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ARTICLE INFO ABSTRACT

Keywords: Background: Corona Virus Disease 2019(COVID-19)is a global pandemic novel coronavirus
SARS-CoV-2 infection disease caused by Severe acute respiratory syndrome Coronavirus 2 (SARS-CoV-2).
COVID-19

Although rapid, large-scale testing plays an important role in patient management and slowing
the spread of the disease. However, there has been no good and widely used drug treatment for
infection and transmission of SARS-CoV-2.

Key findings: Therefore, this review updates the body of knowledge on viral structure, infection
routes, detection methods, and clinical treatment, with the aim of responding to the large-section
caused by SARS-CoV-2. This paper focuses on the structure of SARS-CoV-2 viral protease, RNA
polymerase, serine protease and main proteinase-like protease as well as targeted antiviral drugs.
Conclusion: In vitro or clinical trials have been carried out to provide deeper thinking for the
pathogenesis, clinical diagnosis, vaccine development and treatment of SARS-CoV-2.

Diagnosis
Pharmacological treatment

1. Introduction

At the end of 2019, a new type of coronavirus, Severe Acute Respiratory Syndrome Coronavirus 2(SARS-CoV-2) rapidly swept the
world. According to the report of World Health Organization (WHO), as of May 25th, 2024, there were 704,433,855 confirmed cases
(Fig. 1A) and 7,007,868 deaths (Fig. 1B) of COVID-19 in 223 countries or regions worldwide, with a fatality rate of 1.07 % (https://
covid19.who.int/). and it showed that according to amino acid sequence and phylogenetic analysis, SARS-CoV-2, severe acute res-
piratory syndrome coronavirus (SARS-CoV) and Middle East respiratory syndrome Coronavirus (MERS-CoV) were all § coronaviruses
(Fig. 1C) (GISAID accession no. EPI ISL._402124) [1,2].
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A The cumulative number of SARS-CoV-2 diagnosed in various countries

B The cumulative number of deaths from SARS-CoV-2 in various countries
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Fig. 1. Incidence, mortality, and phylogenetic tree analysis of COVID-19 A. Cumulative number of SARS-CoV-2 diagnosed in various countries. B.
Cumulative number of deaths from SARS-CoV-2 in various countries. C. Cluster analysis of coronaviruses.

Similar to the symptoms of SARS-CoV patients, many clinical cases have shown that acute respiratory distress syndrome (ARDS)
caused by cytokine storm and secondary hemophagocytic lymphohistiocytosis (sSHLH) leading to multiple system damage, both of
which are related to CRS (cytokine release syndrome) [3]. SARS-CoV-2 acts on the angiotensin-converting enzyme 2 (ACE2) receptors
on oral epithelial cells of the respiratory system, alveolar type II epithelial cells, and other respiratory tract cells, infecting host cells [4,
5]. Single-cell RNA sequencing results from TCGA, FANTOMS5 and other databases showed that ACE2 was highly expressed in a variety
of cells such as alveolar type II cells, esophagus lamellar cells, ileocolonic cells, and proximal tubule cells of the renal [6]. The site
provides the possibility for SARS-CoV-2 infection and metastasis. After invading the respiratory system, SARS-CoV-2, with intracellular
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self-replication, leads to leukocytes chemotaxis to the infection site, resulting in vasodilation, increased permeability of alveolar wall,
decreased pulmonary surfactant, and loss of alveolar gas exchange function [1,3].

2. Genomic structure and infection pathway of SARS-CoV-2

The SARS-CoV-2 belongs to the B-coronaviruses. It is an unsegmented single-stranded positive stranded RNA virus, each of which
has a genome length of about 30,000 nucleotides. About 40 % of the viral genome consists of nucleotides G and C, encoding 9860
amino acids. The genome contains two flanking untranslated regions (UTR) and an open reading frame (ORF) encoding the entire part
of poly protein. The ORFla and ORF1b genes, which account for about two-thirds of the entire genome, encode 16 nonstructural
proteins. Its genome composition is the same as that of other coronaviruses, with a ORFs, including replicase (ORF 1a, ORF 1b), spike
protein (S), envelope (E), stroma egg-self (M), nuclear protein (N) [7] (Fig. 2A). Specifically, S protein is the most important membrane
protein on the surface of coronavirus. It consists of two domains. The part near the N terminal forms a spherical domain, and the part
near the C terminal forms a rod-like structure through the membrane. N protein is another important structural protein in coronavirus.
In the coronavirus particle, the N protein is located at the core of the particle and occurs in the form of Genomic RNA. M protein is a
transmembrane protein, and its binding with S protein is related to the assembly of virus particles. The binding of M protein and N
protein enables the structural stability of virus RNP. The E protein, thought to be a viral porin, can disrupt ion concentration
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homeostasis in cells. Its RNA is tightly packed with nucleocapsid 9(N protein) Coated with phospholipid bilayer and spike protein (S
protein) [8]. SARS-CoV-2 enters the cell and completes the process of self-replication, which mainly includes: The S protein on the
membrane surface is composed of S1 and S2 subunits. It is activated by transmembrane protease serine 2(TMPRSS2) and binds to the
receptor ACE2, facilitating the entry of the virus into the substance [9,10]. Secondly, after entering the cell, furin-mediated cleavage of
the S2 subunit releases hydrophobic fusion peptide, phospholipid bilayer fuses with the host cell membrane, and releases the mem-
brane core capsid N protein, positive strand RNA and open reading frame la/b(ORFla/b) bind to express a variety of proteins,
including ppla and pplab. Cleavage by two viral proteases, papain-like protease (PLP"®) and main chytrypsin-like protease (MP™) to
produce non-structural proteins [11,12], in which RNA-dependent RNA polymerase (RdRp) enzymes and spinases are used to
participate in viral transcription and replication. SARS-CoV-2 uses full-length positive-strand genomic RNA as a template to replicate
to form full-length negative-strand RNA, and then synthesizes a large amount of positive-strand RNA, which is assembled with N
protein to form nucleocapsid, and then exocytosis with other structural proteins to form virus released into the extracellular [2]
(Fig. 2B). Three aspects of viral spike proteins, RNA-dependent RNA polymerase, and chymotrypsin are described below.

2.1. S protein

S protein, the medium through which coronavirus entering target cells, is a major immunogenic antigen composed of a receptor
binding domain (RBD) S1 and carboxyl-terminal membrane fusion domain S2. It binds specifically to amino terminal ACE2 to form a
trimeric structure [13]. The biophysical analysis of expressed and purified S protein by cryo-electron microscopy showed the binding
capacity of SARS-CoV-2 and its target receptor ACE2 is 4~20 times that of SARS-CoV [14].

