 This process requires two proteolytic cleavages by host proteases, 

including priming cleavage at the S1/S2 junction site for separating the RBD and fusion 

domains of the S1/S2 proteins and activating cleavage at the S2ʹ site for exposing the fusion 

peptide.38,44,45 These host receptors (ACE2 and DPP4), RBD of the S1 subunit and the S2 

subunit can serve as potential anti-CoV targets, but anti-CoV therapeutics such as 

Xu et al. Page 3

Med Res Rev. Author manuscript; available in PMC 2021 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



monoclonal antibodies (mAbs) and antiviral agents targeting these proteins should avoid 

inducing immunopathological effects and antibody-dependent enhancement.46

CoVs were found to utilize the endosomal pathway and/or the cell surface nonendosomal 

pathway for host cell entry.1 In the endosomal pathway, the pH-dependent endosomal 

cysteine protease cathepsins mediate the proteolytic processing that, together with low pH, 

overcomes the energetic barrier for fusion and facilitates CoV cell entry.47–49 In addition, 

other host protease, such as transmembrane protease serine 2 (TMPRSS2) and TMPRSS11D 

(also known as airway trypsin-like protease), were reported to activate S protein for cell 

surface nonendosomal virus entry at the plasma membrane via cleaving S into the S1 and S2 

subunits.50 Accumulated studies showed CoVs enter the cell directly from the cell surface in 

the presence of protease such as TMPRSS2 and trypsin.41,51,52 Inhibitors targeting these 

host proteases such as cathepsins and TMPRSS2 are also potential anti-CoV agents and their 

combination use is a rational strategy to fully block the entry of CoVs by inhibiting both 

endosomal and nonendosomal entry pathways.41,53

After cell entry, CoVs disassemble and release the nucleocapsid and viral RNA into the 

cytoplasm followed by translation of ORF1a/b into viral pp1a and pp1ab.26 The polyproteins 

pp1a and pp1ab are self-cleaved by PLpro and 3CLpro which are encoded within nsp3 and 

nsp5, respectively, and subsequently produce nsp1 to nsp16.1,26 Many of these nsps form 

replicase-transcriptase complex (RTC) for viral RNA synthesis of which the core component 

is the catalytic subunit of RdRp (nsp12).54 RTC transcribes the full-length positive genomic 

RNA to form a full-length negative-strand template and overlapping subgenomic negative-

strand templates for synthesis of genomic and subgenomic RNAs, respectively.1,26 Positive-

sense subgenomic RNAs are subsequently translated to afford structural and accessory 

proteins. Structural proteins S, E, and M are then moved to endoplasmic reticulum-Golgi 

intermediate compartment (ERGIC) and interact with the helical nucleocapsid which is 

originally produced by the assembly of the N protein with genomic RNA in the cytoplasm, 

finally resulting in the form of mature virions.28 The viral life cycle is completed once the 

assembled virions are transported to the cell surface and released through exocytosis.28

These nsps and structural proteins, E, M, and N, are also potential targets for anti-CoV drug 

discovery.55 3CLpro and RdRp are of particular interest and substantial efforts have been 

made towards these two targets.56,57 3CLpro is conserved among CoVs and has no human 

homolog, making it an ideal anti-CoV target.58 Currently, the crystal structures of SARS-

CoV-2 3CLpro with peptide-aldehyde inhibitors (PDB: 6LZE and 6M0K) or peptide with a 

Michael receptor N3 (PDB: 2H2Z) have been solved which are anticipated to facilitate the 

design and development of other 3CLpro inhibitors through molecular docking studies 

(Figure 3A).58,59 RdRp plays an essential role in viral replication and transcription and is a 

major target of many existing drugs of the nucleotide class.57 The cryo-EM structures of 

SARS-CoV-2 RdRp either in the apo form (PDB: 7BV1 and EMDB: EMD-30209) or in 

complex with a template-primer RNA and remdesivir (PDB: 7BV2 and EMDB: 

EMD-302010) have also been determined, providing excellent models to elucidate how 

RdRp inhibitors work and also solid templates for modeling and optimizing the existing 

nucleotide drugs (Figure 3B).60
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3 | VIRUS-BASED SMALL MOLECULE DRUGS FOR CORONAVIRUS

3.1 | Protease inhibitors

Lopinavir (1; Figure 4) and ritonavir (2) are antiretroviral drugs of the protease inhibitor 

class and widely used as a fixed dose combination medication named Kaletra to treat and 

prevent human immunodeficiency virus/acquired immunodeficiency syndrome (HIV/AIDS).
61 Typically, ritonavir is used at a lower dose to inhibit the enzyme cytochrome P450–3A4 

(CYP3A4) and decrease the metabolism of other combined protease inhibitors including 

lopinavir. Studies have shown that lopinavir inhibits the replication of SARS-CoV and 

MERS-CoV with single-digit micromolar EC50 values (Table 1) which are in the range of 

the plasma concentration (8–24 μM) of lopinavir observed in AIDS patients.62–64 Lopinavir 

and ritonavir were postulated to inhibit SARS-CoV 3CLpro and treatment of lopinavir/

ritonavir (LPV/r) alone or combined with ribavirin was associated with improved clinical 

outcomes in nonrandomized trials of SARS patients.65–67 LPV/r administration also 

improved outcome of MERS infection in a nonhuman primate model68 and a randomized 

controlled trial of LPV/r and interferon β1b (IFN-β1b; interferons are a group of signaling 

proteins which can be released by a virus-infected cell and help nearby cells to strengthen 

their antiviral defenses) for MERS treatment has been underway in Saudi Arabia since 

November 2016.69 Recently, lopinavir was reported to inhibit SARS-CoV-2 induced 

cytopathic effect (CPE) with an half-maximal inhibitory concentration (IC50) value of 9.12 

μM70 and multiple clinical trials of LPV/r treatment for COVID-19 have been initiated. 

However, a retrospective study that has enrolled 199 adult patients with severe COVID-19 

revealed that there was no significant difference between LPV/r-treated group (n = 99) and 

control group with standard care (n = 100) in clinical improvement, mortality, and reducing 

viral loads.71 Delayed treatment initiation may partially account for the ineffectiveness of 

LPV/r for COVID-19 treatment. Thus, more clinical data are still needed to confirm or 

exclude the possibility of a treatment benefit of LPV/r for COVID-19 patients.

Compounds 3–6 are also antiretroviral medications that are used to treat HIV infections as 

protease inhibitors. Nelfinavir (3) was found to inhibit the replication of SARS-CoV and 

SARS-CoV-2 in Vero E6 cells with EC50 values of 0.048 and 2.89 μM, respectively.72,73 

When treating patients with nelfinavir at an oral dose of 1875 mg BID, high peak and trough 

serum concentrations (13.3 and ~5.5 μM, respectively) were observed,74 higher than its in 

vitro EC50 values against SARS-CoV-2, indicating its therapeutic potential to combat 

COVID-19. Recently, atazanavir (4) was reported to inhibit SARS-CoV-2 replication in Vero 

and A549 cells with EC50 values of 2.0 and 0.22 μM, respectively. It also suppresses cell 

death and proinflammatory cytokine production in SARS-CoV-2-infected monocytes.75 

Whereas, to date, no in vitro antiviral activities against SARS-COV-2 were reported for 

darunavir (5) and ASC09 (6), several clinical trials have been launched to evaluate the 

efficacy of darunavir/cobicistat, ASC09/ritonavir (ASC09F), and ASC09F/oseltamivir for 

treatment of COVID-19. Recently, a single-center, randomized, and open-label trial 

involving 30 patients with mild COVID-19 revealed that a 5-day treatment of darunavir/

cobicistat did not increase the proportion of negative conversion at Day 7 compared with 

standard care alone.76 It should be noted that HIV protease belongs to the aspartic protease 

family and its inhibitors were designed to fit its C2 symmetric catalytic site that is lacked in 
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the cysteine proteases, CoV 3CLpro and PLpro.77 It remains questionable whether HIV 

protease inhibitors could effectively inhibit 3CLpro or PLpro of SARS-CoV-2.

Boceprevir (7) is an NS3 serine protease inhibitor of hepatitis C virus (HCV) which was 

used to treat hepatitis caused by HCV genotype 1.78 It inhibits SARS-COV-2 3CLpro with an 

IC50 of 4.13 μM but was not active against the enterovirus A71 (EV-A71) 2A and 3C 

cysteine proteases (IC50 > 20 μM).79 Boceprevir showed potent antiviral activity against 

SARS-CoV-2 (EC50 = 1.9 μM) in a CPE assay meanwhile displaying low cytotoxicity (CC50 

> 100 μM), indicating its great potential in COVID-19 treatment. Disulfiram (8) is an Food 

and Drug Administration (FDA)-approved drug used as a second-line treatment of alcohol 

dependence.80 It irreversibly inhibits acetaldehyde dehydrogenase (ALDH1A1) by 

covalently modifying the cysteine residue of the active site and causes uncomfortable 

hangover symptoms after alcohol consumption.81 Recent studies showed disulfiram inhibits 

PLpro of SARS-CoV and MERS-CoV with micromolar IC50 values, acting as a competitive 

(or mixed) inhibitor and an allosteric inhibitor, respectively.82 Disulfiram exhibited 

synergistic inhibition with 6-thioguanine or mycophenolic acid (MPA) against MERS-CoV 

PLpro. Interestingly, disulfiram was also reported to inhibit SARS-CoV-2 3CLpro activity 

with an IC50 value of 9.35 μM.59 However, the in vitro anti-CoV activity of disulfiram 

remains to be demonstrated. Ebselen (9) is a seleno-organic drug, which can mimic 

glutathione peroxidase activities and react with peroxynitrite. It possesses anti-inflammatory, 

antioxidant, antifungal, and cytoprotective properties83,84 and has been investigated to treat 

various human conditions such as reperfusion injury85 and hearing loss.86 Recently, ebselen 

was screened out as a potent SARS-CoV-2 3CLpro Mpro inhibitor (IC50 = 0.67 μM) and 

displayed inhibition against SARS-CoV-2 with an EC50 value of 4.67 μM in Vero E6 cells 

using a plaque reduction assay.59 Cinanserin (10) is an antagonist of 5-HT2A and 5-HT2C 

receptors discovered in the 1960s.87 It was found to inhibit SARS 3CLpro (IC50 = 5 μM) and 

treatment of Vero cells with cinanserin (50 μg/ml) resulted in more than 3log reduction in 

SARS-CoV RNA production with nontoxic effect.88 Cinanserin also displays moderate 

inhibition against SARS-CoV-2 with an EC50 of 20.61 μM.59 Nevertheless, long-term 

treatment of cinanserin at a high dose (120 mg/kg daily for 59–81 weeks) in rats led to 

malignant hepatoma.89 Thus, this molecule may serve as a lead compound for the 

development of highly effective CoV 3CLpro inhibitors with reduced toxicity and 

antiserotonin activity.

3.2 | Nucleic acid synthesis inhibitors

3.2.1 | RdRp inhibitors—Ribavirin (11; Figure 5) is a guanosine nucleoside analog 

which displays antiviral activity against a wide range of both DNA and RNA viruses in vitro 

due to its multiple mechanisms of action.90,91 It has been used to treat respiratory syncytial 

virus (RSV) infection,92 HCV infection,93,94 and some viral hemorrhagic fevers.95–97 

Ribavirin is a prodrug and its metabolized form mimics purine RNA nucleotides and 

interferes with RNA metabolism required for viral replication by inhibiting messenger RNA 

(mRNA) capping and viral RNA polymerase and inducing mutations via incorporation into 

RNA.91,98,99 Owing to its broad antiviral properties, ribavirin was widely investigated 

during the SARS and MERS outbreaks. It inhibits the replication of SARS-CoV and MERS-

CoV in Vero cells with EC50 values of 80 μg/ml (HKU39489) and 41.4 μg/ml (hCoV-EMC/

Xu et al. Page 6

Med Res Rev. Author manuscript; available in PMC 2021 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2012), respectively.100,101 High-dose treatment of ribavirin as a monotherapy or in 

combination with corticosteroid or LPV/r was used for SARS patients,102 but a 

retrospective, uncontrolled cohort analysis involving 229 cases in Singapore indicated that 

use of ribavirin did not appear to confer any benefit for SARS patients. Therefore, its clinical 

benefit remained uncertain.102–105 Cotreatment of ribavirin and IFN-α2b improves outcome 

in MERS-CoV-infected rhesus macaques,106 but no obvious survival benefit was observed in 

small cohorts of MERS patients.107–109 Ribavirin was also reported to inhibit the replication 

of SARS-CoV-2 at high concentration, with an EC50 of 109.5 μM.110 One clinical trial of 

ribavirin, LPV/r and IFN-β2b combination for COVID-19 treatment has been completed 

with no reported results yet. However, high-dose ribavirin treatment was associated with 

significant toxicity such as hemolysis and hemoglobin decrease which hampers its wide 

clinical application in severe CoV-infected patients.105

Remdesivir (12, GS-5734) is a broad-spectrum antiviral agent of an adenosine analogue that 

is highly effective against filoviruses, paramyxoviruses, RSV, and pathogenic CoVs.111,112 It 

is a phosphoramidate prodrug and metabolized into the active triphosphate form 

(GS-441524) that inhibits viral RNA polymerase and causes delayed chain termination of 

nascent viral RNA.113,114 Remdesivir was originally developed by Gilead Science to combat 

Ebola virus (EBOV) infection. It inhibits EBOV replication in multiple relevant human cell 

types with nanomolar to submicromolar EC50 values. Although its use achieved significant 

survival benefit in a rhesus monkey model of EBOV disease (EVD),115,116 a retrospective 

analysis involving 673 patients with EVD revealed that the groups with mAb REGN-EB3 or 

