
Introduction 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), a beta-coronavirus, was found 
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ABSTRACT

The coronavirus disease 2019 (COVID-19) pandemic rapidly spread globally. Severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2), which causes COVID-19, is a positive-sense 
single-stranded RNA virus with a reported fatality rate ranging from 1% to 7%, and people 
with immune-compromised conditions, children, and older adults are particularly vulnerable. 
Respiratory failure and cytokine storm-induced multiple organ failure are the major causes 
of death. This article highlights the innate and adaptive immune mechanisms of host cells 
activated in response to SARS-CoV-2 infection and possible therapeutic approaches against 
COVID-19. Some potential drugs proven to be effective for other viral diseases are under clinical 
trials now for use against COVID-19. Examples include inhibitors of RNA-dependent RNA 
polymerase (remdesivir, favipiravir, ribavirin), viral protein synthesis (ivermectin, lopinavir/
ritonavir), and fusion of the viral membrane with host cells (chloroquine, hydroxychloroquine, 
nitazoxanide, and umifenovir). This article also presents the intellectual groundwork for 
the ongoing development of vaccines in preclinical and clinical trials, explaining potential 
candidates (live attenuated-whole virus vaccines, inactivated vaccines, subunit vaccines, DNA-
based vaccines, protein-based vaccines, nanoparticle-based vaccines, virus-like particles 
and mRNA-based vaccines). Designing and developing an effective vaccine (both prophylactic 
and therapeutic) would be a long-term solution and the most effective way to eliminate the 
COVID-19 pandemic. 

Keywords: COVID-19; COVID-19 drugs; COVID immune modulator therapies; SARS-CoV-2; 
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to be associated with a pneumonia-associated respiratory 
syndrome that first emerged in Wuhan, China, in December 
2019, and now has affected almost every territory of the world. 
SARS-CoV-2 is a single-stranded RNA (ssRNA) positive-
sense virus, the genome of which is 96% identical to that of 
bat coronavirus. It binds angiotensin-converting enzyme 
2 (ACE2) in human cells through the receptor-binding 
domain (RBD) of its spike (S) protein; ultimately, membrane 
fusion occurs, followed by virus entry into lung cells by 
endocytosis [1,2]. After entry, SARS-CoV-2 hijacks the 
protein synthesis machinery of the host and utilizes it to 
produce its own proteins, through which viral genome 
replication occurs [3]. 

According to the World Health Organization (WHO), the 
fatality rate of COVID-19 is 1% to 7%, although these rates 
should be interpreted with caution. COVID-19 patients show 
severe lung damage and typical pneumonia symptoms [4]. 
About 20% of SARS-CoV-2 infections in immune-compromised 
elderly patients with pre-existing health disorders such as 
hypertension, obesity, diabetes, cardiovascular problems, 
pulmonary fibrosis, interstitial lung disease, and asthma 
would develop severe respiratory illness, such as acute 
respiratory distress syndrome (ARDS), potentially leading to 
death. Furthermore, neurological problems have also been 
reported in experimental animals and humans with SARS-
CoV-2 infection [5]. Although the fatality rate is less than 
1% according to a study conducted in Korea, the rate of 
mortality is considerable due to the unprecedented scale of 
the COVID-19 pandemic [6]. Respiratory failure associated 
with COVID-19, a major cause of death, also occurred with 
previous related diseases, such as Middle East respiratory 
syndrome coronavirus (MERS-CoV), which emerged in 
2012, and the Spanish Flu, which caused a global pandemic 
from 1918 to 1920 [7]. 

Antiviral therapy may shorten the course of COVID-19 and 
improve its outcomes, in addition to conventional treatment. 
Hemodynamic and ventilator support are also being used 
to treat COVID-19 patients [8]. Ventilators are needed to 
support patients with severe cases of COVID-19, through 
various modalities. A large number of patients with severe 
COVID-19 may develop multiple organ failure and lung 
injury, especially in the elderly, due to a cytokine storm, and 
treatment may involve immune-modulators [9]. 