Protease cleavage sites at the S1-S2 junction are critical for activating membrane fusion, virus entry, and syncytia formation. The
furanase on which the cleavage depends is a proprotein convertases (PC) located in the TGN (trans-Golgi network, TGN). Furanase is
usually expressed in the lung, which is one reason for the entry of respiratory viruses into cells [15]. Depending on the joint action of
transmembrane TMPRSS2 and furanase, the S protein is activated by host furanase and cleaved into S1 and S2 subunits. RBD binds to
the host receptor with the help of transmembrane TMPRSS2 and triggers the conformational change of S2 subunit, making the virus
fuse with the cell membrane [15].

2.2. RdRP

After the coronavirus infects host cells, RdRP, also known as NSP12 encoded by the coronavirus itself, forms an important
component of the subsequent replication and transcription complex (RTC), which with NSP (non-structural proteins, NSP), selects
matching mRNA templates to determine transcription of mRNA. It is involved in the 5'cap or 3'polyadenylic acid tail of the product
mRNA [16], occupying one of the core positions in the virus replication and transcription.

The structure of the mini-RTC was analyzed using cryo-electron microscopy. The results showed the structure was assembled from
RdRP, viral RNA, NSP7 and NSP8, and two helicase molecules NSP13-1 and NSP13-2 [17,18]. There are two different structures of the
micro-RTCs, NSP13-1 and NSP13-2 interact to stabilize the overall structure of the micro-RTC. During viral RNA reproduction, NSP
13-2 anchors the 5-amplifed RNA template and interacts with NSP7-NSP8. NSP12-RNA interactions form RTC to complete the virus
life cycle [16,18].

Coronavirus encodes RTC (assembled into 16 NSPs) that promote viral replication and transcription. Among them, NSP12 binds to
RdRP and viral RNA, while NSP8 and NSP7 give NSP12 RNA processing ability [17]. When RdRP holoenzyme (comprised of NSP7,
NSP8, and NSP12) synthesizes SARS-CoV-2 RNA, the NSP13 amino-terminal domain identified as a helicase binds to the
amino-terminal of NSP8 to catalyze the virus, and the double-stranded oligonucleotides melt into single chain. The presence of RARP
can increase the catalytic rate of NSP13 [16].

2.3. MP™ protease

In the process of coronavirus expression varying multiple proteins, the main chymotrypsin-like protease (MP™, also known as 3C-
like Proteinase, 3CLP™) and papain-like protease (PLP™) process the virus, and the multi-protein translation of RNA is very important
[19,20]. MP™ has at least 11 cleavage sites in the RARp precursor of the virus, replicase 1 ab (~790 kDa), and most of the sites are
identified by Leu-GIn| (Ser, Ala, Gly) (| means cutting Site). The domains I and IT of MP™ are six-strand anti-parallel p-barrels forming a
substrate binding site. The five helices form a globular cluster of domain III, which is involved in regulating the dimerization of MP™
[21] by forming a salt bridge mainly through the Glu290 site of one protomer and Arg4 of the other protomer. The dimerization of MP™
is essential for catalytic activity. Each -NH2 residue in the dimer interacts with each Glu166 in another protomer, thus helping to form
the substrate binding site capsule [22]. Previous studies have shown that replacing Ser284, Thr285 and I1e286 with Ala residues in
SARS-CoV-2 MP™ can increase the catalytic activity of the protease by 3.6 times. At the same time, the accumulation of two domains III
of the dimer increased the activity of Mpro. However, the MP™ catalytic efficiency of SARS-CoV-2 (Keay/Km = 3426.1 + 416.9s 1M 1)
is only slightly higher than that of SARS-COV (Kcat/Kpy = 3011.3 + 294.6s M 1). Meanwhile, studies based on SARS-CoV show that
MP'™ has different crystal structures at different pH values, and has high catalytic activity in the structure of pH 7.3-8.5 [22].
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3. Clinical features and diagnosis of COVID-19
3.1. Clinical symptoms

The gender of susceptible populations for COVID-19 has not yet been determined, and according to the statistics, the difference is
small (48.6 % female) [23]. However, according to various studies, the population who are susceptible to COVID-19 of is range in age
from 40 to 60 [23-25].

Infected patients improves within 2 weeks, with fever, cough, and dyspnea as the main symptoms [23]. Besides, muscle pain,
fatigue, and spitting are also more common [24,26]. Less common symptoms include nasal congestion, sore throat, headache, he-
moptysis, and diarrhea. Some patients have kidney injury and acute myocardial injury [23,27].

3.2. Diagnostic technology

The most effective response to the spread of COVID-19 has been proven to be rapid detection, isolation, and treatment. Pathogen
detection can be divided into imaging, and viral isolation and culture detection, viral RNA molecular biology detection and immu-
nological detection based on viral antigen and antibody reaction. Herein, the imaging diagnosis, molecular biological and ELISA
detection techniques of viral will be introduced in detail.

3.2.1. CT/PET

Chest imaging, especially chest CT, is one of the most sensitive imaging techniques for detecting lung abnormalities. Quantitative
CT analysis provides useful information for predicting disease progression in the management of COVID-19 patients plays a key role.
For example, one study compared the impact of the COVID-19 pandemic on 2-['®F] FDG PET/CT imaging workflows during three
waves in health facilities in southern Italy [28]. This study showed that PET/CT based technology can well assist patients in disease
diagnosis. An evaluation report based on chest CT in COVID-19 patients has shown that the use of structured radiological reports in
COVID-19 patients can improve referring physician satisfaction, optimize reporting time, and provide more and higher quality in-
formation in the report compared to conventional analysis [29]. In a prospective study, 89 volunteers who had been vaccinated against
COVID-19 were included in ultrasound examinations to assess the association between lymphadenopathy and side effects of vacci-
nation. The results showed that CT can be a good auxiliary judge of vaccine-induced lymphadenopathy, and confirmed that there was
no statistical difference between vaccine side effects and lymphadenopathy [30]. Post-vaccine AIH-like syndrome raises worries about
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a risk of unprecedented immunological side effects, especially in individuals predisposed to autoinflammatory disorders [31].
COVID-19 vaccine-induced AIH is extremely uncommon and has an exceptional prognosis. This also suggests that hepatologists may be
able to use CT ultrasound diagnosis in combination with indicators such as jaundice or elevated liver enzymes to analyze possible side
effects of vaccination. It is worth noting that with the mutation of the virus, the virulence of pneumonia is decreasing, and the
characteristics and evolution of CT images of COVID-19 have certain limitations. It further suggests that perhaps artificial intelligence
based on deep learning can provide better help for clinicians in diagnosis.