MAb114 administration showed better survival rates than the groups treating with ZMapp or 

remdesivir.117 Remdesivir effectively inhibits a wide range of human and zoonotic CoV 

replication in human airway epithelial (HAE) cells and displays EC50s of 0.069 μM for 

SARS-CoV and 0.074 μM for MERS-CoV.114 Both prophylactic and early therapeutic 

administration of remdesivir reduced lung viral load and improved clinical signs of disease 

as well as respiratory functions in a SARS-CoV infected mouse model.112 Similar efficacy 

was also observed for prophylactic and therapeutic remdesivir treatment in a mouse model 

and a nonhuman primate (rhesus macaque) model of MERS-CoV infection, respectively.
118,119 As a broad anti-CoV agent, remdesivir was found to inhibit SARS-COV-2 replication 

in Vero E6 cells with an EC50 of 0.77 μM, acting as an RdRp inhibitor as well.110,120,121 

Due to its available PK and safety profiles as well as potent in vitro antiviral activity against 

SARS-CoV-2, remdesivir was fast advanced into human clinical trials in several countries 

such as China and the United States to treat COVID-19. Recently, a retrospective study 

showed compassionate-use of remdesivir was associated with clinical improvement in 36 of 

53 patients with COVID-19.122 However, another randomized, double-blind, placebo-

controlled, multicenter study which enrolled 237 adult patients with severe COVID-19 

revealed that remdesivir treatment was not associated with significant clinical benefits.123 

Contrarily, according to the final report of a double-blind, randomized, placebo-controlled 

trial involving 1063 patients hospitalized with COVID-19, patients (538/1063) receiving 

remdesivir showed a shortened recovery time of 11 days as compared with 15 days of the 

control group (521/1063) receiving placebo.124 A press release from Gilead reported that, in 

a comparative analysis of the phase 3 SIMPLE-Severe trial and a real-world retrospective 

cohort of patients with severe COVID-19, treatment of remdesivir resulted in an 
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improvement in clinical recovery and a 62% reduction in mortality compared with standard 

of care.125 Very recently, a randomized clinical trial involving 596 patients with moderate 

COVID-19 showed that patients receiving 5-day treatment course of remdesivir had 

significantly higher odds of a better clinical status distribution on Day 11 than those 

receiving standard care, but no statistically significant difference in clinical status on Day 11 

was observed between the group receiving 10-day course of remdesivir and the control 

receiving standard care.126 Thus, the clinical benefit of remdesivir for COVID-19 remains to 

be validated by more data from the ongoing human phase 3 randomized, double-blind, 

placebo-controlled clinical trials.

Through a dual-pathogen high-throughput screening campaign, EIDD-1931 (13, NHC), a 

pyrimidine ribonucleoside analogue, was identified as a potent inhibitor of RSV, influenza A 

viruses of human, avian and swine origins, and influenza B viruses.127 Its active 

triphosphate form is incorporated into nascent RNA instead of cytidine triphosphate, 

increasing the chance of viral mutagenesis. This incorporation may also reduce viral RNA 

polymerase processivity and/or increase the frequency of delayed chain termination. 

EIDD-2801 (14) was developed as an isopropylester prodrug of EIDD-1931 that was orally 

bioavailable and showed broad ant-influenza virus activity in cultured cells and good in vivo 

efficacy in the ferret model of influenza infection with high resistance barrier.128 

EIDD-1931 is also highly effective against multiple zoonotic CoVs in HAE cell cultures 

associated with increased viral mutation rates and shows EC50s of 0.3 μM against SARS-

CoV-2 in Vero E6 cells and 0.08 μM against MERS-CoV in Calu-3 cells respectively.129 

Both prophylactic and therapeutic administration of its prodrug EIDD-2801 improved 

pulmonary function and reduced virus titer and body weight loss in a mouse model of 

SARS-CoV or MERS-CoV infection. Moreover, EIDD-1931 is active against remdesivir-

resistant CoVs as well. These findings together suggested that EIDD-1931 and its prodrug 

EIDD-2801 have great potential to be developed as a highly effective antiviral to treat 

MERS, COVID-19 and emerging CoV infections of the future. Currently, two human phase 

2 clinical trials with this prodrug EIDD-2801 are ongoing to evaluate its safety, tolerability, 

and antiviral activity in patients with COVID-19.

Favipiravir (15, T-705) is an antiviral drug of a pyrazinecarboxamide derivative which was 

approved to treat influenza in Japan.130,131 It is a prodrug which is metabolized to a 

triphosphate form via intracellular phosphoribosylation targeting viral RNA polymerase. 

This active form was recognized as an efficient purine nucleoside analogue for incorporation 

to the RNA, which can lead to lethal mutagenesis. Two consecutive incorporation events 

efficiently block RNA synthesis.132–134 Favipiravir does not strongly affect cellular 

transcription and has a high resistance barrier to influenza virus.135 However, favipiravir was 

found inactive against influenza virus A (WSN) in primary human bronchial tracheal 

epithelial cells, posing a doubt on its efficacy in influenza treatment.127 In addition to 

influenza virus, favipiravir was also effective against a wide range of RNA viruses including 

EBOV and SARS-CoV-2.110,136–138 It inhibits SARS-CoV-2 replication with an EC50 of 

61.88 μM in Vero E6 cells.110 Despite its relatively low in vitro activity against SARS-

CoV-2, favipiravir has entered several clinical trials to evaluate its efficacy in COVID-19 

treatment. In an open-controlled study, favipiravir/IFN-α treatment group (n = 35) showed 
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better therapeutic effects on COVID-19 in terms of disease progression and viral clearance 

compared to the control group (n = 45) treated with LPV/r plus IFN-α.139 In another 

randomized, controlled, multicenter study involving 240 patients with COVID-19 infection, 

compared to arbidol (an antiviral medication used to treat influenza infections, see Section 

3.3, 24) group (n = 120), favipiravir treatment (n = 116) did not significantly improve the 

clinically recovery rate at Day 7, but it shortened the latency to relief for pyrexia and cough 

and only caused mild and manageable adverse effects.140 These data support further 

investigation of the clinical potential of favipiravir for COVID-19 treatment.

Galidesivir (16, BCX4430), a novel synthetic adenosine analog, is an antiviral agent, which 

was developed as a potential treatment for EBOV and Marburg virus (MARV) infection. Its 

active triphosphate form suppresses viral RNA polymerase function, acting as an RNA chain 

terminator. Postexposure intramuscular administration of BCX4430 led to significant 

protection against EBOV and MARV disease in rodent models.141 Galidesivir displays 

broad-spectrum antiviral activities against a wide range of viruses including flaviviruses, 

bunyaviruses, arenaviruses, paramyxoviruses, and CoVs.141–143 It inhibits SARS-CoV and 

MERS-CoV replication with EC50 values of 57.7 and 68.4 μM, respectively.141 Additionally, 

galidesivir was found to bind to SARS-CoV-2 RdRp tightly via molecular docking.144 

Although no in vitro activity against SARS-CoV-2 was reported, it has been advanced into a 

human phase 1 clinical trial to evaluate its safety, PKs and antiviral effects in COVID-19 

treatment.

Penciclovir (17) is an antiviral medication of a guanosine analogue, which is used to treat 

various herpesvirus infections.145–147 Penciclovir is first mono-phosphorylated by viral 

thymidine kinase which is a rate-limiting step in its activation. Further phosphorylation by 

cellular kinase yields the active triphosphate form, thereby inhibiting viral DNA polymerase 

and leading to chain termination, with less influence on the normal cellular processes.148 

Penciclovir has low toxicity and good selectivity and is often used as a topical treatment due 

to its poor oral absorption. Through screening existing antiviral drugs, penciclovir was also 

found to inhibit SARS-CoV-2 replication with an EC50 of 95.96 μM in Vero E6 cells.110

3.2.2 | Other nucleic acid synthesis inhibitors—MPA (18, Figure 6), also called 

mycophenolate, is an immunosuppressant drug, which is used to prevent draft rejection in 

organ transplantation and treat Crohn’s disease.149,150 It is commonly administered as the 

mycophenolate sodium salt form or the prodrug mycophenolate mofetil (19, MMF). MPA is 

a potent, noncompetitive inhibitor of the enzyme inosine-5′-monophosphate dehydrogenase 

(IMPDH) that catalyzes the de novo synthesis of guanosine-5′-monophosphate (GMP) from 

inosine-5′-monophosphate (IMP).151 It inhibits the proliferation of T and B lymphocytes, 

and antibody formation as well as the glycosylation, expression, and function of adhesion 

molecules.150,151 MPA exhibits broad antiviral activities against different viruses such as 

flavivirus,152–155 Chikungunya,156 and HCV.157,158 MPA was reported to significantly 

inhibit MERS-CoV replication with EC50 values of 0.17 μg/ml and 2.87 μM in different 

assays.159,160 However, in a common marmoset model of MERS-CoV infection, MME 

treatment resulted in a worse outcome with more severe disease and higher viral loads 

compared to the untreated group.161 MPA was also found to be inactive against SARS-CoV 

up to 30 μM in vitro and in a mouse model.162 In addition, cases were reported that renal 
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transplant recipients developed severe or fatal MERS when receiving immunosuppressant 

medication MMF.163,164 Recently, MPA was reported to be effective against SARS-CoV-2 

with an EC50 of 0.87 μM.165 However, it remains to be validated whether treatment with the 

IMPDH inhibitor MPA really works for CoV infections.

Merimepodib (20, VX-497) is another novel, specific, reverse, and noncompetitive IMPDH 

inhibitor which selectively suppresses lymphocyte proliferation and immunoglobulin 

production.166 Merimepodib possesses broad-spectrum antiviral activities,167–169 highly 

effective against HCV, hepatitis B viru (HBV), human cytomegalovirus (HCMV), 

encephalomyocarditis virus (EMCV), and RSV with EC50s ranging from 0.38 to 1.14 μM.
167,170 A phase 2 clinical trial has been completed to evaluate its efficacy in combination 

with PEG-IFN-β2a and ribavirin for the treatment of chronic hepatitis C. Intriguingly, 

merimepodib inhibited SARS-CoV-2 replication in vitro in a dose-dependent manner in 

Vero cells, and pretreatment of merimepodib significantly reduced viral titers (over 1 log) at 

a concentration of 3.3 μM, offering the potential to treat COVID-19.171

Mizoribine (21, MZB) is an immunosuppressive drug of an imidazole nucleoside that has 

been used in renal transplantation, lupus nephritis, and rheumatoid arthritis (RA).172 MZB is 

a prodrug which is phosphorylated by adenosine kinase in cells into mizoribine 5′-
monophosphate. This active monophosphate form blocks the de novo synthesis of GMP 

from IMP via inhibiting both IMPDH and GMP-synthetase.173 It arrests DNA synthesis in 

the S stage of the cell cycle without incorporation into nucleotides and suppresses 

lymphocyte proliferation.174 MZB inhibits SARS-CoV replication in a plaque assay with 

EC50 values of 3.5 μg/ml for strain Frankfurt-1 and 16 μg/ml for strain HKU39849. 

Meanwhile, it reduces the infectious SARS-CoV titers to one-tenth or less at the 

concentration of 10 μg/ml in a reduction assay.100

Gemcitabine (22, dFdC) is a cytosine arabinoside analogue which was used as a first-line 

treatment in various types of solid tumor such as pancreatic cancer and non-small-cell lung 

cancer.175 Gemcitabine is absorbed via nucleoside transporters and first phosphorylated 

intracellularly by deoxycytidine kinase to yield gemcitabine monophosphate (dFdCMP) as a 

rate-limiting step.176 The monophosphate form is then converted to active gemcitabine 

diphosphate (dFdCDP) and triphosphate (dFdCTP) catalyzed by other kinases. dFdCTP is a 

DNA polymerase inhibitor and can be incorporated into DNA, resulting in masked chain 

termination while dFdCDP inhibits ribonucleoside reductase and depletes the 

deoxyribonucleotide pools necessary for DNA synthesis, subsequently potentiating the 

effects of dFdCTP.177 Gemcitabine hydrochloride inhibits SARS-CoV, MERS-CoV, and 

SARS-CoV-2 replication with low toxicity and EC50s of 4.96, 1.22, and 1.24 μM, 

respectively.178,179 Notably, dFdCTP could also be incorporated into RNA.180 These 

findings together suggest gemcitabine has therapeutic potential to combat COVID-19.

3.3 | Other virus-based inhibitors

Oseltamivir (23, Figure 7), brand name Tamiflu, is an orally administered antiviral 

medication that was used to treat and prevent influenza A and influenza B. It inhibits 

influenza’s neuraminidase enzyme with high selectivity and prevents the release of progeny 

virions from the infected host cells.181 Oseltamivir is administered in a prodrug form of 
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oseltamivir phosphate that is quickly metabolized into the active oseltamivir carboxylate 

with high bioavailability.181 Oseltamivir can reduce the severity and duration of the 

symptoms of influenza and the risk of associated complications when administered within 

48 h of the onset of infection.182–184 A case was reported that a 52-year-old woman with 

SARS-CoV-2 infection and a history of type 2 diabetes in Taiwan began to receive 

supportive therapy with oseltamivir and levofloxacin (a broad-spectrum antibiotic of 

fluoroquinolones) on Day 3 of hospitalization, and on Day 15 her vital signs were stable 

without oxygen therapy need.185 Despite the lack of in vitro and in vivo data, several clinical 

trials have been launched to evaluate the efficacy of oseltamivir as a monotherapy or in 

combination with other antivirals such as chloroquine and ASC09F for the treatment of 

COVID-19.