The epidemiological aspects of COVID-19, including data 
collection, compilation, and dissemination, have been 
investigated by numerous studies, which have made steady 
progress, assisted by significant advances in computational 
analysis. Meanwhile, in parallel, virus genome databases and 
molecular technology have enabled us to identify viruses and 

mutations. Screening of chemical libraries is an important 
approach to drug discovery, including large transcriptional 
signature databases and available molecules in different 
cell lines. Studies are being conducted to use these molecules 
for therapies [10]. Several products claimed to be effective 
against SARS-CoV-2 are available on the market. One of 
these is chlorine dioxide (ClO2), which the Food and Drug 
Administration (FDA) warned against using for COVID-19, as 
it causes health risks. The enzymes of SARS-CoV-2 are targeted 
by various strategies that interfere with the viral cycle inside 
the host cell, using antiviral drugs that were previously 
used against MERS-CoV, SARS-CoV, and RNA viruses such 
as hepatitis C virus (HCV), and human immunodeficiency 
virus (HIV). Other target drugs are used to prevent COVID-19 
virus entry at the host cell surface. Another strategy is 
immunomodulation, which includes using non-specific 
interferon (IFN) and immunoglobulins (Igs), such monoclonal 
antibodies and tyrosine kinase inhibitors, for COVID-19 
treatment. Immunomodulation is needed either in the early 
stage of the disease to boost antiviral immunity or in severe 
cases of the disease to suppress the immune response 
when uncontrolled immunity causes organ damage and 
lung injury. Neutralizing antibodies (NAbs) that bind to the 
RBD of the S protein of COVID-19, prevent RBD from binding 
to ACE2 in human cells; therefore, NAbs may also be useful 
for the treatment of COVID-19 [11]. 

This review covers key drugs and vaccines, including 
antiviral/anti-infective agents, that are registered in clinical 
trials for the treatment of COVID-19. This comprehensive 
review will provide a better understanding of immune-related 
therapeutic approaches to combat the COVID-19 pandemic. 

Search Methodology 

Relevant literature was retrieved from databases including 
Scopus, PubMed, Medline, Embase, and Web of Science with 
the following keywords: “severe acute respiratory syndrome 
coronavirus 2,” “vaccines,” “COVID drugs,” “COVID immune 
modulator therapies,” and “immune response.” Preference 
was given to sources published through the end of 2021. 
A total of 300 articles were retrieved, out of which a 85 
were selected for the present study. The selection criteria 
were high-citation articles published in credible journals, 
and most importantly, articles related to drug and vaccine 
therapy; articles on non-relevant topics with few citations 
were excluded. Statistics and approval data about drugs and 
vaccines were also retrieved from the websites of the WHO 
and FDA. 
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Mechanism of Innate and Adaptive Responses 

The innate immune response refers to the primary host 
defensive mechanisms against viral infection. Upon activation, 
intracellular, germline-encoded pathogen recognition 
receptors recognize uncapped mRNA and double-stranded 
RNA as unique pathogen-associated molecular patterns 
[12]. Innate immunity against viral diseases depends on 
the type-1 IFN response and its downstream signaling, 
which modulate a strong adaptive host response and also 
control viral replication. MERS-CoV uses a specific receptor, 
named dipeptidyl peptidase, for entry into the host cell, 
whereas SARS-CoV and SARS-CoV-2 share the same 
structural subdomain of the S protein that binds to the 
same receptor, ACE2 [1]. Several studies have shown that 
both macrophages and dendritic cells (DCs) play significant 
roles, such as the initiation of the immune response in 
mucosal lymphoid tissue and viral destruction. Moreover, 
the S protein of SARS-CoV activates macrophages and DCs, 
leading to pro-inflammatory cytokines overproduction [13]. 

The term “cytokine storm” refers to a rapid increase in 
the level of cytokines released in the human body due to an 
overstimulated host immune response against a pathogenic 
invader. ARDS is considered as an important stage of viral 
pathogenesis as it shows a significant correlation with 
cytokine release syndrome. A potentially fatal unconfined 
or uncontrolled anti-inflammatory response occurs when 
the effector cells of the human immune system release a 
large number of pro-inflammatory cytokines during ARDS 
[14]. The excess production of cytokines and chemokines 
was reported during previous outbreaks of SARS-CoV and 
MERS-CoV. The levels of cytokines such as interleukin (IL)-6 
and IFN-α, as well as pro-inflammatory cytokines including 
CXCL-8, CXCL-10, and CCL-5, were elevated during MERS-
CoV infection. Similarly, high levels of ILs (IL-33, IL-6, IL-18, 
IL-12, IL-1), IFNs (IFN-γ, IFN-α) and tumor necrosis factors 
(TNFs; TNF-β and TNF-α) were observed during SARS-
CoV infection. The overreaction of the immune system in 
the human body induced by the cytokine storm may cause 
sudden death in patients with SARS-CoV-2 infection due to 
serious complications such as multiple organ failure and 
ARDS [15]. 