3.2.2. RT-PCR

Timely quantitative detection of SARS-CoV-2 is of great significance for controlling the spread of COVID-19, including in the social
settings, and in the public health response [32,33]. The recent spread of SARS-CoV-2 has shown the urgent need for accurate and rapid
diagnostic tests to promote clinical and public health interventions, and reverse transcriptase polymerase chain reaction (RT-PCR) tests
are used to rule out infection in high-risk populations [34]. In one study, a method was described circumventing RNA extraction in
COVID-19 testing by performing RT-PCR directly on heat-inactivated or lysed samples (Fig. 3A). This study designed detection primers
targeting the E, N and RARP genes of the novel coronavirus (Fig. 3B), and conducted 85 clinical samples and heat map analysis to
evaluate the effectiveness of the method [35] (Fig. 3C). Swab samples have been used in the analysis as a cost reduction strategy. 32,
466 RT-PCR reactions were used to detect 133,816 samples, with an overall efficiency of 4121 RT-PCR reactions, saving 101,350 (76
%) RT-PCR reactions [36] results of heat-inactivated nasopharyngeal swab samples (65 °C, 30min) were similar to those RT-PCR
results, which could greatly save time and cost. This may help expand COVID-19 testing [35].

3.2.3. LAMP

Compared with RT-PCR, the detection of Loop-mediate Isothermal Amplification (LAMP) technology shows great potential. Some
SARS-CoV-2 RT-qPCR and RT-LAMP nasopharyngeal and oropharyngeal swabs can be nucleic acid tests without prior RNA purifi-
cation or extraction steps [37,38]. The stability of exposed RNA was tested with swab samples collected with specific medium (Aimes),
and the IVT RNA molecules of the viral N gene were quantitatively titrated against the swab samples of COVID-19 negative control
subjects. The effects of reagents and pyrolysis are similar to previous reports for other RNA viruses, as well as tests for thermal
inactivation using swab specimens for direct RT-qPCR analysis [39,40]. These results suggest that both untreated cotton swab and
high-temperature pyrolysis cotton swab samples can be suit to detect SARS-CoV-2 RNA in cotton swab samples of potential individuals.
In one study, a two-color RT-LAMP assay protocol for detecting SARS-CoV-2 RNA was test [41]. RNA samples isolated from 95
pharyngeal swab specimens were analyzed by the RT-LAMP assay using a 96-well plate (Fig. 4A). After a 30-min incubation at 65 °C,
quantification of the red-to-yellow color change in all wells using spectrophotometric OD measurements (Fig. 4B), the results showed
that the RT-LAMP assay reliably detected SARS-CoV-2 RNA with an RT-qPCR cycle threshold (CT) number of up to 30, with a
sensitivity of 97.5 % and a specificity of 99.7 %. In another study, Cap-iLAMP which combined a hybridization capture-based RNA
extraction of gargle lavage samples with an improved colorimetric RT-LAMP assay (Fig. 4C) and smartphone-based color scoring was
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presented (Fig. 4D). This method can complete sample detection in less than 1 h. The sensitivity and specificity of another colorimetric
RT-LAMP detection of SARS-CoV-2 RNA in throat swab samples from clinical individuals showed the colorimetric RT-LAMP detection
pair with high-speed, low price and low equipment requirements is as high as the sample with CT ~ 30 has good sensitivity [42].

3.2.4. RPA

Nucleic acid testing is mainly based on high sensitivity and high specificity, but it is time-consuming and expensive. There have
been many innovative applications of LAMP technology in COVID-19 diagnosis in recent years [38,41,43], due to the global demand
for SARS-CoV-2 detection, Enhanced Recombinase Polymerase Amplification (eRPA) is more isothermal than other applications. The
improvement of technology has greater potential development advantages.

In one study, single-tube probe RT-RPA has shown 100 % diagnostic sensitivity and specificity. The detection limit was 7.74 copies
per reaction, and high-concentration samples could be obtained within 7 min [44]. Therefore, this assay is one of the fastest nucleic
acid-based SARS-CoV-2 detection methods. To extract viral nucleic acid from clinical swabs has become a limiting. Recent studies have
shown that thermal lysis without RNA extraction has proven to be a rapid method for lysing and inactivating viruses for diagnostic tests
[41,45]. To select reverse transcriptase in RT-RPA based on the method will affect the enlargement efficiency of recombinant enzyme
polymerase. Superscript IV reverse transcriptase is used in combination with RNaseH, both of which are designed to have minimal
RNaseH activity and can improve target synthesis ability, robustness and synthesis rate [46]. TCEP was added to a new crown
oropharyngeal swab buffer and EDTA and engineered enzyme were heated at 75 °C [47]. In another study, a molecular diagnostic test
for SARS-CoV-2 based on an enhanced recombinase polymerase amplification (eRPA) reaction was reported. SARS-CoV-2 RNA was
amplified by eRPA using primers targeting the N (Fig. 5A) or S (Fig. 5B) gene and reactions were read out by lateral flow strip (Fig. 5C)
[48]. Compared with RT-PCR, all samples with more than 5 molecules per reaction obtained consistent results. The assay is also highly
specific, showing no cross-reactivity (0 of 80 tests) with 10,000 copies of RNA from other coronaviruses, i.e., MERS, SARS-CoV,
CoV-HKU1, or CoV-229E (Fig. 5D). These important improvements in RPA indicate the potential of using isothermal amplification
to detect SARS-CoV-2 in daily life.