Umifenovir (24), brand name Arbidol, is an antiviral drug, which was approved in Russia 

and China to treat influenza infections.186,187 It inhibits membrane fusion between virus and 

targets host cells, blocking viral entry.188 Arbidol is effective against a wide range of pH-

dependent viruses such as EBOV, RSV, and HCV.189–191 It was reported that arbidol can 

efficiently inhibit SARS-CoV-2 replication at a concentration of 10–30 μM.192 Currently, 

arbidol is undergoing several clinical trials to evaluate its efficacy for COVID-19 treatment. 

A retrospective cohort study revealed that the combination group (n = 16) treated with 

arbidol and LPV/r showed more favorable clinical response compared to the control group 

(n = 17) with only LPV/r treatment.193 Another retrospective cohort analysis showed that 

patients with COVID-19 in the arbidol group (n = 16) had a short duration of positive RNA 

test in comparison with those in the LPV/r group (n = 34).194 In addition, as mentioned in 

favipiravir section (Section 3.2), in a randomized clinical trial, no significant difference was 

observed in clinical recovery rate of Day 7 between arbidol-treated group (62/120) and 

favipiravir-treated group (71/116).140 However, a retrospective study including 81 patients 

with mild COVID-19 indicated that treatment of arbidol (n = 45) did not improve the 

prognosis or accelerate the clearance of SARS-COV-2 compared to the control with standard 

care (n = 36).195

Rimantadine (25) is an orally available antiviral medication of a cyclic primary amine that is 

used to treat influenza A infection.196,197 It suppresses the activity of influenza A/M2 ion 

channel and blocks viral entry, resulting in the inhibition of viral replication.198–200 

Rimantadine also has some NMDA antagonistic activities like amantadine, possessing 

therapeutic potential to treat Parkinson’s disease.201 Rimantadine inhibits SARS-CoV 

(HKU39849) replication (EC50 = 8–16 μg/ml) in Vero E6 cells,63 but has no documented in 

vitro activity against other CoVs.

Resveratrol (26) is a natural polyphenol whose food sources mainly include the skin of 

grapes, blueberries, raspberries, and mulberries.202 It is a phytoalexin produced by several 

plants in response to environmental stress such as injury and pathogen infections.202 

Resveratrol displays various pharmacological and physiological properties including 

anticancer, anti-inflammation, antioxidant, antiviral, and so forth.203,204 Currently, numerous 

clinical trials have been conducted to evaluate its efficacy to treat different human 

conditions. Resveratrol was found to significantly inhibit MER-CoV infection, prolong 

cellular survival after virus infection, and decrease the expression of nucleocapsid protein.
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204 Recently, resveratrol was also reported to inhibit SARS-CoV-2 infection in Vero E6 cells 

with an EC50 of ~66 μM.205

4 | HOST-BASED SMALL MOLECULE DRUGS FOR CORONAVIRUS

4.1 | Protein synthesis inhibitors

Compound 27–29 (Figure 8) are protein synthesis inhibitors that target the eukaryotic 

ribosome. These compounds were found associated with mRNA and transfer RNA (tRNA) 

binding sits; anisomycin (27) and homoharringtonine (29) bind to A-site of the peptidyl 

transferase center while emetine (28) interacts with the ribosomal E-site.206–209 Anisomycin 

is an antibiotic isolated from cultures of various Streptomyces which prevents the release of 

nascent peptide from the polyribosome, without affecting the formation of aminoacyl 

transfer ribonucleic acid. Partial inhibition of DNA synthesis is also observed at the presence 

of anisomycin, likely due to the inhibitory effect on essential protein for DNA synthesis.210 

At low concentration, anisomycin can activate p38-MAPK and c-Jun N-terminal kinase 

(JNK) signaling pathways.211 Anisomycin effectively inhibits SARS-CoV and MERS-CoV 

infection with EC50s of 0.191 and 0.003 μM, respectively.178

Emetine is antiprotozoal drug of a natural alkaloid that is also used to induce vomiting.212 

Emetine displays broad-spectrum antiviral activities, effective against Zika virus (ZIKV), 

EBOV, CoV, HIV-1, and so forth.213 Emetine significantly inhibits SARS-CoV, MERS-CoV, 

and SARS-CoV-2 infection with EC50s of 0.051, 0.014, and 0.46 μM, respectively.178,214 

However, its potential cardiotoxicity may hamper its further clinical use in the treatment of 

CoV infections.215 Homoharringtonine is a natural plant alkaloid derived from Cephalotaxus 
fortunei which was approved by FDA to treat chronic myeloid leukemia (CML).216 It 

inhibits the first cycle of the elongation phase of eukaryotic translation via blocking 

aminoacyl-tRNA binding and peptide bond formation.217 Homoharringtonine, like other 

protein synthesis inhibitors, showed potency against CoVs as well, with EC50s of 0.072 μM 

for MERS-CoV and 2.55 μM for SARS-CoV-2.178,214

4.2 | Drugs targeting host signaling pathways

4.2.1 | Cyclophilin inhibitors—Cyclosporine (30, cyclosporin A, CsA, Figure 9) is a 

natural product used as an immunosuppressive drug to prevent rejection in organ transplants 

and treat various immune-related diseases.218 CsA first forms complex with cyclophilins of 

lymphocytes, especially of T cells, and then binds to calcineurin to inhibit its activity. 

Calcineurin is a calcium-calmodulin-activated serine/threonine-specific phosphatase which 

activates nuclear factor of activated T cells (NFAT) via dephosphorylation. Inhibition of 

calcineurin function blocks the translocation of NFAT from the cytosol into the nucleus, 

subsequently suppressing the transcription of genes for interleukin 2 (IL-2) and other related 

cytokines.219,220 SARS-CoV nsp1 and full replicating SARS-CoV were found to indirectly 

activate the calcineurin/NFAT pathway and enhance the induction of IL-2, which is likely to 

play an important role in virus replication. Nsp1 significantly increases the stimulatory effect 

of phorbol 12-myristate 13-acetate and ionomycin on NFAT activation, whereas CsA can 

block the increase of NFAT activity.221,222 CsA inhibits the replication of SARS-CoV (EC50 

= 3.3 μM), HCoV-NL63 (EC50 = 2.3 μM), and HCoV-229E (EC50 = 2.3 μM), possibly 
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acting on genome replication and/or transcription.221,223 In addition, CsA suppresses 

MERS-CoV-induced CPE in Vero cells at the concentration of 9 μM while treatment with a 

combination of CsA and IFN-α was more effective than either agent used alone against 

MERS-CoV replication.224 Recently, CsA was found to inhibit SARS-CoV-2 replication 

with an EC50 of 5.82 μM as well.70

Alisporivir (31, Debio 025) is a synthetic cyclophilin inhibitor with no immunosuppressive 

activity derived from the parent compound CsA.225 It has been widely investigated for its 

therapeutic potential to treat HCV infections.226,227 The structural changes of alisporivir, 

compared with CsA, enhanced the binding affinity with cyclophilins and abolished the 

binding of the formed alisporivir-cyclophilin complex to calcineurin, thus decreasing its 

immunosuppressive activity.228 Alisporivir inhibits the replication of SARS-CoV and 

MERS-CoV with low micromolar EC50 values (Table 2).229 Treatment with alisporivir plus 

ribavirin primarily showed an additive effect on in vitro antiviral activity; however, this 

combination treatment was not found to improve the outcome in a mouse model of SARS-

CoV infection.229 Recently, alisporivir was found to inhibit SARS-CoV-2 replication in Vero 

E6 cells (EC50 = 0.46 μM), likely suppressing a postentry step of the SARS-CoV-2 life 

cycle.230 Considering the nonimmunosuppressive property of alisporivir and their similar 

EC50 values against CoVs, CsA and alisporivir may exert their anti-CoV activities via 

preventing those cyclophilin functions essential for viral replication, independent from the 

calcineurin/NFAT pathway.

4.2.2 | Inhibitors targeting kinase signaling pathways—Imatinib (32, Figure 10) 

is a small-molecule Abl kinase inhibitor which is highly effective to treat early-phase CML.
231 Imatinib mesylate inhibits the replication of SARS-CoV, MERS-CoV, and SARS-CoV-2 

with EC50s of 9.82, 17.69, and 5.32 μM, respectively.178,232 Imatinib was found to target 

Abelson tyrosine-protein kinase 2 (Abl2) that was required for efficient SARS-CoV and 

MERS-CoV replication. Imatinib specifically blocks viral fusion with the endosomal 

membrane and cell-cell fusion via inhibiting Abl kinase activity.233,234 Currently, several 

clinical trials are ongoing to evaluate the efficacy of imatinib in COVID-19 treatment. 

Dasatinib (33) and saracatinib (34, AZD-0530) are dual Abl kinase and Src inhibitors.235,236 

Dasatinib was approved to treat CML and acute lymphoblastic leukemia237 while 

saracatinib, due to the insufficient efficacy in cancer patients, has subsequently been 

investigated to treat other human conditions such as Parkinson’s disease and pulmonary 

fibrosis.238–240 Dasatinib was also found to be effective against SARS-CoV (EC50 = 2.10 

μM) and MERS-CoV (EC50 = 5.47 μM).178 Saracatinib significantly inhibits MERS-CoV, 

HCoV-229E, and HCoV-OC43 at the early stages of the viral life cycle in Huh-7 cells with 

EC50s of 2.9, 2.4, and 5.1 μM, respectively.241 Moreover, treatment of saracatinib in 

combination with gemcitabine exhibited a synergistic inhibitory effect against MERS-CoV 

infection with minimal cytotoxic effect in Huh-7 cells. It was demonstrated that multiple Src 

kinases, often together with Abl kinase, play an important role in the life cycle of various 

viruses.242–245 Knockdown of Src kinases, Fyn or Lyn, led to an obvious reduction in 

MERS-CoV titers.241 Thus, these two dual inhibitors, dasatinib and saracatinib, may exert 

their anti-CoV activities via inhibition of both multiple members of Src family and Abl 

kinase.
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A kinome analysis of human hepatocytes infected with MERS-CoV suggested that 

extracellular signal-regulated kinase (ERK)/mitogen-activated protein kinase (MAPK) and 

phosphoinositol 3-kinase (PI3K)/serine-threonine kinase (AKT)/mammalian target of 

rapamycin (mTOR) signaling responses are selectively modulated in the host, which are 

essential for MERS-CoV infection.246 Rapamycin (35, Sirolimus), an mTOR inhibitor, 

suppressed MERS-CoV infection via both pre- and postinfection treatment with inhibition of 

~60% at 10 μM.246 Selumetinib (36) and trametinib (37) are MEK1/2 inhibitors which affect 

the ERK/MAPK pathway by inhibiting the activity of MAPK kinase.247 Selumetinib showed 

potent antiviral activity against MERS-CoV with inhibition of ~70% at 1 μM when added 

before infection.246 Pretreatment with trametinib significantly inhibited MERS-CoV 

replication with a percentage of ~90% at 0.1 μM. More importantly, trametinib also showed 

potency against MERS-CoV with inhibition of ~70% at 1 μM via postinfection treatment, 

indicating its great therapeutic potential for MERS.246 These data together provide strong 

evidence for critical roles of mTOR and MEK1/2 in MERS-CoV infection.

Cytokine storm (CS) involves excessive and uncontrolled release of inflammatory cytokines 

which is comparatively common in severe cases of COVID-19.248,249 It has become a major 

cause of lung damage and often leads to the aggravation, even mortality. Thus, combining 

antiviral and anti-inflammatory treatments may help to prevent further injury.250 

Compounds 38–40 are Janus kinase (JAK) inhibitors that can suppress JAK-mediated 

cytokine release.251 Clinical trials have been initiated to evaluate the safety and efficacy of 

these JAK inhibitors combined with antivirals in COVID-19. Among them, baricitinib (38) 

is particularly attractive. Besides its anti-inflammatory property, baricitinib binds with high 

affinity and inhibits the AP2-associated protein kinase 1 (AAK1) which is an important 

modulator of clathrin-mediated endocytosis for SARS-CoV-2.250 Moreover, the plasma 

concentration of baricitinib is sufficient to inhibit AAK1 when dosing 2 or 4 mg once daily, 

indicating its therapeutic potential for COVID-19.252 However, it is worth noting that anti-

inflammatory therapy may delay the clearance of virus and increase the chance of secondary 

infection. Besides, JAK inhibitors also inhibits IFN-α production which is important in 

eliminating virus. Thus, it remains a critical concern as how to balance the risk and benefit 

ratio of anti-inflammatory therapy for COVID-19.

Abemaciclib (41) is a selective CDK4/6 inhibitor used to treat advanced or metastatic breast 

cancers253 while gilteritinib (42) is a dual FLT3 and AXL inhibitor which was approved by 

FDA for treatment of patients with relapsed or refractory acute myeloid leukemia.254 These 

two drugs were found to inhibit SARS-CoV-2 replication with a similar EC50 value of ~6.7 

μM,70 although their exact mechanisms of antiviral action require further investigations.

