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1. INTRODUCTION
The severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2) was quickly confirmed as the causal pathogen leading 
to the outbreak of SARS-like illness (later named coronavirus 
disease 2019 [COVID-19]) in China.1 As for now, COVID-19 
has become a pandemic that led to healthcare crisis all over the 
world. SARS-CoV-2 belongs to Betacoronavirus genus of coro-
naviruses (CoVs) that are known to cause multiple respiratory 
infections in humans. The history of CoVs can trace back to the 
middle of nineteenth century.2 The CoV particles are enveloped 
and contain a single-stranded positive-sense RNA genome. The 
CoV genome encodes both structural (such as envelope [E] pro-
tein, transmembrane [M] glycoprotein, spike [S] glycoprotein 
and nucleocapsid [N] protein) proteins responsible for virus 
replication and virus entry and nonstructural proteins that are 
involved in genome replication and transcription. The viral mem-
brane harbors the S protein that plays an important role in virus 
entry and is responsible for inducing host immune response.3 The 

CoV infection begins with the interaction of the receptor binding 
domain (RBD) of the viral S protein and the receptor on the cell 
surface such as dipeptidyl peptidase-4 for MERS-CoV and angi-
otensin-converting enzyme 2 (ACE2) for SARS-CoV.4 According 
to the recent results, SARS-CoV-2 utilizes a similar host recep-
tor, ACE2 for its attachment and entry. Therefore, the treatment 
strategy designed for SARS-CoV can be potentially applied to 
use against SARS-CoV-2.5 After the entry, the virus gets uncoated 
and translates its open reading frames 1a and 1b (ORF1 and 
ORF1b) into polyproteins pp1a and pp1ab. Subsequently, these 
polyproteins are cleaved into several nonstructural proteins by 
several proteases, which further assemble and form the transcrip-
tion-replication complex. The RNA-dependent RNA polymerase 
(RdRp) transcribes the positive strand of RNA to negative strand, 
which is further transcribed into positive-strand subgenomic 
mRNAs. These subgenomic mRNAs are translated to make new 
accessory and structural proteins. Interfering with any specific 
step of the virus replication cycle would be a potential thera-
peutic target to combat SARS-CoV-2. Increasing evidence reveals 
potential therapeutic agents acting directly against SARS-CoV-2, 
such as interferon (IFN), RdRp inhibitors, protease inhibitors, 
coronaviral protease inhibitor, viral entry blocker, neuraminidase 
inhibitor, vaccine, antibody, agent targeting the SARS-CoV-2 
RNA genome, natural killer cells, and nucleocytoplasmic traf-
ficking inhibitors. Some of them have already demonstrated both 
in vitro and clinical efficacy.

2. PHARMACOLOGICAL DEVELOPMENT OF 
DIRECT-ACTING AGENTS AGAINST SARS-COV-2
The drug discovery process to develop new antiviral agents and 
obtaining the clinical approval usually takes a long period of 
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time. Until now, no significantly effective antiviral drugs are clin-
ically approved for treating coronavirus infections. To enhance 
the progress of potential treatment for coronaviruses especially 
for SARS-CoV and MERS-CoV, repurposing of broadly act-
ing antiviral drugs such as IFNs and ribavirin that have been 
used for other viral infections or other indications is usually 
employed. These drugs have the significant superiority for their 
well-known characteristics of pharmacokinetic and pharmaco-
dynamics. Another approach for discovery of anti-CoV drugs 
includes the de novo development of ideal, novel agents accord-
ing to the biochemical understanding of the specific coronavi-
rus. The novel specific anti-SARS-CoV-2 agents might comprise 
inhibitors interfering with the viral replication cycle, antibody 
targeting the host receptor and virus S protein, and inhibitors 
of host cellular proteases involved in the virus endocytosis 
pathway.