The humoral B cell and cellular T cell responses are the 
main components of adaptive immunity. Helper T cells 
(Th1) cells are particularly important for adaptive immune 
responses to worm parasites and viruses. T cell responses 
are activated by the cytokine environment produced 
by antigen-presenting cells (APCs). Tc cells, also known 
as cytotoxic T lymphocytes, mainly kill cells infected 
with viruses, while Th cells play an essential role in the 

dictation of the overall mechanisms deployed during the 
adaptive response [16]. A high level of IgG is present in the 
plasma during the convalescent period, and then IgG titers 
disappear after recovery from COVID-19. The accumulation 
of inflammatory macrophages and the production of IL-8/
MCP-1 triggered by anti-S-NAbs may cause severe lung 
injury despite inhibiting viral replication [17]. SARS-CoV-2 
may induce lymphocytopenia through the induction of T 
lymphocyte-mediated apoptosis or programmed cell death. 
Recent studies have suggested that SARS-CoV-2 can infect 
T lymphocytes by either S protein-dependent or ACE2-
mediated membrane fusion [18]. The immunological events 
(innate, adaptive immunity, cytokine antiviral response) 
that occur during SARS-CoV-2 infection are described in 
Figure 1. 

Current Antiviral Drugs for COVID-19 Treatment 

Currently, the treatment of COVID-19 patients is mainly 
based on addressing their symptoms and repurposing 
therapeutic drugs. Therapies are categorized into 2 types 
according to their respective target: directly inhibiting viral 
replication directly by blocking binding to the entry receptor 
on the host cell membrane, or boosting the immune system 
by inhibiting the inflammatory response [19]. The steps 
involved in the SARS-CoV-2 replication cycle (attachment/
endocytosis, membrane fusion, uncoating, translation, 
proteolysis, RNA synthesis, and assembly/exocytosis) provide 
possible targets for effective drug therapy (Figure 2). Table 
1 summarizes the potential targets and mechanisms of 
repurposing therapeutic drugs for COVID-19 treatment. 

Inhibitors of RNA-Dependent RNA Polymerase 

Remdesivir 
Remdesivir, previously named GS-5734, is a monophosphate 
prodrug of an adenosine analogue. The compound 
undergoes chemical conversion by a metabolic process 
and it is converted into an active nucleoside triphosphate 
(NTP) derivative, specifically, a C-adenosine analogue. It 
was discovered during the screening of antimicrobial 
agents with broad-spectrum activity against ssRNA viruses 
(Flaviviridae and Coronaviridae). Remdesivir showed 
promising results during the Ebola virus epidemic due to 
the selectivity of host RNA polymerase against Ebola virus 
infection and its lower 50% effective concentration (EC50) 
[20]. The promising therapeutic potential of remdesivir 
for COVID-19 is due to its strong in vitro, broad-spectrum 
activities against several novel coronaviruses, such as 
SARS-CoV-2, with a low EC90 (1.76 μM) and EC50 (0.77 μM) [21]. 
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The possible mechanism of remdesivir against various 
coronaviruses remains unknown, and several explanations 
of its potential effects have been prepared. First, remdesivir 
with intact 3'-5' exoribonuclease proofreading activity 
interacts with the RNA polymerase activity of non-structural 
protein-12 [22]. NTPs, which are pharmacologically active 
compounds and alternative substrates produced by remdesivir, 
are especially involved in RNA chain termination. Remdesivir 
incorporates active NTPs into viral RNA sequences, thereby 
inhibiting SARS-CoV replication [23]. Additionally, genetic 
barriers made it difficult for coronaviruses to develop 
resistance against remdesivir, suggesting that remdesivir is 
a highly effective therapy for coronaviruses [24]. 

Chest radiography is considered a key component of 
the recovery criteria and disease diagnosis in the Chinese 
government’s Guidelines for the Diagnosis and Treatment of 
Novel Coronavirus (SARS-CoV-2). It should not be included 
in outcome measurements and exclusion/inclusion criteria [25]. 
Several studies on SARS-CoV have shown that remdesivir 
administration was only effective in the earliest stage (prior 
to the initial phase of the immunopathological process during 
pneumonia) [26]. In India, a clinical trial was conducted on 
2,329 patients (of whom 29.69% had diabetes and 20.33% 
had hypertension) receiving oxygen therapy to evaluate the 

safety and efficacy of remdesivir. Of these patients, 65.38% 
were treated with remdesivir for 5 days, and it was overall 
well tolerated with some (n = 119) adverse events like nausea, 
vomiting, and elevated liver enzymes. Death occurred in 
6.77% of patients (mostly among those over 60 years of age), 
and 9.16% of patients showed no improvements. The factors 
associated with mortality included diabetes, age > 60 years, 
and receiving high-intensity oxygen therapy. The remaining 
84% of patients recovered [27]. 