4.3 | Inhibitors targeting host proteases

4.3.1 | The endosomal protease inhibitors—The pH-sensitive endosomal proteases 

cathepsins involve endosomal viral entry and activate CoV membrane fusion via proteolysis 

of viral S glycoprotein following receptor binding and induced conformational changes in S 

glycoprotein.48,49 This proteolytic activation can be blocked by cathepsin inhibitors such as 

K11777 (43, Figure 11) and E-64-d (44, EST).38,255,256 K11777 is an irreversible cysteine 

protease inhibitor and potently inhibits SARS-CoV replication with IC50 of <0.05 μM for 
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strains Urbani and Toronto-2 in Vero 76 cells in a CPE assay. Meanwhile, it displays low 

IC90s of 0.35 and 1.04 μM against strains Urbani and Toronto-2, respectively, in a virus 

reduction assay.255 K11777 also possesses acceptable safety and PK profiles in rodent, dogs, 

and primates, offering the potential to treat CoV infections including COVID-19.257

E-64-d is an ester prodrug of an epoxide which is rapidly hydrolyzed in the gut to afford the 

acid form E-64-c (45).258 This series of compounds inhibit cysteine proteases by covalently 

modifying the cysteine residue of its active site.259 E-64-d was originally developed to treat 

muscular dystrophy in the 1980s and failed in phase 3 clinical trials due to the lack of 

sufficient efficacy.260 However, these trials have established its safety and PK profiles.
261–263 E-64-d significantly inhibits SARS-CoV and MERS-CoV replication with EC50s of 

0.76 and 1.28 μM, respectively. Recently, E-64-d was also reported to inhibit SARS-CoV-2 

entry via blocking cathepsin L-mediated S glycoprotein activation.38 These data together 

suggest cathepsin inhibitor, E-64-d is also a promising candidate to be developed for 

COVID-19 treatment.

4.3.2 | The surface protease inhibitors—The surface serine protease TMPRSS2 

mediates cell surface nonendosomal virus entry at the plasma membrane via cleavages and 

activation of the S protein.51,52,264 Camostat (46, Figure 12) is a serine protease inhibitor 

which was approved in Japan to treat chronic pancreatitis.265,266 Camostat, as a TMPRSS2 

inhibitor, partially blocks the entry of SARS-CoV, MERS-CoV, and SARS-CoV-2 into 

TMPRSS2-expressing cells while simultaneous treatment of camostat and E-64-d can 

completely inhibit viral entry, mainly due to the dual blockade of the cell surface and 

endosomal entry pathways.41,50,53 Camostat also completely blocks syncytium formation 

and reduces the infection of SARS-CoV, MERS-CoV, and SARS-CoV-2 in the lung cell line 

Calu-3.41,50,53 In addition, camostat treatment effectively protected mice against death 

induced by SARS-CoV infection when dosed orally at 30 mg/kg twice daily for 9 days.255

Nafamostat (47) is a broad-spectrum serine protease inhibitor that is mainly used to treat 

pancreatitis and disseminated intravascular coagulation.267,268 Nafamostat was screened out 

as a potent inhibitor of S-mediated membrane fusion, possibly through the inhibition of 

TMPRSS2 like camostat.269 Nafamostat is more effective than camostat in reducing the 

entry and replication of MERS-CoV in Calu-3 cells.270 It was also found to inhibit SARS-

CoV-2 replication with an EC50 of 22.5 μM.110 Currently, several clinical trials are 

underway to evaluate the efficacy of both camostat and nafamostat as a monotherapy or 

combined with hydroxychloroquine in COVID-19 treatment. Three cases were reported that 

treatment with nafamostat improved COVID-19 associated pneumonia of elderly patients 

who were receiving antiviral drugs and supplementary oxygen therapy.271 While 

accumulated studies showed the TMPRSS2-mediated cell surface route is essential for viral 

entry into primary target cells and viral spread in the infected host,41,53,255,272 it was also 

found that simultaneous treatment with camostat and E-64-d displays more potent inhibitory 

activity against SARS-CoV infection in Calu-3 cells compared to either agent used alone.53 

Thus, combination use of cathepsin and TMPRSS2 inhibitors may be a promising strategy to 

efficiently block CoV infections.
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4.4 | Inhibitors targeting CoV entry into host cell

4.4.1 | The quinoline derivatives targeting endosomal acidification—
Chloroquine (48, Figure 13) is a synthetic medication of a 4-aminoquinoline derivative 

which was discovered in 1934 and specifically used as an antimalarial agent.273 Besides its 

antimalarial effect, chloroquine was subsequently found to possess anti-inflammatory and 

immunomodulatory properties which have encouraged its new uses to treat autoimmune 

diseases such as RA and systemic lupus erythematosus (SLE).274 In addition, chloroquine is 

also effective against a series of pH-dependent viruses, including HIV, dengue virus 

(DENV), HCV, influenza A virus, EBOV, CoV, and so forth.275 It was reported to block 

viral entry mainly by suppressing glycosylation of host receptors and endosomal 

acidification.274–276 Due to its anti-inflammatory property, chloroquine inhibits the 

production of various proinflammatory cytokines and the activation of macrophages induced 

by viral infection and may improve the clinical symptoms of infected patients.273,275 

Chloroquine inhibits the replication of SARS-CoV, MERS-CoV and SARS-CoV-2 with 

EC50s of 6.54, 6.28, and 1.13 μM, respectively.110,178 Different research groups have 

reported that chloroquine functions at both entry and postentry stages of SARS-CoV and 

SARS-CoV-2 infections110,276,277 whereas it inhibits an early step in the replicative cycle of 

MERS-CoV.62 However, chloroquine was ineffective to reduce lung virus titers when 

administered by the intraperitoneal (IP) route in a mouse model of SARS-CoV infection, 

likely due to the insufficient blockade of viral entry pathways.278

Hydroxychloroquine (49) is a chloroquine derivative which shares high similarities with 

chloroquine in chemical structure, mechanisms of action, and therapeutic applications.274 

Hydroxychloroquine has an N-hydroxyethyl side chain and thus less tissue accumulation 

and toxicity than chloroquine.279,280 As expected, hydroxychloroquine displays antiviral 

activities against SARS-CoV, MERS-CoV, and SARS-CoV-2 with similar EC50 values to 

those of chloroquine.178,281,282 Considering its in vitro anti-CoV and anti-inflammatory 

properties, established clinical safety and PK profiles, and the low cost, chloroquine, and 

hydroxychloroquine have been fast advanced into numerous clinical trials to evaluate their 

efficacy in COVID-19 treatment.

According to the early clinical results from more than 100 inpatients with COVID-19 in 

China, chloroquine phosphate treatment might be associated with improved radiological 

findings, enhanced viral elimination and delayed disease progression.283 Two French studies 

reported that hydroxychloroquine could reduce viral load in patients with COVID-19, 

especially used in combination with azithromycin (an antibiotic of a macrolide used to treat 

diverse bacterial infections, see Section 4.5, 75).284,285 However, the result from another 

study revealed that no clinical benefit was observed for combination treatment of 

hydroxychloroquine and azithromycin in critically ill patients with COVID-19.286 In 

addition, a randomized parallel-group study enrolling 62 patients with mild COVID-19 

indicated that hydroxychloroquine treatment was associated with shortened clinical recovery 

time (temperature and cough) and improved pneumonia compared to placebo.287 In a 

multicenter retrospective observational study involving 2541 patients with COVID-19, 

treatment with hydroxychloroquine alone (162/1202, 12.5%) and in combination with 

azithromycin (157/783, 20.1%) was associated with reduction in in-hospital mortality while 
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groups treating with azithromycin alone or neither drug showed death rates of 22.4% 

(33/147) and 26.4% (108/409), respectively.288 However, these clinical data on chloroquine 

and hydroxychloroquine are far from convincing and several limitations exist such as a small 

cohort, absence of randomization, and no control arm.289,290 Very recently, a retrospective 

multicenter cohort study involving 1438 patients revealed that treatment with 

hydroxychloroquine (54/271), azithromycin (21/211), or both (189/735), compared with 

neither treatment (28/221), was not associated with significant differences in in-hospital 

fatality.291 Another randomized clinical trial indicated that the group (n = 1542) treating 

with hydroxychloroquine showed no statistically significant difference in 28-day mortality 

(26.8% vs. 25.0%) compared to the control receiving usual care (n = 3132).292 Moreover, 

although chloroquine and hydroxychloroquine were demonstrated to be relatively well 

tolerated in patients with malaria and SLE, they can cause QTc prolongation and arrhythmia, 

with an increased risk especially used in combination with other medications such as 

azithromycin known to prolong QT interval.274,293

Mefloquine (50) and amodiaquine (51) are antimalarial medications of the quinoline class 

that exhibit similar anti-CoV activities to chloroquine. Mefloquine displays EC50s of 15.5, 

7.42, and 4.33 μM for SARS-CoV, MERS-CoV, and SARS-CoV-2, respectively, while 

amodiaquine effectively inhibits the replication of these three CoVs with EC50 values of 

1.27–6.21 μM.70,178 Like chloroquine, amodiaquine failed to reduce lung virus titers via IP 

administration in a SARS-CoV-infected mouse model.278

4.4.2 | The phenothiazine derivatives targeting clathrin-mediated 
endocytosis—Compounds 52–57 (Figure 14) are phenothiazine derivatives which act as 

antagonists on different postsynaptic and presynaptic receptors such as dopamine receptors, 

serotonin receptors and histamine receptors. Compounds 52–55 are antipsychotic 

medications while promethazine (56) and thiethylperazine (57) are used as an antihistamine 

and an antiemetic, respectively. These medications were found to inhibit SARS-CoV, 

MERS-CoV, and SARS-CoV-2 replication with EC50 values ranging from 4.03 to 21.4 μM.
178,232 They block clathrin-dependent entry (IC50 = 3.23–7.48 μM) via preventing the 

assembly of clathrin-coated pits at the plasma membrane.294–296 In addition, chlorpromazine 

(52) was reported to suppress MERS-CoV replication at both an early and a postentry stage, 

suggesting that it has other antiviral mechanism beside blocking clathrin-mediated 

endocytosis.62 Chlorpromazine was also reported to block the entry of HCV,297 

alphaviruses,298 infectious bronchitis virus,299 and mouse hepatitis virus type 2 (MHV-2) by 

targeting clathrin-mediated endocytosis.300 Based on its in vitro anti-SARS-CoV-2 activity 

(EC50 = 4.03 μM),232 two clinical trials have been initiated to evaluate the efficacy of 

chlorpromazine in COVID-19 treatment.

4.4.3 | The cardiotonic steroids that inhibit CoV entry into host cell via 
targeting ATP1A1-mediated Src signaling—Compounds 58–61 (Figure 15) are 

medications of cardiotonic steroids that can increase the force of myocardium contraction 

and cardiac output by inhibiting the Na/K-ATPase, also known as the sodium-potassium ion 

pump.301 The ATP1A1 α subunit was found to be critical for CoV infection, and cardiotonic 

steroids, ouabain (58) and bufalin (59), inhibit CoV infection at low concentrations by 
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targeting ATP1A1 without affecting the transport function of Na+/K+-ATPase.302 However, 

these antiviral effects can be relieved by different Src kinase inhibitors, indicating the crucial 

role of ATP1A1-mediated Src signaling in the inhibition of CoV infection. Ouabain blocks 

viral entry at an early stage before the formation of early endosomes, but it remains to be 

elucidated how ATP1A1-mediated Src signaling could affect clathrin-mediated entry.302 

Ouabain significantly inhibit SARS-CoV-2 infection (EC50 < 0.097 μM) while proscillaridin 

(60), digoxin (61), and digitoxin (62) show potency against SARS-CoV-2 with EC50s of 

2.01, 0.19, and 0.23 μM, respectively.70 However, the potential cardiotoxicity of cardiotonic 

steroids may hamper their further clinical use in patients with CoV infections.

4.4.4 | Other drugs that inhibit CoV entry into host cell—Clomipramine (63, 

Figure 16) is a tricyclic antidepressant which blocks the reuptake of serotonin and 

norepinephrine back into neurons, resulting in increased serotonergic and noradrenergic 

neurotransmission.303 Its hydrochloride was reported to inhibit SARS-CoV (EC50 = 13.24 

μM), MERS-CoV (EC50 = 9.33 μM), and SARS-CoV-2 (EC50 = 7.59 μM) infections while it 

blocks MERS-CoV entry with an IC50 of 8.79 μM.178,232,294 Tamoxifen (64) and toremifene 

(65) are selective estrogen receptor modulators which are used to treat breast cancer. 