2.1. Interferon
IFNs are a group of cytokine mediators that are induced in 
response to virus infection. IFNs are classified into subtypes I and 
II, both of which are involved in innate immunity and adaptive 
immune response. Several effector antiviral mechanisms of IFN 
are known, such as mRNA translation inhibition, enhancement 
of RNA degradation, RNA editing, targeting viral nucleocap-
sids, and inhibiting RNA synthesis.6 Among the type I IFN, IFN-
α is quickly stimulated in innate immune response to initial virus 
infection. IFN‐α and β inhibit the replication of SARS-CoV.7,8 
However, IFN‐γ was identified to lack antiviral activity against 
SARS-CoV.9 Previous study demonstrated that SARS‐CoV 
inhibited IFN transcription in infected cells and the additional 
IFN could partly resume innate immunity against SARS‐CoV.10 
Pegylated IFN‐α2b, a licensed drug for chronic hepatitis B and 
C, showed the anti-SARS-CoV activity by decreasing viral repli-
cation and lung damage.11,12 IFN‐α is a candidate medication for 
SARS and MERS treatment.13,14 Therefore, the current clinical 
evidence showed that IFNs might be used for the development 
of novel anti-SARS-CoV-2 therapy.

2.2. RdRp inhibition
Ribavirin is a broad-spectrum antiviral agent that has previously 
been used for hepatitis C patients treatment. It is a guanosine 
derivative and can target RdRp enzyme to inhibit the synthesis 
of viral RNA and capping of mRNA. During the previous SARS 
epidemic, ribavirin was widely used for patients in China.15 
However, evidence showed ribavirin might have no significant 
antiviral activity against SARS‐CoV in vitro and had significant 
toxicity concern in clinical practice.16,17 Hence, ribavirin usage 
for SARS-CoV is questionable and has been criticized.18 Earlier 
evidence demonstrated that the combination of ribavirin and 
IFN-β had a synergistic effect for inhibiting the replication of 
SARS coronavirus in animal and human cell lines.7 Regarding 
the adverse reactions and absence of the in vitro efficacy for 
SARS-CoV, the usage of ribavirin against SARS-CoV-2 should 
be carefully considered.

Remdesivir, by far, is the most promising drug among all 
ongoing clinical trials. Due to its structural similarity to adeno-
sine, it can inhibit the RdRp by incorporating into viral RNA, 
thus halting viral genome replication. Recently, the first experi-
ence of remdesivir usage in the United States for the COVID-
19-infected patient was reported.19 The in vitro/in vivo antiviral 
activity of remdesivir and IFN-β was found to be superior to 
the combination of lopinavir/ritonavir/LPV/RTV/IFN-β for 
MERS-CoV.20 The most updated cohort study showed clinical 
improvement observed in 36 of 53 patients (68%).21 Therefore, 
remdesivir alone or together with IFN-β might be the potential 
regimen for the therapy of COVID-19.

Favipiravir (FPV) is a guanine analog, also selectively 
inhibiting RdRp (like remdesivir) that has been approved for 
the treatment of influenza.22 The clinical evaluation for its 
efficacy and safety in the therapy of COVID-19 is ongoing 
(ChiCTR2000029600).

2.3. Protease inhibition
A co-formulation of lopinavir and ritonavir, which was reported 
to have in vitro activity against the SARS-CoV and was revealed 
to have some activity against MERS-CoV in vivo, has been 
tested for the therapy of COVID-19.23–25 The component of lopi-
navir can bind to HIV-1 protease and block the cleavage of viral 
Gag-Pol precursor polyprotein into specific proteins essential for 
HIV infection, resulting in dysfunctional viral particles. Another 
component, ritonavir, can increase the plasma level of lopina-
vir by inhibiting the CYP3A-mediated metabolism of the latter. 
It has been used for the treatment of COVID-19 patients.26–28 
However, lopinavir–ritonavir treatment might not have benefit in 
the severe COVID-19 hospitalized patients.29 Nelfinavir, another 
HIV protease inhibitor, has previously been shown to inhibit the 
replication of SARS-CoV.30 In addition, nelfinavir has revealed 
rational binding conformation with the viral main protease 
of SARS-CoV-2. (BioRxiv doi:10.1101/2020.01.28.922922.) 
Therefore, nelfinavir might be a potential therapeutic option for 
COVID-19.