3.2.5. ELSIA

In addition to the molecular nucleic acid tests mentioned, enzyme-linked immunosorbent assay (ELISA) is used to detect antibodies
to help determine whether a patient is infected with the virus [49-51]. Antibody tests for COVID-19 are more reliable after 2 weeks of
symptoms. Recently, a reliable, rapid, and quantitative point-based detection (POCT) technique for SARS-CoV-2 specific antibodies has
been described [52]. It can simultaneously detect SARS-CoV-2 IgM and IgG antibodies in the blood of infected patients within minutes,
and can distinguish patients at different stages of the disease. The detection limits of IgG and IgM against SARS-CoV-2 virus were 0.6
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ng/mL and 0.3 ng/mL, respectively, which can be rapidly detected by fingertip blood. In a study, a panel of 123 plasma samples from a
COVID-19 outbreak study population, preselected by semiquantitative anti-SARS-CoV-2 IgG testing, was used to assess the relationship
between the novel quantitative ELISA (IgG) and a microneutralization assay [53].These results substantiate the implementation of the
QuantiVac ELISA to assess protective immunity following infection or vaccination. In another study, a semi-stable mammalian
episomal expression system was used to produce high quantities of the receptor-binding domain-RBD of SARS-CoV-2 [54]. The re-
combinant antigen was tested in an in-house IgG ELISA for COVID-19 with a panel of human sera. Thus, this serological test can be an
attractive and inexpensive option in scenarios of limited resources to face the COVID-19 pandemic. However, the ELISA test has several
problems that make it inappropriate sometimes. These problems include false negatives, noise responses from samples, nonspecific
reactions because of improper plate cleaning, time-consuming, differences in reagent concentrations in prepared ELISA kits, high
prices, and operator skills that trigger immunoassays, use ELISA readers and other associated equipment, and count exact amounts of
antigens or antibodies.

3.2.6. Microfluidic chip

Several serological tests such as POCT and Assure have gained emergency use authorization (EUA) from the U.S. Food and Drug
Administration (FDA), including enzyme-linked immunosorbent assay (ELISA), chemiluminescence immunoassay and neutralization
test. It is reliable [55], but needs analysis and determination by trained operators after hours or even days. On the other hand, faster
detection methods (such as lateral flow analysis) are more conducive to the operation of the experimenter and provide accurate results,
but only provide qualitative results [56]. Therefore, it is urgent to develop rapid, economical, and accurate detection methods.

In one study, optical microfluidic sensing platform for gold nanorods uses SARS-CoV-2 anti-S protein to bind to receptors, and the
wavelength of the local surface plasmon resonance (LSPR) peak of the gold nanostructure in the microfluidic device is shifted [57].
Shift correlation provides high-precision detection for the analysis of complex samples such as plasma or serum containing fibrinogen,
globulin, etc. The label-free microfluidic platform reached the detection limit of 0.08 ng/mL (0.5Pm), which was within the clinically
relevant concentration range [57]. Kim et al., propose an innovative method to detect SARS-CoV-2 using isothermal amplification of
nucleic acids on a mesh containing multiple microfluidic pores (Fig. 6A) [58]. In short, templates were self-assembled to form an
asymmetric dumbbell shape (Fig. 6B), and primers were immobilized on the nylon mesh surface (Fig. 6C). Templates were hybridized
with primers immobilized on nylon mesh surface. When the template on the nylon-mesh surface hybridizes with a target pathogen
(Fig. 6D), the template was ligated to form a closed-loop template. DNA hydrogel formation by COVID-19 template DNA (Fig. 6E). The
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hybridization of pathogen DNA and immobilized probes is amplified by rolling circles to form DNA hydrogels (Fig. 6F). The detection
limit (LOD) of SARS-CoV-2 was determined to be 15 min and 0.7 Am (Fig. 6G). These results indicated rapid, easy, and effective
detection with a moderate-sized LOD of the target pathogen by remote point-of-care testing. Many microfluidic platforms provide
sustainable and timely detection tools to fill the gaps in standard serological detection and make the qualitative and quantitative
diagnosis of SARS-CoV-2 more accurate and cheaper.

4. Prophylaxes
4.1. Vaccines

Vaccination is the most effective method to control SARS-CoV-2 and amount of things such as mRNA vaccine, Attenuated live
vaccine, recombinant protein subunit vaccine to against it [24,59]. As of June 21, 2021, 287 vaccine candidates for SARS-CoV-2 had
been reported and 102 were in clinical trials (https://www.who.int/publications/m/item/draft-landscape-of-covid-19-candidate-
vaccines). Many SARS-CoV-2 vaccine candidates are in phase II testing, and some in phase III testing. China vaccine targets with
RBD area S protein antigen selected new recombinant protein subunit vaccine, has completed phase II clinical trial, the stage is
conducting clinical trials and clinical trials showed the vaccine has good tolerance and immunogenicity, and minor adverse reactions,
the safety and immunogenicity data support III phase of clinical trial with 25 (including g vaccination program, 3 times. To further
evaluate safety and efficacy on a large scale [60]. The United States announced that two COVN mRNA vaccine clinical trials met the

Table 1
The latest on the use of vaccines.

Type Name Manufacturer Efficiency  Untoward effect

Virus vaccines CoronaVac Sinovac Research and Development Co. / Bell’s palsy
Encephalopathy
Anaphylaxis
Thromboembolic
Guillain barre syndrome
BBIBP-CorV Sinopharm + China National Biotec Group Co + Beijing 79.34 % Dizziness
Institute of Biological Products Fatigue
Headache
Nausea
Vomiting
Allergic
Dermatitis
Fever
Viral-vector Ad26.COV2. S Janssen Pharmaceutical by Johnson & Johnson / Thrombosis with
vaccines thrombocytopenia
Guillain-Barre syndrome
AZD122 (ChAdOx1-S)/ AstraZeneca + University of Oxford / Thrombocytopenia
Vaxzervria/CoviShield syndrome
Capillary leak syndrome
Myocarditis
Pericarditis
Anaphylaxis
Guillain- Barre syndrome
Nucleic-acid BNT162b2/Comirnaty Pfizer/BioNTech + Fosun Pharma 95 % Anaphylaxis
vaccines Myocarditis
Lymphadenopathy
Appendicitis
Herpes zoster infection
Pericarditis
Bell’s palsy
mRNA-1273/Spikevax Moderna -+ National Institute of Allergic and Infectious 94 % Anaphylaxis
diseases Myocarditis
Pericarditis
Protein-based NVX-CoV2373 Novavax / Injection site reaction
vaccines Pain
Tenderness
Erythema
Swelling
Fever
Headache
Fatigue
Malaise
Myalgia
Arthralgia
Nausea
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primary efficacy endpoint requirements, with protective efficacy of 94.1 % and 95.0 %, respectively, and consistent efficacy in
different age, gender, and ethnic groups [61]. Another clinical trials of the vectored vaccine(ChAdOx1) developed in the United States
found that two doses of immunity were better than one dose, in a phase I/1I trial (randomized control), 1077 experimental participants
produced neutralizing antibodies targeting SARS-CoV-2 after receiving the second vaccine injection, and the experiment proved that
the second injection The interval of eight weeks is better than four weeks, and it’s no side effects also prove its reliability [62].