Tamoxifen citrate and toremifene citrate exhibit similar potency against MERS-CoV (EC50 

= 10.12 and 12.92 μM, respectively) and SARS-CoV-2 (EC50 = 8.98 and 11.30 μM, 

respectively), and varied antiviral activities against SARS-CoV (EC50 = 92.89 and 11.97 

μM, respectively).178,232 Astemizole (66) and chlorphenoxamine (67) are antihistamine and 

anticholinergic medications. Astemizole significantly inhibits SARS-CoV, MERS-CoV, and 

SARS-CoV-2 infections with EC50s of 5.59, 4.88, and ~1.1 μM, respectively, while 

chlorphenoxamine displays relatively low potency against SARS-CoV (EC50 = 20.03 μM) 

and MERS-CoV (EC50 = 12.65 μM).178,304 Tamoxifen and astemizole suppress clathrin-

dependent entry with IC50s of 7.46 and 3.48 μM, respectively, and the anti-CoV activities of 

toremifene and chlorphenoxamine possibly attribute to this mechanism as well due to their 

highly similar structures.294

4.5 | Other Host-based inhibitors

Niclosamide (68, Figure 17) is an FDA-approved anthelmintic drug that has been widely 

used in human to treat tapeworm infections by inhibiting oxidative phosphorylation.305 It 

was found to regulate multiple signaling pathways and biological processes and effective 

against various viral infections such as CoVs, ZIKV, and EBOV.9,306 Niclosamide inhibits 

SARS-CoV and SARS-CoV-2 replication with EC50s of <0.1 and 0.28 μM, respectively.
70,307,308 It also suppresses MERS-CoV infection by up to 1000-fold at 48 h post infection 

(PI) at a concentration of 10 μM likely through S-phase kinase-associated protein 2 (SKP2) 

inhibition.309 These data suggest that niclosamide, an inexpensive and well-tolerated drug, 

has great potential being repurposed to treat CoV infections. However, it should be 

mentioned that niclosamide has limited aqueous solubility and relatively low oral 

bioavailability and developing nano-based formulations of niclosamide or new optimized 

analogues may be a fast and useful approach to improving its PK properties and maximizing 

its therapeutic potential.9 More comprehensive understanding of niclosamide as a broad 

spectrum antiviral agent and its therapeutic potential for COVID-19 was recently reviewed 

by us,9 and more effective analogues with lower cytotoxic effects were also reported.310,311
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Nitazoxanide (69) is a thiazolide medication which was initially developed as an oral 

antiparasitic agent and approved by FDA to treat diarrhea caused by Cryptosporidium 
parvum and Giardia intestinalis in adults and children at least 12 months old.312 

Nitazoxanide was subsequently found as a broad antiviral agent and numerous clinical trials 

have been conducted to evaluate its efficacy for the treatment of influenza, viral 

gastroenteritis caused by rotavirus and norovirus, HBV, HCV, and HIV infections.312 

Nitazoxanide was reported to induce the host innate immune response via enhancing the 

production of type 1 IFN-α and IFN-β, activating protein kinase R, and so forth.312–315 

Nitazoxanide is rapidly metabolized into its active circulating form tizoxanide (70) in 

plasma and peak and trough serum concentrations of tizoxanide were 17.3 μM (4.6 μg/ml) 

and 3.0 μM (0.8 μg/ml), respectively, when treating patients with nitazoxanide controlled 

release tablets twice daily in a phase 2b/3 clinical trial.316 Moreover, the maximum plasma 

concentration of tizoxanide can reach as high as 37 μM (10 μg/ml) after oral administration 

of one 500 mg nitazoxanide tablet with food.317,318 Nitazoxanide significantly inhibits 

SARS-CoV-2 replication with an EC50 of 2.12 μM, which is far below its maximum serum 

concentration, indicating its great potential to treat SARS-CoV-2 infection.110 Given its in 

vitro evidence and immunomodulatory effect as well as the favorable in vivo PK and safety 

profiles, several clinical trials have been initiated to investigate the efficacy of nitazoxanide 

in COVID-19 treatment.

Hexachlorophene (71) is an organochlorine compound that is often used in soaps and 

toothpaste as an anti-infective and antibacterial agent. It strongly inhibits MHV and SARS-

CoV-2 replication with EC50s of 1.2 and 0.9 μM, respectively.70,319 Tilorone (72) is a 

synthetic, orally bioavailable small molecule which displays antiviral activities associated 

with inducing IFN.320 It has been approved in Russia for the treatment of several viral 

infections such as influenza and acute respiratory viral infection.321 Tilorone is effective 

against a broad range of CoVs, displaying EC50s of 10.56 μM for MERS-CoV and 4.09 μM 

for SARS-CoV-2, respectively.70,322 Terconazole (73) is a broad antifungal drug of a triazole 

derivative which is often used to treat vaginal yeast infection as a lotion or a suppository.323 

It binds to the cytochrome P450 enzyme of fungi and inhibits 14α-desmethyl sterol 

synthesis, consequently resulting in the accumulation of 14-methylsterols in the membrane.
324,325 Terconazole suppresses SARS-CoV, MERS-CoV and SARS-CoV-2 infection with 

EC50s ranging from 11.92 to 16.14 μM.178,232

Azithromycin (74, Figure 18) is a macrolide that is effective against a broad range of Gram-

positive and Gram-negative bacteria and used to treat diverse bacterial infections such as 

middle ear infections and pneumonia.326 It inhibits bacterial protein synthesis via binding to 

its ribosome and thus preventing mRNA translation.327 Azithromycin possesses high tissue 

penetration and anti-inflammatory properties, unrelated to its antimicrobial activity.328,329 

Due to these properties, azithromycin is also used to treat many chronic lung diseases 

including chronic obstructive pulmonary disease (COPD), asthma, bronchiectasis, and so 

forth.330–332 Considering its clinical benefit in lung disease, numerous clinical trials have 

been initiated to test the efficacy of azithromycin in conjunction with hydroxychloroquine in 

COVID-19 patients. However, as mentioned in the discussion of hydroxychloroquine (see 

Section 4.4.1), the clinical benefit of azithromycin for COVID-19 patients remains 
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controversial, and the combination use of azithromycin and hydroxychloroquine may cause 

additive cardiac toxicity, especially to those who have cardiac-related comorbidities.

Salinomycin (75) is a polyether ionophore antibiotic isolated from Streptomyces albus.333 It 

is highly effective against Gram-positive bacteria and used as a coccidiostat for poultry. It 

disturbs the natural Na+/K+ cations balance, changes the intracellular pH, and finally results 

in cell death.334 In addition, salinomycin was shown to inhibit cancer stem cells in different 

types of human cancers.335 Salinomycin sodium potently inhibits SARS-CoV-2 and MERS-

CoV infection with EC50s of 0.24 and 5.49 μM, respectively.70,322 Nevertheless, the severe 

toxicity of salinomycin may limit its potential use as an antiviral agent. Ivermectin (76) is an 

FDA-approved antiparasitic drug that also displays broad antiviral activities, effective 

against DENV, HIV, chikungunya virus (CHIKV), and so forth.336–338 Ivermectin inhibits 

SARS-CoV-2 replication with an EC50 of ~2.0 μM and results in a ~5000-fold reduction in 

viral RNA at 48 h when treated 2 h PI at a concentration of 5 μM, warranting further 

investigation for possible benefits in humans.336 Anidulafungin (77, LY303366) is a 

semisynthetic echinocandin which is used to treat fungal infections.339 It inhibits the 

synthesis of 1,3-β-D-glucan, a major fungal cell wall component.340 Anidulafungin 

undergoes slow chemical degradation to its inactive forms under physiological conditions, 

not through hepatic enzymatic metabolism or renal elimination.341 Anidulafungin was found 

to suppress SARS-CoV-2 infection with an EC50 of 4.64 μM.70

Benztropine (78, Figure 19) is an anticholinergic drug which blocks the activity of the 

muscarinic acetylcholine receptor. Its mesylate inhibits SARS-CoV, MERS-CoV, and SARS-

CoV-2 with micromolar EC50 values ranging from 13.8 to 21.6 μM.178,232 Fluspirilene (79) 

is an antipsychotic drug of the diphenylbutylpiperidine class used to treat schizophrenia.342 

It was found effective against SARS-CoV and MERS-CoV (EC50 = 5.96 and 7.48 μM, 

respectively).178 Bazedoxifene (80) is a third-generation selective estrogen receptor 

modulator that is used to treat postmenopausal osteoporosis.343 Bazedoxifene suppresses 

SARS-CoV-2 infection with an EC50 of 3.44 μM.70 Loperamide (81) is a medication used to 

treat diarrhea. As an opioid-receptor agonist, it targets μ-opioid receptors in the myenteric 

plexus and decreases its activity.344 Loperamide inhibits SARS-CoV, MERS-CoV, and 

SARS-CoV-2 infection with EC50s of 8.8, 4.9, and 9.27 μM, respectively.62,70 It possibly 

acts at an early step in viral replicative cycle.62 Compounds 82–84 are bis-

benzylisoquinoline alkaloids that possess anti-inflammatory effect.345–347 Cepharanthine 

(82), berbamine (83), and tetrandrine (84) show potency against SARS-CoV-2 with EC50s of 

4.47, 7.87, and 3.00 μM, respectively.70 Reserpine (85), a well-known antihypertensive drug, 

was found to inhibit SARS-CoV replication with an EC50 of 3.4 μM.348

Ivacaftor (86, Figure 20), a drug used to treat cystic fibrosis, displays antiviral activity 

against SARS-CoV-2 (EC50 = 6.57 μM).70,349 ESI-09 (87) is an exchange protein directly 

activated by cAMP (EPAC) inhibitor, and ESI-09 treatment was reported effective in 

protecting cell cultures against MERS-CoV and SARS-CoV at the concentration of 10 μM, 

resulting in about 2log and 4log reduction in virus titer, respectively.350 Eltrombopag (88) is 

a small molecule agonist of the thrombopoietin (c-mpl) receptor that was developed for 

certain conditions associated with thrombocytopenia.351 Eltrombopag inhibits SARS-CoV-2 

replication with an EC50 of 8.27 μM.70 In addition, platelets were reported to play an 
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important role in innate immunology in the lung such as the defense against various 

respiratory viral infections.352 These findings together indicate that eltrombopag may have 

potential to combat the severe COVID-19. Hydroxyprogesterone caproate (89, OHPC) is an 

agonist of the progesterone receptor which is used to prevent preterm birth in pregnant 

women and to treat gynecological disorders.353 OHPC shows micromolar potency against 

SARS-CoV-2 (EC50 = 6.30 μM).70 Ciclesonide (90) is an inhaled corticosteroid used to treat 

asthma and allergic rhinitis.354 It inhibits SARS-CoV-2 replication (EC50 = 4.33 μM), and 

mutants in nsp3 and nsp4 of SARS-CoV-2 showed resistance against ciclesonide.70,355 

Cases were also reported that ciclesonide inhalation treatment was associated with clinical 

improvement in three COVID-19 patients.356 These data, together with its antiviral and anti-

inflammatory properties, warrant further studies for the clinical benefit of ciclesonide in 

COVID-19 treatment.

5 | CONCLUSIONS AND FUTURE DIRECTIONS

Given the urgent unmet medical need in combating the COVID-19 pandemic, numerous 

human clinical trials have currently been launched to evaluate potential treatments for 

COVID-19 including biologicals such as vaccines, convalescent plasma, mAb, antiviral 

agents, immunomodulatory agents (supporting agents), and other miscellaneous agents with 

known or unknown mechanism of CoV inhibition. The representative small molecule 

compounds, which are undergoing clinical trials for COVID-19 with recruiting participants, 

were summarized in Table 3. Most of them are repurposed agents previously designed for 

other human conditions. Hydroxychloroquine and chloroquine were once granted emergency 

authorization by FDA for use in COVID-19 treatment; however, their clinical efficacy 

remains controversial and their use may be associated with potential severe side effects for 

some patients.357 Very recently, FDA revoked the Emergency Use Authorization of 

hydroxychloroquine and chloroquine for emergency use to treat COVID-19.358 Among these 

molecules, remdesivir, an RdRp inhibitor, seems to be most promising candidate which was 

reported to reduce the duration of recovery in a human phase 3 trial and has been authorized 

for emergency use in the U.S.124,359 On October 22, 2020, FDA approved Veklury 

(remdesivir), the first antiviral drug approved to treat COVID-19, for use in adult and 

pediatric patients 12 years of age and older and weighing at least 40 kg (about 88 pounds) 

requiring hospitalization.360 As inflammatory CS is comparatively common in COVID-19 

patients,250 a large number of adjunctive therapies have also been investigated in clinical 

trials including corticosteroids and immunomodulatory agents such as JAK inhibitors and 

fingolimod. A controlled, open-label trial revealed that the use of dexamethasone (a common 

corticosteroid medication) resulted in lower 28-day mortality among hospitalized patients 

with COVID-19 who were receiving respiratory support, but no benefit was observed for 

those with less severe symptoms.361 Although use of ACE inhibitor (ACEI)/angiotensin 

receptor blocker (ARB) was reported to lower all-cause mortality compared with 

ACEI/ARB nonusers among COVID-19 inpatients with hypertension, the rationality of 

ACEI/ARB for treating COVID-19 remains disputed.362,363

Although many virus-based and host-based small molecule drugs were reported with potent 

in vitro efficacy against CoVs, only a few are likely to be advanced into clinical trials to 

unravel their potential. Most of them possess one or several drawbacks including high 
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EC50/Cmax values at clinically relevant dosages, severe side effects, immunosuppression, 

poor PK profiles or the lack of efficient drug delivery method. These limitations hamper 

their further clinical development as anti-CoV agents. Developing nano-based formulations 

and new delivery methods are rapid and promising strategies to improve the PK properties of 

some existing drugs and maximize their therapeutic potential for clinical applications. 

Another useful approach is combinational use of anti-CoV agents targeting different 

processes or proteins involved in virus life cycle that may slow the development of drug 

resistance and reduce the effective concentration of individual drugs and thus the potential 

side effects. Alternatively, these drugs can also serve as lead compounds to develop more 

effective, safer, and more specific anti-CoV drugs along the pipeline through medicinal 

chemistry optimization and drug development efforts. In the long run, it is imperative to 

develop more effective and broad-spectrum anti-CoV drugs such as RdRp inhibitors and 

3CLpro inhibitors to ultimately fight the circulating and emerging CoV infections of the 

future.

ACKNOWLEDGEMENTS

This study was partially supported by grants AI131669, AI140726, and AI141178 from the National Institute of 
Allergy and Infectious Diseases (NIAID), the National Institutes of Health (Hongmin Li and Jia Zhou). Jia Zhou is 
also partly supported by John D. Stobo, the M.D. Distinguished Chair Endowment Fund, and the John Sealy 
Memorial Endowment Fund at UTMB. Hongmin Li is additionally supported by NIH grants AI133219, AI134568, 
AI140406, and AI140491. Pei-Yong Shi was supported by NIH grants AI142759, AI134907, and AI145617, 
UL1TR001439, and awards from the Sealy & Smith Foundation, Kleberg Foundation, John S. Dunn Foundation, 
Amon G. Carter Foundation, Gilson Longenbaugh Foundation, and Summerfield Robert Foundation.