2.4. Coronaviral protease inhibitors
Coronaviruses encode two proteases, chymotrypsin-like and 
papain-like proteases, which are responsible for the viral rep-
lication and interfering with the host innate immunity. Hence, 
targeting specific coronaviral proteases is a potential treatment 
option against coronaviruses.31 Cinanserin, an old serotonin 
receptor antagonist, inhibits the chymotrypsin-like protease and 
might be a potential inhibitor of replication of SARS-CoV.32 
In addition, some flavonoids, which have inhibitory activity 
on chymotrypsin-like protease might be used against SARS-
CoV.33,34 Moreover, evidence showed that diarylheptanoids, the 
natural products derived from Japanese alder (Alnus japonica), 
can inhibit the papain-like protease and restore the host innate 
immunity response against SARS‐CoV through maintaining the 
function of IFNs.31 Therefore, specific coronaviral proteases 
might be good candidate targets for developing new drugs to 
fight COVID-19.

2.5. Viral entry inhibitors
Hydroxychloroquine and chloroquine are aminoquinolines, 
which have been used to treat autoimmune diseases and 
malaria. They are weak diprotic bases that can elevate the pH 
of the endosomes, which in turn prevent viral entry fusion.35 
Chloroquine can also interfere with ACE2 glycosylation of the 
cellular receptor of SARS-CoV and SARS-CoV-2. In vitro tests 
revealed its capability to reduce viral copy number. Its in vivo 
antiviral capability is now under clinical trial (open-label trial 
ChiCTR2000029609). The preliminary study in France evalu-
ated the efficacy of hydroxychloroquine in SARS-CoV-2 patients. 
The results showed that the virologic cure rate was significantly 
higher in hydroxychloroquine/azithromycin-treated group  
(p = 0.001).36 However, the comprehensive evaluation of safety 
and clinical efficacy in chloroquine/hydroxychloroquine therapy 
for COVID-19 patients is still under investigation. Hence, the 
benefits and risk of chloroquine or hydroxychloroquine therapy 
for COVID-19 remains to be carefully elucidated.

2.6. New coronavirus entry blockers
In a recent study, it was shown that SARS-CoV-2 recognizes 
ACE2 more efficiently than SARS-CoV.5 Therefore, interfering 
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with the interaction between S protein of SARS-CoV-2 and 
ACE2 might be a potential approach for antiviral therapy. 
Recently, the COVID-19 high-performance computing (HPC) 
Consortium has been established for the development of 
anti-SARS-CoV-2 therapy and prediction of the COVID-19 
pandemic. Using the world’s most powerful supercomputer, 
SUMMIT, the high-throughput screening of the possible dock-
ing models and identification of novel small molecules which can 
bind to the viral S protein or S protein–human ACE2 interface 
has been proposed. At present, the initial 77 novel compounds 
were identified for the subsequent clinical efficacy tests against 
SARS-CoV-2 (ChemRxiv. Preprint. https://doi.org/10.26434/
chemrxiv.11871402.v4).

In addition to the ACE2, it has been revealed that S protein-
derived cell entry also depends on transmembrane protease 
serine 2 (TMPRSS2).37 Hence, camostat mesylate, a TMPRSS2 
inhibitor, can eliminate SARS-CoV-2 infection in vitro assay. 
On the other hand, the heptad repeat (HR) of SARS-CoV-2 
S protein is also involved in the process of viral entry.38 
Moreover, anti-HR peptides possess anti-SARS-CoV-2 activ-
ity through inhibition of viral fusion.38 The pH- and receptor-
dependent endocytosis are also involved in coronavirus entry 
mechanism.39,40 Adaptor protein complex 2-associated protein 
kinase 1 is a host kinase responsible for regulation of clathrin-
mediated endocytosis.41 Recent evidence suggested that baric-
itinib, a Janus kinase inhibitor and also an adaptor protein 
complex 2-associated protein kinase 1-binding drug identi-
fied by artificial intelligence technology research, might be a 
novel candidate drug for the future COVID-19 treatment.42 
Targeting novel coronavirus entry mechanisms might provide 
an alternative potential strategy for future anti-SAR-CoV-2 
drug development.