Favipiravir 
The antiviral prodrug favipiravir (T-705), is a purine nucleotide 
analogue that is converted into its active form, T-705-4-
ribofuranosyl-5'-triphosphate (T-705RTP). The agent halts 
viral replication by inhibiting viral RNA polymerase activity. 
Most preclinical data on favipiravir have been obtained from 
its activities against Ebola and influenza viruses. The drug 
also exerts broad-spectrum activity against RNA viruses [28]. 
Favipiravir, with an EC50 of 61.88 μM, was found to be highly 
effective in Vero E6 cells infected with SARS-CoV-2 in vitro 
[29]. 

The entry of the favipiravir prodrug into virus-infected 
cells takes place by endocytosis. The agent then undergoes 
phosphorylation and phosphoribosylation and is converted 

Immune system

Innate immune system

Antiviral immune response

Antimicrobial 
barrier e.g., skin

Humoral immune 
response

Cell-mediated 
immunity

Cytotoxic T cells

B cells

Plasma cells
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Immune cells
and receptors

e.g., NK cells and TLRs 
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Figure 1. Description of innate and adaptive responses of human immune system. NK, natural killer; TLRs, toll-like receptors.
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into an active form of favipiravir, T-705 RTP [30]. The drug 
interferes with the process of nucleotide incorporation 
during replication and exerts antiviral effects by selectively 
targeting conserved residues in the catalytic domain of viral 
enzymes, such as RNA-dependent RNA polymerase (RdRp). 
The increased frequency and number of point mutations, 
such as the replacement of cytosine (C) replacement with 
uracil (U) or thymine (T) and the replacement of guanine 
(G) with adenine (A), results from dysregulation in SARS-
CoV replication. Favipiravir is a potential therapy for the 
treatment of human infections with RNA viruses including 

Ebola, influenza, and norovirus [31]. 
Several clinical studies on the effectiveness of favipiravir 

against SARS-CoV-2 infection have been conducted in 
countries such as Japan and China. A randomized clinical 
trial (ChiCTR200030254) revealed that the treatment of 
COVID-19 patients with favipiravir led to a significantly 
higher clinical recovery rate (71.43%) than treatment with 
umifenovir (55.86%). The fever reduction and cough relief 
times in the favipiravir-treated group were shorter than in 
the umifenovir-treated group.  

However, in a clinical trial conducted in Saudi Arabia, 

SARS-CoV-2
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Membrane 
fusion and 

endocytosis
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RNA genome
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Proteolysis

RNA-dependent
RNA polymerase
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polymerase activity and 

RNA capping)

Lopinavir/ritonavir 
(inhibit 3 chymotrypsin 

like protease)

RNA synthesis

Translocation

Assembly

Non-structural proteins

Chloroquine and 
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(inhibit endocytosis

and viral entry)

Arbidol (blocks ACE2-S 
protein interaction and 
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Figure 2. Overview of potential targets for therapeutic drugs during the severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2) replication cycle. ACE2, angiotensin-converting enzyme 2.
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in which 231 COVID-19 patients (treatment group) were 
treated with favipiravir and a placebo group of 119 patients 
were kept in a similar environment, the median time for 
viral clearance was 10 days in the treatment group versus 8 
days in the placebo group, and the median time for clinical 
recovery was 7 days in both groups. This trial suggests that 
favipiravir does not shorten the time required for viral 
clearance [32]. The available clinical trials indicate that 
favipiravir relieves cough and fever but fails to accelerate 
viral clearance [33]. 

Phase 3, open label, parallel arm and multicentre 
randomized controlled trial (RCT) by AlQahtani et al. [34] 
and a trial by Udwadia et al. [35] for improvement of 
clinical parameters and reduction of SARS-CoV-2 viral-
load was performed. The results showed some clinical 
improvements but no reduction of viral load. According 
to these two trials the fivipiravir did not show significant 
efficacy for treatment of SARS-CoV-2 disease contradicting 
previous results reported by Rahman et al. [36]. The safety 
and efficacy of favipiravir alone or in combination with 
tocilizumab (TCZ) (NCT04310228, ChiCTR2000030894), 
IFN-alpha (ChiCTR2000029600) marboxil,  baloxavir 
(ChiCTR2000029548, ChiCTR2000029544), and chloroquine 

phosphate (NCT04319900, ChiCTR2000030987) [37]. 