AUTHOR BIOGRAPHIES

Jimin Xu graduated in Basic Pharmacy from China Pharmaceutical University in 2009 and 

obtained his Ph.D. degree from Shanghai Institute of Materia Medica, Chinese Academy of 

Sciences in 2014 under the supervision of Professor Fajun Nan. During the subsequent two 

years, he worked as a Research Scientist in UniTris Biopharma (Shanghai) Co., Ltd and 

Pharmaron Beijing Co., Ltd successively. Dr. Xu is currently pursuing his postdoctoral 

training at the Chemical Biology Program, Department of Pharmacology and Toxicology at 

University of Texas Medical Branch under the supervision of Professor Jia Zhou. His 

research interests currently focus on the rational design and chemical synthesis of small 

molecules as novel pharmacological probes and therapeutics for infectious diseases and 

human cancers.

Yu Xue received his Ph.D. in Medicinal Chemistry from China Pharmaceutical University 

(CPU) in 2018 under the supervision of Professor Liping Sun at CPU and Professor Ao 

Zhang at Shanghai Institute of Materia Medica, Chinese Academy of Sciences. He is 

currently pursuing his postdoctoral training under the supervision of Professor Jia Zhou at 

the Chemical Biology Program, Department of Pharmacology and Toxicology at University 

of Texas Medical Branch. His research interests focus on design and synthesis of novel small 

molecules as chemical probes and drug candidates for infectious diseases, cancer and other 

human diseases.

Xu et al. Page 22

Med Res Rev. Author manuscript; available in PMC 2021 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Richard Zhou is an undergraduate student in the Biomedical Engineering School of 

University of Texas at Austin, pursuing 2020 summer college internship research studies at 

the Department of Pharmacology and Toxicology, University of Texas Medical Branch.

Pei-Yong Shi is I.H. Kempner Professor of Human Genetics at University of Texas Medical 

Branch. He received his Ph.D. in virology in 1996 from Georgia State University. After 

postdoctoral training at Yale University, he joined Bristol-Myers Squibb as a Principal 

Scientist to develop HIV and HCV therapeutics from 1998 to 2000. He then moved to the 

Wadsworth Center, New York State Department of Health, to study West Nile virus. From 

2008 to 2015, he served as Dengue Unit Head and Executive Director to lead drug discovery 

at Novartis Institute for Tropical Diseases. He has a long-standing interest in virology, drug 

discovery, vaccine development, and infectious diagnostics. Dr. Shi has published over 280 

peer-reviewed articles.

Hongmin Li received his Ph.D. in Molecular Biology from Institute of Biophysics, Chinese 

Academy of Sciences in 1995. After graduation, he joined as a postdoctoral affiliate in Dr. 

Roy Mariuzza’s group at the Center for Advanced Research in Biotechnology, University of 

Maryland Biotechnology Institutes. In 2000, Dr. Li was recruited as a faculty member in the 

Wadsworth Center, New York State Department of Health (NYSDOH). Dr. Li held a 

Research Scientist 6 position (professor-equivalent) at the Wadsworth Center, NYSDOH. He 

also had a joint Associate Professorship appointment at the Department of Biomedical 

Sciences, School of Public Health, University at Albany. Dr. Li was recently relocated in 

November, 2020, and is currently R. Ken and Donna Coit Endowed Chair Professor at the 

Department of Pharmacology and Toxicology, College of Pharmacy, University of Arizona. 

Dr. Li authored more than 90 manuscripts, several book chapters, and two patents.

Jia Zhou received his Ph.D. in organic chemistry from Nankai University, China in 1997. 

Then he joined the chemistry faculty in the same university and was promoted to Associate 

Professor there. He started his postdoctoral research in organic chemistry with Dr. Sidney M. 

Hecht at the University of Virginia in 1999. After further postdoctoral training in medicinal 

chemistry with Dr. Alan P. Kozikowski at Georgetown University Medical Center, he 

worked in US pharmaceutical industry at Acenta Discovery, and PsychoGenics, Inc. as a 

Senior Principal Scientist for 7 years. Dr. Zhou is currently a tenured Professor and also a 

faculty member of the Center for Addiction Research, Center for Biodefense and Emerging 

Infectious Diseases, Sealy Center for Structural Biology and Biophysics, and Sealy Center 

for Molecular Medicine at UTMB. Dr. Zhou is elected as a 2020 National Academy of 

Inventors (NAI) Fellow. He is an author of more than 180 peer-reviewed papers, 7 book 

chapters, and an inventor of 26 patents.

Abbreviations:

3CLpro 3C-like protease

AAK1 AP2-associated protein kinase 1

ACE2 angiotensin-converting enzyme 2
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ACEI ACE inhibitor

AIDS acquired immunodeficiency syndrome

AKT protein kinase B

ALL acute lymphoblastic leukemia

AML acute myeloid leukemia

ARB angiotensin receptor blocker

ASC09F ASC09/ritonavir

CC50 cytotoxic concentration 50%

CHIKV chikungunya virus

Cmax the maximum serum concentration

CML chronic myeloid leukemia

COPD chronic obstructive pulmonary disease

CoV coronavirus

COVID-19 coronavirus disease 2019

CPE cytopathic effect

CRAC Ca2+ release-activated Ca2+

CS cytokine storm

CSCs cancer stem cells

CTD C-terminal domain

DENV dengue virus

DPP4 dipeptidyl peptidase 4

E envelop

EBOV Ebola virus

EC50 half maximal effective concentration

EMCV encephalomyocarditis virus

EPAC exchange protein directly activated by cAMP

ER endoplasmic reticulum

ERGIC endoplasmic reticulum-Golgi intermediate compartment

ERK extracellular signal-regulated kinase
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EUA Emergency Use Authorization

EVD EBOV disease

EV-A71 enterovirus A71

GMP guanosine-5′-monophosphate

HAE human airway epithelial

HBV hepatitis B virus

HCoV Human coronavirus

HCV hepatitis C virus

HCMV human cytomegalovirus

HIV human immunodeficiency virus

HTS high-throughput screening

IC50 half maximal inhibitory concentration

IFN interferon

IL-2 interleukin 2

IMP inosine-5′-monophosphate

IMPDH inosine-5′-monophosphate dehydrogenase

JAK Janus kinase

JNKc Jun N-terminal kinase

LPV rlopinavir/ritonavir

M membrane

mAb monoclonal antibody

MAPK mitogen-activated protein kinase

MARV Marburg virus

MERS-CoV Middle East respiratory syndrome coronavirus

MHV-2 mouse hepatitis virus type 2

mTOR mammalian target of rapamycin

N nucleocapsid

NFAT nuclear factor of activated T cells

nsp nonstructural protein
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NTD N-terminal domain

ORF open reading frame

PDE5 cGMP-specific phosphodiesterase type 5

PI post infection

PI3K phosphoinositol 3-kinase

PK pharmacokinetic

PKR protein kinase R

PLpro papain-like protease

RA rheumatoid arthritis

RBD receptor binding domain

RdRp RNA-dependent RNA polymerase

RSV respiratory syncytial virus

RTC replicase-transcriptase complex

S spike

SARS-CoV severe acute respiratory syndrome coronavirus

SARS-CoV-2 severe acute respiratory syndrome coronavirus-2

SGLT2 sodium-glucose transport protein 2

SKP2 S-phase kinase-associated protein 2

SLE systemic lupus erythematosus

TMPRSS2 transmembrane protease serine 2

WHO World Health Organization

ZIKV Zika virus
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FIGURE 1. 
The genome organization of SARS-CoV, MERS-CoV, and SARS-CoV-2. The ORFs 1a/b 

encode 16 nsps. Other ORFs encode structural proteins including S, E, M, and N proteins as 

well as accessory proteins. E, envelop; M, membrane; MERS-CoV, Middle East respiratory 

syndrome coronavirus; N, nucleocapsid; nsp, nonstructural protein; ORF, open reading 

frame; S, spike; SARS-CoV, severe acute respiratory syndrome coronavirus
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FIGURE 2. 
Candidate drugs for CoV infections targeting different processes of the CoV life cycle. 

Adapted with permission from Ref. 28, American Society for Microbiology. AKT, protein 

kinase B; AP, accessory protein; 3CLpro, 3C-like protease; Cyps, cyclophilins; E, envelope; 

ER, endoplasmic reticulum; ERGIC, endoplasmic reticulum-Golgi intermediate 

compartment; ERK, extracellular signal-regulated kinases; M, membrane; MAPK, mitogen-

activated protein kinases; mTOR, mammalian target of rapamycin; N, nucleocapsid; NFAT, 

nuclear factor of activated T cells; nsp, nonstructural protein; ORF, open reading frame; 

PI3K, phosphoinositol 3-kinase; PLpro, papain-like protease; RdRp, RNA-dependent RNA 

polymerase; S, spike; TMPRSS2, transmembrane protease serine 2
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FIGURE 3. 
The determination of SARS-CoV-2 3CLpro and RdRp crystal structures facilitates the design 

and development of SARS-CoV-2 inhibitors. (A) The crystal structure of SARS-CoV-2 

3CLpro in complex with a peptide-aldehyde inhibitor (PDB: 6M0K). (B) The cryo-EM 

structure of SARS-CoV-2 RdRp in complex with a template-primer RNA and remdesivir 

(PDB: 7BV2). 3CLpro, 3C-like protease; cryo-EM, cryogenic electron microscopy; RdRp, 

RNA-dependent RNA polymerase; SARS-CoV, severe acute respiratory syndrome 

coronavirus
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FIGURE 4. 
The potential drugs targeting coronavirus proteases
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FIGURE 5. 
The potential RNA-dependent RNA polymerase inhibitors against coronaviruses

Xu et al. Page 49

Med Res Rev. Author manuscript; available in PMC 2021 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 6. 
The inhibitors against the nucleic acid synthesis of coronaviruses
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FIGURE 7. 
Other virus-based drugs effective against coronaviruses
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FIGURE 8. 
The inhibitors against protein synthesis of coronaviruses
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FIGURE 9. 
The cyclophilin inhibitors
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FIGURE 10. 
The inhibitors targeting kinase signaling pathways against coronaviruses
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FIGURE 11. 
The endosomal protease (cathepsin) inhibitors
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FIGURE 12. 
The surface protease (TMPRSS2) inhibitors. TMPRSS2, transmembrane protease serine 2
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FIGURE 13. 
The quinoline derivatives targeting endosomal acidification
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FIGURE 14. 
The phenothiazine derivatives targeting clathrin-mediated endocytosis
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FIGURE 15. 
The cardiotonic steroids that inhibit coronavirus entry into host cell via targeting ATP1A1-

mediated Src signaling
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FIGURE 16. 
Other drugs that inhibit coronavirus entry into host cell
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FIGURE 17. 
Other host-based inhibitors (68–73) against coronaviruses
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FIGURE 18. 
Other host-based inhibitors (74–77) against coronaviruses
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FIGURE 19. 
Other host-based inhibitors (78–85) against coronaviruses
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FIGURE 20. 
Other host-based inhibitors (86–90) against coronaviruses
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TABLE 1

The virus-based small molecule drugs with therapeutic potentials for CoVs

Antiviral agent
Drug class and/or 
targets Activity against coronaviruses (cells/virus strain) Ref.

Lopinavir (1) 3CLpro inhibitor SARS-CoV: EC50 = 17.1 μM, CC50 > 32 μM (Vero E6/Frankfurt-1)
EC50 at 48 h = 4–8 μg/ml (Vero E6/HKU39849)
MERS-CoV: EC50 = 8.0 μM, CC50 = 24.4 μM (Huh7/EMC/2012)
SARS-CoV-2: EC50 = 9.12 μM, CC50 > 50 μM (Vero)

62,63,70

Nelfinavir (3) 3CLpro inhibitor SARS-CoV: EC50 = 0.048 μM, CC50 = 14.75 μM (Vero E6/FFM-1)
SARS-CoV-2: EC50 = 9.12 μM, CC50 = 51.75 μM (Vero E6)

72,73

Atazanavir (4) 3CLpro inhibitor SARS-CoV-2: EC50 = 2.0 μM, CC50 = 312 μM (Vero)
EC50 = 0.22 μM (A549)

75

darunavir (5) 3CLpro inhibitor Not reported

ASC09 (6) 3CLpro inhibitor Not reported

Boceprevir (7) 3CLpro inhibitor SARS-CoV-2: EC50 = 1.9 μM, CC50 > 100 μM (Vero 76) 79

Disulfiram (8) PLpro inhibitor SARS-CoV-2 3CLpro: IC50 = 9.35 μM 59

Ebselen (9) 3CLpro inhibitor SARS-CoV-2: EC50 = 4.6 μM (Vero E6) 59

Cinanserin (10) 3CLpro inhibitor SARS-CoV: decreased viral replication by more than 1000-fold at 50 μg/ml 
with no toxic effect
SARS-CoV-2: EC50 = 20.61 μM, CC50 > 200 μM (Vero E6)

59,88

Ribavirin (11) RdRp inhibitor SARS-CoV: EC50 = 80 μg/ml, CC50 > 200 μg/ml (Vero E6/HKU39849)
MERS-CoV: EC50 = 41.4 μg/ml (Vero RML6/hCoV-EMC/2012)
SARS-CoV-2: EC50 = 109.5 μM, CC50 > 400 μM (Vero E6)

100,101,110

Remdesivir (12) RdRp inhibitor SARS-CoV: EC50 = 0.069 μM, CC50 > 10 μM (HAE)
MERS-CoV: EC50 = 0.074 μM, CC50 > 10 μM (HAE)
SARS-CoV-2: EC50 = 0.77 μM, CC50 > 100 μM (Vero E6)
Reduced lung viral load and improved clinical signs and respiratory 
functions in a mouse (or rhesus macaque) models of SARS-CoV or MERS-
CoV infection