2.7. Neuraminidase inhibition
Oseltamivir, an antiviral medication used for influenza A/B 
through neuraminidase inhibition, has gained considerable 
attention and has been proposed for evaluation of its efficacy 
for COVID-19 treatment. There is no evidence that oseltamivir 
has significant anti-SARS-CoV activity in vitro.16 The efficacy of 
oseltamivir against coronavirus is still unknown in the clinic.43 
Coronaviruses do not utilize neuraminidase and thus there is 
no specific enzyme to be targeted by oseltamivir or any other 
neuraminidase inhibitor. Hence, the in vitro data have suggested 
that neuraminidase inhibitors such as baloxavir would exert 
activity against SARS CoV-2 or other coronaviruses should be 
carefully interpreted.44

Amantadine, indicated for influenza and Parkinson disease, 
has showed the antiviral activity against human coronavirus 
OC43 and SARS-CoV.9,45 SARS-CoV-2 entry into host cells 
might be dependent on interacting with the S protein and host 
cellular receptor. Subsequently, cathepsin L and cathepsin B 
(CTSL/CTSB), the host cell proteases responsible for cleav-
age of the spike protein, play an important role in the de-
enveloping process. It provides potential target for COVID-19 
therapy development. Recently, amantadine was screened 
for the possibility to downregulate the expression of CTSL/
CTSB through high-throughput drug screen gene expression 
analysis (doi: https://doi.org/10.1101/2020.04.05.026187). 
However, other evidence indicated its poor activity against 
SARS-CoV.16 At present, the amantadine and its analog are 
not recommended for influenza due to influenza A resistance 
and side effect on lactation due to decrease of serum prolac-
tin.46 Although amantadine and its analog are not commonly 
discussed, this aspect whatever used for adjuvant or single 
treatment might be worthy to reassess in the future develop-
ment for anti-SARS-CoV-2 therapy.

2.8. Vaccine
Effective vaccines are important to prevent and control viral 
pandemics such as influenza vaccines. Unfortunately, even after 
numerous studies on coronaviruses, the licensed vaccines are 
still lacking. Theoretically, the S protein of SARS-CoV-2 is a 
promising target for vaccine development. Recently, Wrapp et 
al.47 found that the cryogenic electron microscopy structure of 
SARS-CoV-2 S trimer provides additional protein engineering 
information and thus can speed the progress of vaccine develop-
ment. In addition, discovering the unique pentapeptides of SARS-
CoV-2 S protein provides several candidate epitopes for vaccine 
development.48 Due to high similarity between SARS-CoV-2 
and SARS-CoV, a researcher identified the SARS‐CoV‐derived 
B- and T-cell epitopes were identically mapped to SARS‐CoV‐2 
proteins which might be helpful for the initial phase of vaccine 
development.49 Inactive vaccines derived from SARS, might be 
tested for SARS-CoV-2. Besides, rhesus θ-defensin and pro-
tein cage nanoparticles, which are innate immunomodulators, 
exhibit high anti-SARS-CoV potency.50,51 Protein cage nanopar-
ticles designed vaccine for SARS-CoV might be further evalu-
ated for their antiviral activity against SARS-CoV-2.

To date, despite the fact that the sequence information of 
SARS-CoV-2 has been revealed, Moderna’s mRNA-1273 is 
the pioneer vaccine candidate on the market that has stepped 
its foot into clinical trials.52 If the synthetic strand of mRNA 
could prove its safety in humans and pass through the phase I 
trial, evaluation of its clinical benefits would be subsequently 
executed. It is highly expected for its antiviral response against 
SARS-CoV-2 through targeting S protein (NCT04283461). 
Numerous potential SARS-CoV-2 vaccines are being devel-
oped, including viral-like particles, nucleic acid-based vaccine, 
adenoviral vector-based vaccine, recombinant subunits vaccine, 
recombinant influenza viral vector vaccine, inactivated vaccine, 
and so on.53 Upon current development progress, further work 
is needed to develop safe and effective vaccines for the control 
of the SARS-CoV-2 ongoing epidemics.