Vaccination has helped the whole population build up an immune barrier (Detail in Table 1). However, in the battle against the
virus in the future, human beings still need to create a more rigorous environment through scientific research and innovation to wear
down the claws of the novel coronavirus. For example, to prevent future mutations of other sites in terms of drug resistance and
environmental resistance of the novel coronavirus, drug research and development should have a broader perspective, and to develop
novel coronavirus drugs with multiple mechanisms of action should be encouraged to avoid the generation of drug resistance caused
by a single drug target.

5. Treatments for COVID-19

Up to now, only a few specific drugs have been approved to treat SARS-CoV-2. While many drug trials registered with the WHO,
most of them are still in the experimental and clinical confirmation stage. Based on previous studies, the drugs used to treat COVID-19
are divided into several categories: interfering with virus recognition of ACE2 into cells; inhibiting RNA replication, synthesis, gene
expression; broad-spectrum antiviral drugs; and vaccines etc. (Fig. 7).

5.1. Inhibit virus recognition of host ACE2

According to the entry of SARS-CoV-2 into the recipient cell needs ACE2 to bind to RBD, and after TMPRSS2 activation, furin
protease cleavage and membrane fusion, therapeutic strategies can be divided into the following categories.

5.1.1. Blocking ACE2 receptor

It is proved that S protein is a protective antibody based on SARS-CoV and SARS-CoV-2 specific binding to ACE2 [63,64], its
binding capacity is 10-20 times that of SARS-CoV [14]. In addition, SARS-CoV down-regulates express ACE2 in recipient cells causing
local lung injury [65,66]. S protein specific antibodies or ACE2 small molecule inhibitors can be designed to inhibit infect recipient
cells. For example, a bacteriophage display library of SARS-CoV-2 S protein genome fragment (SARS-CoV-2 GFPDL) was used to
analyze vaccine-induced antibody libraries to identify immunodominant epitopes in the S1, S1-RBD, and S2 domains. Also, these
analyses showed that RBD immunogen had a 5-fold increase in affinity for ACE2 compared to other spike antigens, leading to higher
antibody expression, and the best binding of their antibody to the target antigen [67]. However, some studies have shown that
SARS-CoV polyclonal antibody can inhibit the entry of SARS-CoV S protein into cells, but not inhibit SARS-CoV-2 pseudovirus particles
[68].

5.1.2. Administration of exogenous soluble ACE2
ACE2 is a membrane-anchored protein with very low solubility in blood [69]. It has been proved in cell culture that soluble ACE2
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fused with Ig can inhibit the infection of SARS-CoV-2 and S protein pseudovirus [63]. hrsACE-2 can inhibit SARS-CoV-2 infection in a
dose-dependent manner, and hrsACE2 has been test in phase 1 and phase 2 clinical trial [70], and is considered as a potential treatment
for COVID-19 [71]. Purified viral RNA was used in Vero E6 cells to culture as a reproduction marker, and each group of cells was
washed and with different concentrations of hrsACE2. The results showed that clinical-grade hrsACE2 could reduce the growth rate of
the SARS-CoV-2 in Vero cells by 1000-5000 times [72]. And, exogenous ACE2 negatively regulates the renin-angiotensin system (RAS)
and relieves lung damage [66]. Therefore, injection of hrsACE2 has emerged as a potential treatment for acute COVID-19 infection.

5.1.3. Inhibition of TMPRSS2

There is no binding active site between ACE2 and S protein itself, and the activation of S protein needs TMPRSS2 to start [9,73].
Camostat mesylate is a potent serine protease inhibitor, and its effectiveness has been demonstrated in vitro to significantly reduce to
express SARS-CoV-2 in cells [9]. Complete inhibition was achieved when camostat mesylate and carbenicillinase inhibitor (E—64d)
were added, and camostat mesylate had no cytotoxic effect [74]. Therefore, a similar compound may be considered for temporarily
treatment of patients infected with SARS-CoV-2. According to data from ClinicalTrials.gov, there are currently 21 clinical trials on
camostat. (https://clinicaltrials.gov/ct2/results?cond = camostat+%20mesilate&term = &cntry = &state = &city = &dist = ). One
study showed that Nafamostat (intravenous formulation) and camostat (oral formulation) have been discussed as TMPRSS2 inhibitors.
They also analyzed whether it was associated with a reduced risk of 30-day all-cause mortality in adults with COVID-19. Due to the
number of available patients and enrolled patients meeting the primary outcome were small, the RCT evidence is inconclusive to
determine whether there is a mortality reduction and safety with either nafamostat or camostat for the treatment of adults with
COVID-19 [75]. A small-molecule compound, N-0385, has been identified and characterized by Shapira et al., which exhibits low
nanomolar potency and a selectivity index of higher than 10° in inhibiting SARS-CoV-2 variants of concern B.1.1.7 (Alpha), B.1.351
(Beta), P.1 (Gamma) and B.1.617.2 (Delta) [76]. Notably, in the K18-human ACE2 transgenic mouse model of severe COVID-19,
N-0385 affords a high level of prophylactic and therapeutic benefit after multiple administrations or even after a single administra-
tion. That result indicates N-0385 provides an effective early treatment option against COVID-19 and emerging SARS-CoV-2 variants of
concern.

5.2. Inhibition of viral membrane fusion

Furin is a ubiquitous host calcium-dependent membrane-anchored protease. It activates the precursor protein by cleavage of the
basic residue congruent sequence [77]. It is involved in many physiological and pathological processes, such as the inhibition of
dengue virus, west nile virus and hepatitis B virus. Replication of viruses and many other viruses [78,79] makes it possible to inhibit
the enzyme to control bacterial infections.

Experiments showed that to combine MI-701, oseltamivir, ribavirin, and other inhibitors of peptidofuran can inhibit furan, and
long-term blocking of the enzyme may cause toxicity to the body [15]. In addition, Arbidol, an indole derivative, binds to the hy-
drophobic lumen of the hemagglutinin (HA) trimer, which is located at the distal end of the antigen-conserved epitope to which the
neutralizing antibody binds. Arbidol can form hydrophobic interaction with the binding site, and cause certain conformational
rearrangements, such as salt bridges, stabilize HA pre-fusion conformation, inhibit virus-mediated membrane fusion, and inhibit virus
entry into cells [72]. Clinical trials demonstrated that the mortality of patients treated with arbidol (12 cases) was lower than that of
the untreated group (6 cases) [80].Data from ClinicalTrials.gov shows that there are currently 14 clinical trials on Arbidol.
(https://clinicaltrials.gov/ct2/results?cond = &term = Arbidol+&cntry = &state = &city = &dist =)

5.3. Inhibition of viral RNA synthesis
Based on viral RNA synthesis required for SARS-CoV-2 exocytosis, therapeutic strategies are divided into the following categories.