110,112,114,118,119

EIDD-1931 (13) RdRp inhibitor SARS-CoV: EC50 = 0.14 μM (HAE)
MERS-CoV: EC50 = 0.024 μM (HAE); EC50 = 0.15 μM, CC50 > 10 μM 
(Calu-3)
SARS-CoV-2: EC50 = 0.30 μM, CC50 > 10 μM (Vero E6); EC50 = 0.08 μM 
(Calu-3)
Reduced viral load and improved pulmonary function in a mouse model of 
SARS-CoV or MERS-CoV infection

129

Favipiravir (15) RdRp inhibitor SARS-CoV-2: EC50 = 22.50 μM, CC50 > 100 μM (Vero E6) 110

Galidesivir (16) RdRp inhibitor SARS-CoV: EC50 = 57.7 μM, CC50 > 296 μM (Vero 76/Urbani)
MERS-CoV: EC50 = 68.4 μM, CC50 > 100 μM (Vero E6/Jordan N3)

141

Penciclovir (17) RdRp inhibitor SARS-CoV-2: EC50 = 95.96 μM, CC50 > 400 μM (Vero E6) 110

Mycophenolic acid 
(18)

IMPDH inhibitor; 
noncompetitive PLpro 

inhibitor

MERS-CoV: EC50 = 0.17 μg/ml, CC50 > 32 μg/ml (Vero); EC50 = 2.87 μM, 
CC50 > 70 μM (Vero E6)
Its prodrug MMF (19) treatment resulted in a worse outcome in a marmoset 
model of MERS-CoV infection.
SARS-CoV-2: EC50 = 0.87 μM, CC50 > 128 μM (Vero E6/Wk521)

159–161,165

Merimepodib (20) Noncompetitive 
IMPDH inhibitor

SARS-CoV-2: decreased viral titers by over 10-fold at 3.3 μM 171

Mizoribine (21) IMPDH and GMP-
synthetase inhibitor

SARS-CoV: EC50 = 3.5 μg/ml, CC50 > 200 μg/ml (Vero E6/Frankfurt-1); 
EC50 = 16 μg/ml (Vero E6/HKU39849)

100

Gemcitabine 
hydrochloride (22)

Nucleic acid synthesis 
inhibitors

SARS-CoV: EC50 = 4.96 μM, CC50 > 10 μM (Vero E6/MA15)
MERS-CoV: EC50 = 1.22 μM, CC50 > 10 μM (Vero E6/Jordan N3)
SARS-CoV-2: EC50 = 1.24 μM, CC50 >40 μM (Vero E6)

178,179
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Antiviral agent
Drug class and/or 
targets Activity against coronaviruses (cells/virus strain) Ref.

Oseltamivir (23) Neuraminidase 
inhibitor

Not reported

Umifenovir (24) S protein/ACE2, 
membrane fusion 
inhibitor

Inhibited SARS-CoV-2 replication at 10–30 μM 192

Rimantadine (25) Influenza M2 protein 
inhibitor

SARS-CoV: EC50 at 48 h = 8–16 μg/ml (Vero E6/HKU39849); EC50 at 48 h 
= 8–16 μg/ml (fRhK4 cells/10 strains), CC50 = 64 μg/ml

63

Resveratrol (26) Nucleocapsid protein Significantly reduced MERS-CoV titers at 150 μM at 48 h postinfection
SARS-CoV-2: EC50 = ~66 μM, CC50 > 250 μM (Vero E6)

204,205

Abbreviations: 3CLpro, 3C-like protease; ACE2, angiotensin-converting enzyme 2; CC50, cytotoxic concentration 50%; EC50, half-maximal 

effective concentration; GMP, guanosine-5′-monophosphate; IMPDH, inosine-5′-monophosphate dehydrogenase; MERS-CoV, Middle East 

respiratory syndrome coronavirus; PLpro, papain-like protease; RdRp, RNA-dependent RNA polymerase; SARS-CoV, severe acute respiratory 
syndrome coronavirus.
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TABLE 2

The host-based small molecule drugs with therapeutic potentials for CoVs

Antiviral agent Drug class and/or targets Activity against coronaviruses Ref.

Anisomycin (27) Protein synthesis inhibitor SARS-CoV: EC50 = 0.191 μM (Vero E6/MA15)
MERS-CoV: EC50 = 0.003 μM (Vero E6/Jordan N3)

178

Emetine hydrochloride 
(28)

Protein synthesis inhibitor SARS-CoV: EC50 = 0.051 μM (Vero E6/MA15)
MERS-CoV: EC50 = 0.014 μM (Vero E6/Jordan N3)
SARS-CoV-2: EC50 = 0.46 μM, CC50 = 56.46 μM (Vero E6)

178,214

Homoharringtonine (29) Protein synthesis inhibitor MERS-CoV: EC50 = 0.072 μM (Vero E6/Jordan N3)
SARS-CoV-2: EC50 = 2.55 μM, CC50 = 59.75 μM (Vero E6)

178,214

Cyclosporine (30) Inhibitor of cyclophilins and 
their interaction with nsp1

SARS-CoV: EC50 = 3.2 μM, CC50 > 17 μM (Vero E6/Frankfurt-1)
MERS-CoV: suppressed induced cytopathic effect at 9 μM in Vero 
cells with no toxic effect
SARS-CoV-2: EC50 = 5.8 μM, CC50 > 50 μM (Vero)

70,221,224

Alisporivir (31) Cyclophilin inhibitor SARS-CoV: EC50 = 8.3 μM, CC50 > 50 μM (Vero E6/Frankfurt-1); 
EC50 = 1.3 μM (Vero E6/MA15)
MERS-CoV: EC50 = 3.6 μM, CC50 = 26.4 μM (Vero/EMC/2012); 
EC50 = 3.0 μM (Vero/Jordan N3)
SARS-CoV-2: EC50 = 0.46 μM, CC50 > 20 μM (Vero E6)

229,230

Imatinib mesylate (32) Abl kinase inhibitor SARS-CoV: EC50 = 9.82 μM, CC50 > 100 μM (Vero E6/MA15)
MERS-CoV: EC50 = 17.69 μM, CC50 > 100 μM (Vero E6/Jordan 
N3)
SARS-CoV-2: EC50 = 3.24 μM (MOI = 0.004) and 5.32 μM (MOI 
= 0.01), CC50 > 30.86 μM (Vero E6)

178,232

Dasatinib (33) Abl kinase/Src inhibitor SARS-CoV: EC50 = 2.10 μM, CC50 > 10 μM (Vero E6/MA15)
MERS-CoV: EC50 = 5.47 μM, CC50 > 10 μM (Vero E6/Jordan N3)

178

Saracatinib (34) Abl kinase/Src inhibitor MERS-CoV: EC50 = 2.9 μM, CC50 = 57 μM (Huh-7) 241

Rapamycin (35) mTOR inhibitor Inhibited MERS-CoV infection by ~60% at 10 μM via both pre- 
and postinfection treatment

246

Selumetinib (36) MEK1/2 inhibitors Inhibited MERS-CoV infection by ~70% at 1 μM via preinfection 
treatment and by ~90% at 10 μM via postinfection treatment

246

Trametinib (37) MEK1/2 inhibitors Inhibited MERS-CoV infection by ~90% at 0.1 μM via preinfection 
treatment and by ~70% at 1 μM via postinfection treatment

246

Baricitinib (38) JAK and AAK1 inhibitor Not reported

Abemaciclib (41) CDK4/6 inhibitor SARS-CoV-2: EC50 = 6.62 μM, CC50 > 50 μM (Vero) 70

Gilteritinib (42) FLT3 and AXL inhibitor SARS-CoV-2: EC50 = 6.76 μM, CC50 = 37.16 μM (Vero) 70

K11777 (43) Cathepsin inhibitor SARS-CoV: IC50 < 0.05 μM, IC90 = 0.35 μM, CC50 > 105.6 μM 
(Vero 76/Urbani); IC50 < 0.05 μM, IC90 = 1.04 μM, CC50 = 85.2 
μM (Vero 76/Toronto-2); its derivative SMDC256160 showed no in 
vivo efficacy in a mouse model of SARS-CoV infection

255

E-64-d (44) Cathepsin inhibitor SARS-CoV: EC50 = 0.76 μM (Vero E6/MA15)
MERS-CoV: EC50 = 1.275 μM (Vero E6/Jordan N3)
Inhibited SARS-CoV-2 entry

38,178

Camostat (46) TMPRSS2 inhibitor Reduced the infection of SARS-CoV, MERS-CoV, and SARS-
CoV-2 in Calu-3 cells; showed in vivo efficacy in a mouse model of 
SARS-CoV infection (30 mg/kg, oral, BID, 9 days)

41,50,53,255

Nafamostat (47) TMPRSS2 inhibitor MERS-CoV: reduced the entry and replication at 0.1 μM in Calu-3 
cells
SARS-CoV-2: EC50 = 22.50 μM, CC50 > 100 μM (Vero E6)

110,270

Chloroquine 
hydrochloride (48)

Antiparasitic/inhibit host 
receptor glycosylation and 
endosomal acidification

SARS-CoV: EC50 = 6.54 μM (Vero E6/MA15); EC50 = 4.0 μM, 
CC50 > 128 μM (Vero E6/Frankfurt-1)
MERS-CoV: EC50 = 6.28 μM (Vero E6/Jordan N3); EC50 = 3.0 

62,110,178
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Antiviral agent Drug class and/or targets Activity against coronaviruses Ref.

μM, CC50 = 58.1 μM (Huh-7/EMC/2012)
SARS-CoV-2: EC50 = 1.13 μM, CC50 > 100 μM (Vero E6)

Hydroxychloroquine 
sulfate (49)

SARS-CoV: EC50 = 6.54 μM (Vero E6/MA15)
MERS-CoV: EC50 = 6.28 μM (Vero E6/Jordan N3)
SARS-CoV-2: EC50 = 4.51 μM (MOI = 0.01) and 12.96 μM (MOI 
= 0.8), CC50 = 249.5 μM (Vero E6); EC50 at 48 h = 0.72 μM (MOI 
= 0.01) in Vero cells

178,281,282

Mefloquine (50) SARS-CoV: EC50 = 15.55 μM (Vero E6/MA15)
MERS-CoV: EC50 = 7.42 μM (Vero E6/Jordan N3)
SARS-CoV-2: EC50 = 4.33 μM, CC50 = 13.97 μM (Vero)

70,178

Amodiaquine (51) SARS-CoV: EC50 = 1.27 μM (Vero E6/MA15)
MERS-CoV: EC50 = 6.21 μM (Vero E6/Jordan N3)
SARS-CoV-2: EC50 = 5.15 μM, CC50 > 50 μM (Vero)

70,178

Chlorpromazine 
hydrochloride (52)

Antipsychotic or antihistamine 
or antiemetic/phenothiazine/
inhibit clathrin-mediated 
endocytosis

SARS-CoV: EC50 = 12.97 μM, CC50 > 100 μM (Vero E6/MA15); 
EC50 = 8.8 μM, CC50 = 24.3 μM (Vero E6/Frankfurt-1)
MERS-CoV: EC50 = 9.51 μM (Vero E6/Jordan N3); EC50 = 4.9 
μM, CC50 = 21.3 μM (Huh-7/EMC/2012)
SARS-CoV-2: EC50 = 3.14 μM (MOI = 0.004) and 4.03 μM (MOI 
= 0.01), CC50 = 11.88 μM (Vero E6)

62,178,232

Triflupromazine 
hydrochloride (53)

SARS-CoV: EC50 = 6.40 μM, CC50 > 10 μM (Vero E6/MA15)
MERS-CoV: EC50 = 5.76 μM (Vero E6/Jordan N3)

178

Fluphenazine 
hydrochloride (54)

SARS-CoV: EC50 = 21.43 μM (Vero E6/MA15)
MERS-CoV: EC50 = 5.87 μM (Vero E6/Jordan N3)
SARS-CoV-2: EC50 = 6.36 μM (MOI = 0.004) and 8.98 μM (MOI 
= 0.01), CC50 = 20.02 μM (Vero E6)

178,232

Thiothixene (55) SARS-CoV: EC50 = 5.32 μM (Vero E6/MA15)
MERS-CoV: EC50 = 9.30 μM (Vero E6/Jordan N3)

178

Promethazine 
hydrochloride (56)

SARS-CoV: EC50 = 7.55 μM (Vero E6/MA15)
MERS-CoV: EC50 = 11.80 μM (Vero E6/Jordan N3)
SARS-CoV-2: EC50 = 9.21 μM (MOI = 0.004) and 10.44 μM (MOI 
= 0.01), CC50 = 42.59 μM (Vero E6)

178,232

Thiethylperazine maleate 
(57)

MERS-CoV: EC50 = 7.87 μM (Vero E6/Jordan N3)
SARS-CoV-2: EC50 = 7.09 μM (MOI = 0.004) and 8.02 μM (MOI 
= 0.01), CC50 = 18.37 μM (Vero E6)

178,232

Ouabain (58) Cardiotonic steroids/target 
ATP1A1 and inhibit CoV 
entry

Inhibited MERS-CoV infection at 50 nM via preinfection
SARS-CoV-2: EC50 < 0.097 μM, CC50 > 50 μM (Vero)

70,302

Bufalin (59) Inhibited MERS-CoV infection at 10–15 nM via preinfection 302

Proscillaridin (60) SARS-CoV-2: EC50 = 2.04 μM, CC50 > 50 μM (Vero) 70

Digoxin (61) SARS-CoV-2: EC50 = 0.19 μM, CC50 > 50 μM (Vero) 70

Digitoxin (62) SARS-CoV-2: EC50 = 0.23 μM, CC50 > 50 μM (Vero) 70

Clomipramine 
hydrochloride (63)

Tricyclic antidepressant/inhibit 
clathrin-dependent entry

SARS-CoV: EC50 = 13.24 μM (Vero E6/MA15)
MERS-CoV: EC50 = 9.33 μM (Vero E6/Jordan N3)
SARS-CoV-2: EC50 = 5.63 μM (MOI = 0.004) and 7.59 μM (MOI 
= 0.01), CC50 > 29.68 μM (Vero E6)

178,232

Tamoxifen citrate (64) Estrogen receptor modulator/
inhibit CoV entry

SARS-CoV: EC50 = 92.89 μM (Vero E6/MA15)
MERS-CoV: EC50 = 10.12 μM (Vero E6/Jordan N3)
SARS-CoV-2: EC50 = 34.12 μM (MOI = 0.004) and 8.98 μM (MOI 
= 0.01), CC50 = 37.96 μM (Vero E6)

178,232

Toremifene citrate (65) SARS-CoV: EC50 = 11.97 μM, CC50 > 100 μM (Vero E6/MA15)
MERS-CoV: EC50 = 12.92 μM (Vero E6/Jordan N3)
SARS-CoV-2: EC50 = 4.77 μM (MOI = 0.004) and 11.30 μM (MOI 
= 0.01), CC50 = 20.51 μM (Vero E6)

178,232
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Antiviral agent Drug class and/or targets Activity against coronaviruses Ref.