2.9. Therapeutic antibodies
Passive immunity by antibody therapy might be another strat-
egy to control the SARS-CoV-2 pandemic. Passive immuniza-
tion with the antibody, which can neutralize SARS-CoV-2 virus, 
might inhibit the virus replication and mitigate the disease 
severity. According to the prior experience in treating MERS, 
SARS, Ebola, and influenza viral infections with convalescent 
plasma from recovered patients that contains high antibody 
titers against virus, convalescent plasma could ameliorate the 
viral level and mortality.54–57 However, the challenges such as 
unknown viral kinetics of SARS-CoV-2 and insufficient donors 
with suitable clinical status still exist.

The usage of monoclonal antibodies for infectious disease is 
a new area, which addresses many concerns related to serum 
therapy and intravenous immunoglobulin medication in terms 
of better specificity, purity, safety, and reducing risk of contami-
nation. Like the SARS-CoV, SARS-CoV-2 also targetd ACE2 for 
its attachment and entry into host cells. Hence, several neutral-
izing monoclonal antibodies targeting SARS-CoV by recognized 
S1 and S2 subunits, and amino acid residues might be applied 
to SARS-CoV-2.58 A recent study showed that CR3022, a neu-
tralizing antibody from a recovered SARS patient, might have 
the cross-reactive activity between SARS-CoV-2 and SARS-
CoV through structural modeling with highly conserved distal 
epitope from the RBD.59 Nevertheless, evidence showed that 
even SARS-CoV-2 spike protein displayed high (about 75%) 
homology with SARS-CoV, the novel epitopes only contributed 
to about 85% of the RBD antibody epitopes, implied concerned 
alterations in their antigenicity.60 This result might explain the 
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reason for failure of some anti-SARS-CoV spike protein anti-
bodies against for SARS-CoV-2 and indicate that the develop-
ments of new antibody and specific vaccine for SARS-CoV-2 are 
necessary and urgent.61

On the other hand, the rationale of ACE2 receptor as a specific 
target against SARS-CoV-2 has been proposed.62 It is reasonable 
to use the ACE2 receptor as a target for neutralizing the virus. 
Currently, recombinant human ACE2 (rhACE2; GSK2586881) 
is being investigated for evaluation of its clinical effects in 
COVID-19 patients (NCT04287686). Moreover, in order to tar-
get ACE2 against SARS-CoV-2, it would be advisable to convert 
the soluble ACE2 receptor to the immunoadhesin form, which 
can be achieved by binding with the immunoglobulin Fc domain 
(ACE2-Fc). This modification will extend its lifespan and recruit 
immune response against the virus in the future antibody devel-
opment. Nevertheless, the SARS-CoV-2 S protein-derived cell 
entry not only depends on ACE2 but also on the host cellular 
serine protease TMPRSS2.37 Moreover, the HR loops including 
HR1 and HR2 domains on the S2 fragment of SARS-CoV-2 are 
involved in viral entry mechanism.38 Furthermore, ultimately, 
the cocktail antibodies strategy might be required to pursue full 
SARS-CoV-2 protection coverage for specific population, which 
would elevate the complexity for formulation and manufactur-
ing. Hence, antibodies targeting the fusion/entry mechanism of 
SARS-CoV-2 are still ongoing investigated and be worthy to 
expected in the future.

2.10 Targeting the SARS-CoV-2 RNA genome
Beyond targeting the S protein of SARS-CoV-2, directly targeting 
the viral RNA genome through inducing its degradation might 
be a reasonable strategy. SARS-CoV-2 RNA genome sequence 
has been recently identified (Gen-Bank: MN908947.3), and 
using RNA interference by small interfering RNA (siRNA) or 
antisense oligonucleotides against the virus might be another 
potential treatment strategy.63 However, several challenges still 
exist, first, the conserved RNA sequence domains of SARS-
CoV-2 are still unclear; second, it is unclear whether the oligo-
nucleotides can be efficiently delivered into the lungs. By using 
such tools as liposomes, it is possible to deliver oligonucleotides 
to some extent; however, it is still unclear whether sufficient 

amount of oligonucleotides could be effectively delivered into 
the lung lesions and could eliminate the virus in clinical set-
tings.64 Therefore, there still exists an uncrossed gap for immedi-
ate and quick development of anti-SARS-CoV-2 therapy using 
oligonucleotides.