5.3.1. Nucleotide analogues inhibit SARS-CoV-2 mRNA synthesis

RdRp is a viral enzyme in the life cycle of RNA viruses. Nucleoside analogues in the form of adenine or guanine derivatives can
target and bind to the viral RdRp, block the synthesis of viral nascent template RNA strands on a broad spectrum, and reduce viral
replication [81,82]. It can be considered that various nucleotide analogues mRNA synthesis inhibitors, including hepatitis C virus
(HCV), Zika virus (ZIKV) and coronavirus (CoVs), can also act on SARS-CoV-2 [83-85].Targeting experiments are conducted using
different anti-polymerase drugs that have been approved for a variety of viruses on the market. The results showed that Ribavirin,
Renzivir, Sofosbuvir, Galidevir, and Tenofovir are effective drugs against SARS-CoV-2 due to binding closely to RdRp. In addition, the
results showed that guanosine derivatives (IDX-184), Setrobuvir, and YAK are the first choice for antiviral therapy, with potential
against SARS-CoV-2 strains [86,87]. These drugs do not require toxicity measurement prior to FDA approval because of previous
toxicology experiments. Molnupiravir is an antiviral drug with anti- RNA polymerase activity and currently is under investigation for
the treatment of patients with COVID-19 [88,89]. In a cohort study, treatment with molnupiravir during the first five days of infection
was found to significantly reduce the risk of PASC in patients with SARS-CoV-2 infection who had at least one risk factor for pro-
gression to severe covid-19 compared to patients who did not receive treatment [90]. Similarly, another study confirmed that adding
molnupiravir to routine care reduced COVID-19-related hospitalizations and deaths in this population, but it did not reduce the fre-
quency of COVID-19-related hospitalizations or deaths among high-risk vaccinated adults in the community [91].

Remdesivir is an adenosine analogue that can integrate into the nascent viral RNA strand and cause it to terminate prematurely. It is
shown that remdesivir covalently binds to the 3' end of the viral RNA primer strand at the first base pair of viral RNA replication,
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resulting in termination of the non-mandatory RNA strand and inhibiting viral RdRp activity [92]. Currently, the effectiveness of
remdesivir remains controversial. A single-arm sympathetic drug study based on 61 patients showed that 68 % of patients had clinical
improvement [93]. While a randomized, open-label study based on 397 patients showed no significant difference between a 5-day
course of desivir and the 7-day course of desivir treatment in Switzerland. Due to the trial did not have a placebo control group,
the extent of benefit could not be determined [94]. So far, the data of ClinicalTrials.gov has included 85 clinical trials related to
remdesivir.

(https://clinicaltrials.gov/ct2/results?cond=&term=remdesivir&cntry=&state=&city=&dist=)

5.3.2. CRISPR-Cas13d system inhibits SARS-CoV-2 mRNA synthesis

Most clinical vaccine trials are performed by the body’s immune system to recognize the S protein of SARS-CoV-2 or to attenuate
the virus and reduce the work of the virus to enter cells [95,96], while another system, CRISPR, that can identify and degrade the viral
genome in the cell Can significantly inhibit SARS, IVA, IVB and other respiratory viruses [97,98].

A type 2 VI-D CRISPR-Cas13d system derived from Rumen coccus aureus XPD3002 combines its customized 22-nt spacer sequence
with CRISPR-crRNA and Cas13d proteins to guide specific RNA molecules to target RNA degradation. Cas13d has a small size (2.8 kb),
highly effective target and high catalytic rate, and shows high catalytic activity on SARS-CoV-2 nucleic acid degradation and gene
sequence expression inhibition in A549 cells, so Cas13d can be used as a new molecule A level approach to provide extensive pan-
coronavirus protection against multiple viruses in the same family at the same time [98,99].The stable A549 cell line expressing
Cas13d and co-expressing the mCherry marker was infected by lentivirus, using the SARS-CoV-2 strain and the conserved region
between the SARS-CoV and MERS-CoV genomes: RARP gene and N gene as reporter genes After crRNA pool transduction, A549 cells
were infected with SARS-CoV-2. The results show that most crRNA pools targeting RARP and N genes can inhibit to express the reporter
gene to a certain extent compared to the control, and the difference in the ability of different crRNA pools to inhibit the SARS-CoV-2
reporter gene may be due to SARS-CoV —2 The inherent RNA secondary structure of genomic fragments or the binding affinity of each
crRNA sequence is different [99].

5.4. Inhibition of translation maturity

The proteases MP™ and PLP™ are the key enzyme bodies for coronavirus replication, as well as the necessary proteases involved in
the subsequent RNA transcription and translation of SARS-CoV-2. They are responsible for packaging polypeptides into proteins. The
MP™ of SARS-CoV-2 is highly like the MP™ of SARS-CoV-2. Therefore, drugs can be screened based on the design of SARS-CoV MP™,
Currently approved MP™ protease inhibitors mainly include nirmatrelvir/ritonavir (Paxlovid), Ensitrelvir, lopinavir/ritonavir tablets,
etc., because of its antiviral activity against SARS-CoV and MERS-CoV, it is considered as a treatment at present means.