Astemizole (66) Antihistamine and 
anticholinergic/inhibit CoV 
entry

SARS-CoV: EC50 = 5.59 μM (Vero E6/MA15)
MERS-CoV: EC50 = 4.88 μM (Vero E6/Jordan N3)
SARS-CoV-2: EC50 = ~1.1 μM (Vero E6)

178,304

Chlorphenoxamine (67) SARS-CoV: EC50 = 20.03 μM (Vero E6/MA15)
MERS-CoV: EC50 = 12.65 μM (Vero E6/Jordan N3)

178

Niclosamide (68) Anthelmintic drug/broad 
antiviral agent

SARS-CoV: EC50 < 0.1 μM,
CC50 = 22.1 μM (Vero E6) SARS-CoV-2: EC50 = 0.28 μM, CC50 > 
50 μM (Vero)
Suppressed MERS-CoV infection by ~1000-fold at 48 h at 10 μM

70,308,309

Nitazoxanide (69) Broad antiparasitic and 
antiviral drug/induce the host 
innate immune response

SARS-CoV-2: EC50 = 2.12 μM, CC50 = 35.53 μM (Vero E6) 110,312

Hexachlorophene (71) Disinfectant SARS-CoV-2: EC50 = 0.90 μM, CC50 = 19.3 μM (Vero) 70

Tilorone (72) Antiviral drug/interferon 
inducer

MERS-CoV: EC50 = 10.56, CC50 > 20 μM (Vero E6)
SARS-CoV-2: EC50 = 4.09 μM, CC50 = 19.67 μM (Vero)

70,322

Terconazole (73) Antifungal drug SARS-CoV: EC50 = 15.33 μM (Vero E6/MA15)
MERS-CoV: EC50 = 12.20 μM (Vero E6/Jordan N3)
SARS-CoV-2: EC50 = 11.92 μM (MOI = 0.004) and 16.14 μM 
(MOI = 0.01), CC50 = 41.46 μM (Vero E6)

178,232

Azithromycin (74) Antibiotic/macrolide Not reported

Salinomycin sodium (75) Polyether ionophore antibiotic MERS-CoV: EC50 = 5.49, CC50 = 3.84 μM (Vero E6)
SARS-CoV-2: EC50 = 0.24 μM, CC50 > 50 μM (Vero)

70,322

Ivermectin (76) Antiparasitic/broad antiviral 
agent

SARS-CoV-2: EC50 = ~2.0 μM (Vero hSLAM/Australia/
VIC01/2020)

336

Anidulafungin (77) Antifungal/semisynthetic 
echinocandin

SARS-CoV-2: EC50 = 4.64 μM, CC50 > 50 μM (Vero) 70

Benztropine (78) Anticholinergic SARS-CoV: EC50 = 21.61 μM (Vero E6/MA15)
MERS-CoV: EC50 = 16.63 μM (Vero E6/Jordan N3)
SARS-CoV-2: EC50 = 13.8 μM (MOI = 0.004) and 17.79 μM (MOI 
= 0.01), CC50 » 50 μM (Vero E6)

178,232

Fluspirilene (79) Antipsychotic 
(diphenylbutylpiperidine)

SARS-CoV: EC50 = 5.96 μM (Vero E6/MA15)
MERS-CoV: EC50 = 7.48 μM (Vero E6/Jordan N3)
SARS-CoV-2: EC50 = 3.16 μM (MOI = 0.004) and 5.32 μM (MOI 
= 0.01), CC50 = 30.33 μM (Vero E6)

178,232

Bazedoxifene (80) Estrogen receptor modulator SARS-CoV-2: EC50 = 3.44 μM, CC50 = 14.97 μM (Vero) 70

Loperamide (81) Antidiarrheals/μ-opioid 
receptor agonist

SARS-CoV: EC50 = 5.9 μM, CC50 = 53.8 μM (Vero E6/
Frankfurt-1)
MERS-CoV: EC50 = 4.8 μM, CC50 = 15.5 μM (Huh-7/EMC/2012)
SARS-CoV-2: EC50 = 9.27 μM, CC50 = 29.26 μM (Vero)

62,70

Cepharanthine (82) Bis-benzylisoquinoline 
alkaloids/anti-inflammatory

SARS-CoV-2: EC50 = 4.47 μM, CC50 > 50 μM (Vero) 70

Berbamine (83) MERS-CoV: EC50 = 13.14, CC50 > 20 μM (Vero E6)
SARS-CoV-2: EC50 = 7.87 μM, CC50 > 50 μM (Vero)

70,322

Tetrandrine (84) MERS-CoV: EC50 = 12.68, CC50 > 20 μM (Vero E6)
SARS-CoV-2: EC50 = 3.00 μM, CC50 = 14.92 μM (Vero)

70,322

Reserpine (85) Antihypertensive SARS-CoV: EC50 = 3.4 μM, CC50 = 25 μM (Vero E6/H.K. strain) 348

Ivacaftor (86) Potentiator of CFTR/treat 
cystic fibrosis

SARS-CoV-2: EC50 = 6.57 μM, CC50 = 12.47 μM (Vero) 70

ESI-09 (87) EPAC inhibitor Resulted in about 2log and 4log reduction in MERS-CoV and 
SARS-CoV titer in Vero E6 cells, respectively, at 10 μM

350

Eltrombopag (88) Thrombopoietin (c-mpl) 
receptor agonist

SARS-CoV-2: EC50 = 8.27 μM, CC50 > 50 μM (Vero) 70
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Antiviral agent Drug class and/or targets Activity against coronaviruses Ref.

Hydroxyprogesterone 
caproate (89)

Progesterone receptor agonist SARS-CoV-2: EC50 = 6.30 μM, CC50 > 50 μM (Vero) 70

Ciclesonide (90) Corticosteroid/anti-
inflammatory/target nsp15

SARS-CoV-2: EC50 = 4.33 μM, CC50 > 50 μM (Vero) 70

Abbreviations: AAK1, AP2-associated protein kinase 1; CC50, cytotoxic concentration 50%; EC50, half-maximal effective concentration; EPAC, 

exchange protein directly activated by cAMP; JAK, Janus kinase; MERS-CoV, Middle East respiratory syndrome coronavirus; MOI, multiplicity of 
infection; mTOR, mammalian target of rapamycin; SARS-CoV, severe acute respiratory syndrome coronavirus; TMPRSS2, transmembrane 
protease serine 2.
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TABLE 3

Representative small molecule compounds for COVID-19 in human clinical trials with recruiting participants
a

Agents Drug class and/or targets Phase

Lopinavir/ritonavir HIV protease inhibitor/CYP3A4 inhibitor Phase 4

Darunavir/cobicistat HIV protease inhibitor/CYP3A inhibitor Phase 3

ASC09/ritonavir HIV protease inhibitor/CYP3A4 inhibitor Phase 3

Atazanavir HIV protease inhibitor Phase 2/3

Ribavirin Broad antiviral agent/RdRp inhibitor Phase 2 (completed)

Remdesivir RdRp inhibitor Approved

EIDD-2801 RdRp inhibitor Phase 1/2

Favipiravir RdRp inhibitor Phase 2/3

Galidesivir RdRp inhibitor Phase 1

Oseltamivir Influenza neuraminidase inhibitor Phase 4

Arbidol Broad antiviral agent/inhibit membrane fusion N/A

Danoprevir HCV NS3/4A protease inhibitor Phase 4

Clevudine Anti-HBV/nucleoside analog Phase 2

Emtricitabine HIV nucleoside reverse-transcriptase inhibitor Phase 3

Tenofovir disoproxil HIV nucleoside reverse-transcriptase inhibitor Phase 3

Merimepodib Noncompetitive IMPDH inhibitor Phase 2

Cyclosporine Immunosuppressive/cyclophilin inhibitors Phase 4

Imatinib Abl kinase inhibitor Phase 2

Sirolimus mTOR inhibitor Phase 1/2

Acalabrutinib Bruton′s tyrosine kinase inhibitor Phase 2

Tacrolimus Immunosuppressive Phase 3

Baricitinib JAK inhibitor Phase 2/3

Ruxolitinib JAK inhibitor Phase 2/3

Tofacitinib JAK inhibitor Phase 2

TD-0903 JAK inhibitor Phase 1/2

Camostat Serine protease (TMPRSS2) inhibitor Phase 2/3

Nafamostat Serine protease (TMPRSS2) inhibitor Phase 2/3

Chloroquine Antimalarial/immunomodulatory Phase 1–4

Hydroxychloroquine Antimalarial/immunomodulatory Phase 1–4

Amodiaquine Antimalarial/immunomodulatory Phase 2

GNS651 Chloroquine analog Phase 2

Atovaquone Antipneumocystis/antimalarial Phase 2

Fingolimod Immunomodulatory Phase 2

Colchicine Immunomodulatory Phase 2

CM-4620 Inhibitor of CRAC channels/immunomodulatory Phase 2

Azithromycin Macrolide antibiotic/immunomodulatory Phase 1–4

Methylprednisolone Corticosteroid Phase 3

Dexamethasone Corticosteroid Phase 3/4

Hydrocortisone Corticosteroid Phase 3/4

Med Res Rev. Author manuscript; available in PMC 2021 May 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Xu et al. Page 72

Agents Drug class and/or targets Phase

Budesonide Corticosteroid Phase 2–4

Prednisone Corticosteroid Phase 2

Ciclesonide Corticosteroid Phase 3

Aescin Mixture of saponins/anti-inflammatory Phase 2/3

N-Acetylcysteine Replenish glutathione stores/anti-inflammatory Phase 2

Aspirin Inhibit cyclooxygenase (COX) enzyme N/A

Ibuprofen Nonsteroidal anti-inflammatory drug Phase 4

Naproxen Nonsteroidal anti-inflammatory drug N/A

BLD-2260 Inhibitor of calpain 1, 2, and 9 Phase 2

Levamisole Anthelmintic Phase 2

Nitazoxanide Antiprotozoal/broad antiviral agent Phase 4

Niclosamide Anthelmintic/broad antiviral agent Phase 2/3

Ivermectin Anthelmintic Phase 2/3

Icosapent ethyl Prodrug of eicosapentaenoic acid Phase 2/4

Selinexor Exportin 1 inhibitor Phase 2

Spironolactone Potassium-sparing diuretics Phase 3

Triiodothyronine A thyroid hormone N/A

Tranexamic acid Antifibrinolytic/lysine analog Phase 2

Verapamil Calcium channel blockers Phase 2/3

Amiodarone Class III antiarrhythmic agent Phase 2/3

Valsartan Angiotensin receptor blocker/antihypertensive Phase 4

Losartan Angiotensin receptor blocker/antihypertensive Phase 2–4

Candesartan Angiotensin receptor blocker/antihypertensive Phase 2/3

Linagliptin Inhibitor of dipeptidyl peptidase 4 Phase 3

Sildenafil Inhibitor of PDE5 Phase 3

Simvastatin HMG-CoA reductase inhibitor Phase 2

Dapagliflozin SGLT2 inhibitor/antidiabetic Phase 3

Rivaroxaban Factor Xa inhibitor N/A

Clopidogrel Antiplatelet/inhibit ADP P2Y12 receptor N/A

Fluvoxamine Serotonin reuptake inhibitor Phase 2

Deferoxamine Iron and aluminum chelator Phase 1/2

Formoterol β2 agonist/bronchodilator Phase 2/3

Abbreviations: CRAC, Ca2+ release-activated Ca2+; HBV, hepatitis B virus; HCV, hepatitis C virus; HIV, human immunodeficiency virus; 
IMPDH, inosine-5′-monophosphate dehydrogenase; JAK, Janus kinase; mTOR, mammalian target of rapamycin; N/A, not applicable; PDE5, 
cGMP-specific phosphodiesterase type 5; RdRp, RNA-dependent RNA polymerase; SGLT2, sodium-glucose transport protein 2; TMPRSS2, 
transmembrane protease serine 2.

a
Data were collected from https://clinicaltrials.gov/ when searching COVID-19 and SARS-CoV-2 for condition or disease. Access date: November 

3, 2020. These compounds may be used as single treatment or combination use.
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