Targeting the RNA genome of SARS-CoV-2 by a novel 
CRISPR RNA knockdown system might be another option. 
Recent evidence revealed that the CRISPR/Cas13 RNA 
knockdown system might be used against SARS-CoV-2 RNA 
genome.65 The CRISPR/Cas13d system encompasses Cas13d 
protein and guides RNA specifically targeting the SARS-CoV-2 
RNA genome. It is believed that the CRISPR/Cas13 system 
might be delivered to the SARS-CoV-2-infected lung tissue by 
adeno-associated virus vector. Therefore, the CRISPR system 
against the SARS-CoV-2 might be a potential developmental 
strategy in the future.

2.11 Natural Killer Cells
Until now, no well-established evidence has been revealed for the 
details of the immunological response in SARS-CoV-2 infected 
patients. However, we can initially glean some information from 
previous CoV studies such as SARS-CoV and MERS-CoV. After 
virus entering the host cell, it activates several receptors such 
as RIG-I-like receptor, NOD-like receptor, toll-like receptor, 
and C-type lectin-like receptors. Subsequently, it stimulates the 
expression of several inflammatory factors, dendritic cell matu-
ration, and synthesis of type I IFNs which can control the viral 
spread and eliminate virus via phagocytosis by macrophages.66 
Learning to recognize the virus and raising a defense immune 
system may take several days to weeks. During this period, natu-
ral killer (NK) cells might initially be an important gate keeper 
for exogenous virus.

Recent evidence suggested that NK cells might be help-
ful against particular viruses in vivo, but there were not any 
clearly successful clinical results against virus infection.67 Hence, 
Celularity, a New Jersey-based therapeutics company declared 
that, “CYNK-001, a cancer treatment is under clinical trial 
against COVID-19 awaiting for FDA permission.” However, 
several challenges exist such as novel viral evading mechanisms 
of immune system including N protein of SARS-CoV.68 Another 

Fig. 1  Potential direct-acting agents against SARS-CoV-2.
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important challenge is cytokine storm, a characteristic devel-
oped by some COVID-19 patients. Therefore, the clinical testing 
should proceed with extreme caution and carefully monitor the 
clinical status to see whether it over-activates immune system  
and further harms healthy lung cells.

2.12 Nucleocytoplasmic trafficking inhibition
Ivermectin, an approved antiparasitic medication have been 
recognized as an antiviral agent against several viruses such as 
influenza, HIV, dengue virus, West Nile virus, and Venezuelan 
equine encephalitis virus in vitro.69–72 Initially, the inhibi-
tory activity of ivermectin on interaction of virus integrase 
protein (IN) and the importin (IMP) α/β1 heterodimer was 
proposed as the antiviral mechanism because various RNA 
viruses are dependent on IMPα/β1 for infection.73–75 Previous 
studies demonstrated that IMPα/β1 was involved in a signal-
dependent SARS-CoV nucleocapsid protein nucleocytoplasmic 
trafficking during SARS-CoV infection and could affect host 
cell division.76–80 Besides, the SARS-CoV accessory protein can 
evade innate immune antiviral response through sequestering 
IMPα/β1 on the rough ER/Golgi membrane.81 The evidence 
suggests that ivermectin might be used against SARS-CoV-2 
through nuclear transport inhibitory activity. Recently, an in 
vitro experiment showed that a single treatment with iver-
mectin resulted in about 5000-fold reduction in SARS-CoV-2 
virus.82 The next step of drug development is to clarify the dos-
ing regimen. Based on its in vitro efficacy and a well-known 
safety information, ivermectin might be worthy to further eval-
uate as a potential anti-SARS-CoV-2 drug.

In conclusion, several direct anti-SARS-CoV-2 agents have 
demonstrated some promising in vitro and clinical efficacy  
(Fig. 1). However, most of them are case reports or preliminary 
data from clinical trials with small sample sizes; therefore, fur-
ther clinical trials are required. According to the current knowl-
edge about the pandemic of SARS-CoV-2, the pharmacological 
development of direct-acting agents against COVID-19 is an 
urgent issue and a critical challenge for all of the pharmaceuti-
cal scientists and healthcare professionals.
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