Previous studies predicted the SARS-CoV-2 MP™ protease drug trial has identified two related protease inhibitors, lopinavir and
ritonavir, as potential drug candidates, and multiple studies have shown that the triple combination of lopinavir, interferon 1f (IFN-1p)
and ribavirin (ribavirin) is more effective than the single medication [100]. However, another study confirmed that lopinavir and
ritonavir were inactive and cytotoxic against SARS-CoV-2 Mpro in the FRET assay. They are weak inhibitors of SARS-CoV MP™ and do
not act as inhibitors of MP™ [101]. Six inhibitors including Nirmatrelvir, Ensitrelvir, Boceprevir, GC-376, Calcineurin inhibitor II, and
XII were evaluated as inhibitors of the SARS-CoV-2 major protease (MP™) in some studies reporting favorable results with good in-
hibition of SARS-CoV-2 virus replication [102-104]. First-generation therapeutics have improved clinical outcomes in patients
infected with SARS-CoV-2. First-generation therapeutics have improved clinical outcomes in patients infected with SARS-CoV-2 [105].
Ensitrelvir (formerly S-217622), as a potential treatment for SARS-CoV-2 has been reported [106-108]. Ensitrelvir demonstrates
strong in vitro antiviral activity against the SARS-CoV-2 Omicron subvariants BA.4 and BA.5. As the world’s first coronavirus oral drug
approved by the FDA, Paxlovid has attracted much attention since its birth [109-111]. In one study, researchers used population-based
real-world data to evaluate the effectiveness of Paxlovid [112]. In 180,351 eligible patients, Paxlovid treatment or vaccination resulted
in a significant reduction in the incidence or mortality from severe COVID-19. Meanwhile, the National Institutes of Health has
conducted a prospective, double-blind, placebo-controlled study of Paxlovid that will evaluate the SARS-CoV-2 antiviral drug nir-
matrelvir/ritonavir (Paxlovid) as a potential treatment for long-term COVID [113]. The above-mentioned drugs are current potential
treatments. In the treatment of COVID-19, early treatment of lopinavir and ritonavir tablets can shorten the time of virus shedding
[114]. However, a further double-blind randomized trial showed that there was no significant difference in clinical improvement or
mortality or viral RNA load between the lopinavir ritonavir tablet group (99 cases) and the standard treatment group (100 cases).
However, due to adverse reactions, 13.8 % Lopinavir ritonavir tablets treatment group patients stopped the drug at an early stage
[115]. Lopinavir and ritonavir currently have 93 clinical trials.(https://clinicaltrials.gov/ct2/results?cond = COVID&term = lopinavir
%2Fritonavir&entry = &state = &city = &dist =)

The SARS-CoV-2 papain-like protease (PLP™®) mediates the cleavage of viral polyprotein as well as modulates the host innate
immune response upon viral infection, rending it a promising antiviral drug target [116]. In addition, PLP™ protease is not only
involved in the process of viral protein translation and maturation, but also has deubiquitylation enzyme activity, which can inhibit
host immune response and inhibit the PLP™ activity related proteases [117]. Together with main protease (Mpro), PLP™ is responsible
for processing the viral replicase polyprotein into functional units. For example, many studies have reported that GRL-0617 inhibits
viral replication of SARS-CoV-2 because its binding site and mode of inhibition are almost identical to that of SARS-CoV PLP™, and
these results further consolidate the position of PLpro as a drug target for antiviral therapy of COVID-19 [11,12,117-120]. Therefore, it
is an attractive target for antiviral drug development [12,121-123]. For example, Zhao et al., designed an approach using a
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SARS-CoV-2 PLP™ inhibition activity as the primary screening tool for the discovery of the small molecule inhibitors, with a secondary
cell-based assay for evaluation of their antiviral activity. Some compounds (YM155, cryptotanshinone, tanshinone I) that strongly
inhibit SARS-CoV-2 PLP™ were screened of over 6000 compounds [124]. However, in another study, many compounds, including
YM155, cryptotanshinone, tanshinone I, dihydrotanshinone I, Tanshinone IIA, SJB2-043, 6-thioguanine, and 6-mercaptopurine, were
shown to be ineffective. Thus, more efforts are needed to find effective and specific SARS-CoV-2 PLP™ inhibitors [125]. Shen et al.,
leveraged the cooperativity of multiple shallow binding sites on the PLP™ surface yielding novel 2phenylthiophenes with nanomolar
inhibitory potency [126]. With slow off-rates, improved binding affinities, and low micromolar antiviral potency in
SARS-CoV-2-infected human cells. This binding cooperativity translates to the most potent PLP™ inhibitors. It is worth noting that the
papain like protease (PLP™) small molecule inhibitor HL-21 jointly developed by Professor He Wei of the School of Pharmacy of
Tsinghua University has obtained the "Drug Clinical Trial Approval Notice", becoming the world’s first PLP™ inhibitor drug to enter
clinical development. These analogues can be used as potential targeted therapeutic agents for SARS-CoV-2. A machine
learning-driven discovery of a potent, selective, and orally available SARS-CoV-2 PLP™ inhibitor based on the discovery of a lead
compound, PF-07957472 (4), with strong efficacy in a mouse-adapted model of COVID-19 infection is shown in a recent study [127].
In the efficacy study, mice were infected 4 h prior to the first dose. They were dosed BID for four days, and then viral lung titers were
measured. Compound 4 caused a statistically significant reduction in lung viral titers at four days post-infection for both the 50 and
150 mg/kg dose groups. This reduction occurred at unbound systemic exposures (Cmin) that maintained or exceeded the dNHBE EC90
throughout the dosing period. In a recent study, Wang et al. designed and synthesised 85 non-covalent PLpro inhibitors and revealed
the interaction patterns of PLpro with eight lead compounds. In particular, the in vivo lead Jun 1, 2682 inhibited SARS-CoV-2 and its
variants, including nirmatrelvir-resistant strains, with EC50s ranging from 0.44 to 2.02 pM. In a mouse model of SARS-CoV-2 infection,
oral administration of Jun 1, 2682 increased survival and reduced viral load and lesions in the lungs, suggesting that PLpro inhibitors
are promising oral antiviral candidates for SARS-CoV-2 [128].

5.5. Peptide inhibitors

Besides the development of small-molecule therapeutics that target viral proteases, there is also interest molecular tools to inhibit
the initial event of viral attachment of the SARS-CoV-2 Spike protein to host ACE2 surface receptor [129]. For example, using peptide
arrays, Chopra et al., developed an in vitro peptide inhibitor of the Spike-ACE2 interaction. That study highlights the utility of sys-
tematic peptide arrays as a platform for the development of coronavirus protein inhibitors [130]. In another study, yang et al., per-
formed structural studies of the HRIHR2 bundle, and designed an extended HR2 peptide that achieves single-digit nanomolar
inhibition of SARS-CoV-2 in cell-based and virus-based assays. The peptide also strongly inhibits all major SARS-CoV-2 variants to date
[131]. Xia et al., developed a pan-coronavirus fusion inhibitor, EK1, which targeted the HR1 domain and could inhibit infection by
divergent human coronaviruses tested, including SARS-CoV and MERS-CoV. One lipopeptide namely EK1C4, which is derived from
EK1, was the most potent fusion inhibitor against SARS-CoV-2 S protein-mediated membrane fusion and pseudovirus infection with
IC50s of 1.3 and 15.8 Nm. Mouse infection studies showed that EK1C4 can protect mice from infection [132]. Thijssen et al., used
messenger RNA (mRNA) display under a reprogrammed genetic code to find a spike-targeting macrocyclic peptide (S1b3inL1) that
inhibits SARS-CoV-2 Wuhan strain infection and pseudoviruses containing spike proteins of SARS-CoV-2 variants or related sarbe-
coviruses. The broadly active macrocyclic peptide S1b3inL1 described, as well as the new druggable site it reveals, demonstrates the
power of in vitro selection technologies to provide alternative solutions to those offered by small molecules or biologicals [133].

5.6. Broad-spectrum

5.6.1. Chloroquine

Chloroquine is a broad-spectrum drug against malaria and autoimmune disease. According to research reports, chloroquine can
effectively inhibit the replication of avian influenza virus HSN1 and influenza B virus [134]. Some studies have shown that chloroquine
can inhibit the SARS-CoV-2 in vitro. Recent experimental studies have shown that oral chloroquine has an EC90 of 6.90 pmol/L for
SARS-CoV-2 in Vero. It influences the invasion and post-invasion stages of SARS-CoV-2 infection in Vero E6 cells. At the same time, the
severity, antipyretic phenomenon, lung imaging improvement time, negative transformation time and viral nucleic acid transfer rate of
patients treated with chloroquine were all better than those in the control group, which could shorten the course of disease. In addition,
chloroquine phosphate has been found to be effective against COVID-19. In addition to this activity, chloroquine is based on the ability
to regulate the immune system and can cooperate with other cells in the body to enhance resistance to viruses [135]. However, a
multi-center study based on 14,888 patients showed that neither chloroquine nor hydroxychloroquine would be beneficial to patient
outcomes, and the study was withdrawn due to insufficient sample information [136]. There are currently 92 clinical trials on
chloroquine. However, it is necessary to expand the scope of clinical trials to further verify this conclusion. Further, the specific
mechanism of chloroquine on the novel coronavirus needs further research. (https://clinicaltrials.gov/ct2/results?cond = cov-
id&term = chloroquine&cntry = &state = &city = &dist = ).

5.6.2. Interferon

Both viral and host factors influence the outcome of IFN signal transduction. IFN signal transduction may be a threat to patients
because of its virus-mediated systemic pro-inflammatory effects [137]. And whether the IFN response is protective or pathogenic in
SARS and MERS depends on the environment in which IFN signals are induced. Its inhibitory effect has been demonstrated in various
animal models [138,139].
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According to previous reports, compared with the infection of Influenza Viruses (IAV), IFN-a and interferon-stimulated gene (ISG)
are delayed in induction of SARS-CoV and MERS-CoV infection [140]. While in the cohort of COVID-19 patients, the IFN-a and ISG
levels correlated with viral load. The quantity is a function of the seriousness of the disease. Serious infections can cause elevated IFN
signals, but cannot reduce the viral load. At the same time, studies have shown that SARS-CoV can inhibit the production of type I
interferon, which leads to the activation of pro-inflammatory mononuclear macrophages and cytokines in the lungs, resulting lung
injury. The virus also inhibits the transduction of interferon signals and increases interference. Besides, in most studies, all patients
received interferon therapy [141,142], so it is impossible to decide whether the efficacy comes from interferon or other drugs or the
result of the disease itself.

5.7. Chinese medicine

Traditional Chinese medicine has achieved good results in treating infectious diseases [143]. During China’s fight against the
disease, 92 percent of confirmed COVID-19 cases received integrated treatment with traditional Chinese and western medicine, and
more than 90 percent responded effectively to treatment or showed significant improvement [144-147]. For patients with mild to
moderate disease, early intervention with traditional Chinese medicine has been shown to be effective in preventing the disease from
transitioning to severe and critical conditions. In severe cases, TCM can help stabilize the condition and extend the treatment window.
In China’s fight against COVID-19, six TCM prescriptions - JHQG, LHQW, XFBD, HSBD, XBJ and LCDD - have proved to be the most
effective in treating COVID-19 patients. These ingredients may play a therapeutic role in treating COVID-19 by targeting ACE2, 3CLpro
and IL-6. Among them, Jinhua Qinggan Granules and Lianhua Qingwen capsules are recommended for the treatment of patients under
medical observation/in the early stage of disease development with fatigue and fever as the main clinical manifestations [148,149].
Qingfei Detoxification Decoction is recommended to treat moderately and severely infected patients; Xuanfeihuadu granules are
recommended to treat moderate cases; Huashuifengdu granules and Xuebijing are recommended for the treatment of severe cases
(novel coronavirus pneumonia). Therefore, the key active ingredients in TCM compounds and the molecular mechanisms that drive the
therapeutic effect of COVID-19 deserve further study to help better manage this devastating disease.

6. Conclusions

The COVID-19 pandemic, which broke out in December 2019, has continued to ravage the world, causing huge losses in production
and life. There are still a lot of issues that we need know of, and many difficulties in developing antiviral drugs; Whether the special
furin site is one reasons for the strong infectiousness of SARS-CoV-2. Whether protease action can be ignored for S protein-dependent
endocytosis; Whether there is a faster, simpler and more economical method for detecting SARS-CoV-2; The variability of SARS-CoV-2
single-stranded RNA makes it difficult for inhibitors and specific monoclonal antibodies to function; Whether some treatment methods
based on clinical small sample studies, such as plasma, antibody infusion, interferon, etc. can pass clinical RCT research; And the issue
of is most concern: to develop various SARS-CoV-2 vaccines, there are still many problems. Due to the global pandemic and the
variability of the COVID-19 epidemic, their development faces both opportunities and challenges. Although many targeted drug
research and clinical trials for SARS-CoV-2 have laid a solid foundation for the treatment of COVID-19. What we need to be wary of is
that, assuming the initial success of vaccines, the SARS-CoV-2 may come back due to the emergence of subtypes and mutations of the
virus or even become a seasonal epidemic. It is worth noting that while the scientific community has developed several therapeutic
monoclonal antibodies and small molecule drugs for clinical use over the past four years or so of the COVID-19 pandemic, it cannot be
ignored that continued viral transmission, ongoing evolution and increasing selective pressures have the potential to generate viral
variants that are resistant to these interventions [150,151]. This also leads to viruses capable of becoming resistant to antiviral drugs.
This is exacerbated by the fact that in vitro and in vivo resistance has been reported for almost all licensed or approved SARS-CoV-2
therapeutic antivirals. Some drug-resistant variants exist before these drugs enter the human body and can spread [104]. Therefore,
subsequent concerted efforts by the scientific community are needed to monitor resistance variants and to develop more protease
inhibitors and other antiviral drugs with different mechanisms of action and resistance profiles for combination therapy.
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