Ribavirin 
Ribavirin is a synthetic guanosine nucleoside analogue 
that interrupts DNA and RNA viral replication. The main 
antiviral action of ribavirin is to inhibit RdRp activity. The 
chemical structure of ribavirin restricts viral RNA cap 
synthesis, a process that involves the methylation of natural 
guanosine, thereby protecting RNA from degradation 
[38]. It inhibits the function of inosine-5'-monophosphate 
dehydrogenase, an enzyme involved in the synthesis of the 
common precursor, guanine monophosphate. Ribavirin 
further enhances RNA destabilization by interfering with 
the mechanism of guanosine triphosphate production 
[39]. Ribavirin seems to be a promising candidate for the 
treatment of COVID-19 due to its potent antiviral activity 
against novel coronaviruses. However, ribavirin has limited 
in vitro activity against novel coronaviruses, and large 
concentrations are required to halt SARS-CoV-2 replication. 
Combined therapy and oral administration of high-dose 
ribavirin (1.2−2.4 g) every 8 hours are highly recommended 
[40]. 

Adverse dose-dependent hepatotoxicity associated with 

Table 1. Summary of potential targets and possible mechanisms of therapeutic drugs for the treatment of COVID-19

Drugs for treating 
COVID-19 Target Clinical trial results Mechanism

Remdesivir RdRp Effective only in early stages. Trials showed 
that it was well tolerated.

Inhibits viral RNA synthesis

Favipiravir RdRp Relieved cough and fever and had no role in 
viral clearance.

Inhibits RNA polymerase activity

Ribavirin RdRp Dose-dependent anemia in 60% of patients. 
Increased blood transfusion requirements 
and transaminase levels.

Inhibits RNA capping

Ivermectin Imp α/β1 heterodimer A high dose was found to be safe in 
randomized controlled trials, but it was less 
effective in reducing viral load.

Inhibits nuclear transport of viral and host 
proteins

Lopinavir/ritonavir Viral proteases such 
as 3CL pro

Effectively reduced the viral load, but elevated 
transaminase levels and showed adverse 
effects.

Inhibit viral replication by blocking viral  
3CL proteases

Chloroquine ACE2 receptor and 
endosome

Adverse events were numerically higher and 
the drug was found to be found non-efficient 
against COVID-19.

Inhibits endosomal acidification,  
proteolytic processing, and viral entry

Hydroxychloroquine ACE2 receptor High adverse events and low treatment 
efficacy towards COVID-19.

Inhibits the production of cytokines, such  
as TNF, IL-1, and IL-6

Nitazoxanide Host factors and viral 
proteins

The clinical efficacy statement still remains 
uncertain. No improvements were found 
in viral clearance or time of clinical 
improvement.

Blocks IFN type 1 signaling and cytosolic 
dsRNA sensing during viral replication

Umifenovir S protein, ACE2 The WHO scores were statistically not 
significant; however, highly significant 
results were found in mild or asymptomatic 
patients.

Viral entry inhibitor that blocks S protein 
binding to target cell

COVID-19, coronavirus disease 19; RdRp, RNA-dependent RNA polymerase; Imp, importin; ACE2, angiotensin-converting enzyme 2; TNF, tumor necrosis 
factor; IL, interleukin; IFN, interferon; WHO, World Health Organization.
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ribavirin therapy is a major concern. High concentrations 
of ribavirin caused dose-dependent anemia due to 
hemolysis in > 60% of patients in SARS-CoV-2 clinical 
trials. Similar clinical safety concerns were observed in 
large-scale studies on MERS. Blood transfusions were 
required in approximately 40% of infected individuals 
taking ribavirin in combination with IFN [41]. An elevated 
level of transaminase was reported in 75% of patients with 
SARS who received ribavirin. The application of ribavirin is 
prohibited in pregnancy due to its severe teratogenic effects. 
The substantial toxic effects and insufficient data on ribavirin 
efficacy for several novel coronaviruses suggest that its use 
for COVID-19 treatment may be limited. However, combined 
drug therapy gives the best option for clinical efficacy [42]. 

Inhibitors of Viral Protein Synthesis 

Ivermectin 
Ivermectin has emerged as a pharmaceutical intervention 
in searching for the appropriate treatment for COVID-19. 
Ivermectin has in vitro, broad-spectrum antiviral activities 
against a wide range of RNA viruses. This FDA-approved 
drug also acts as an antiparasitic agent [43]. Several studies 
have confirmed that ivermectin is a specific importin (Imp) 
nuclear import inhibitor. The drug halts HIV-1 replication 
by inhibiting the interaction between the Imp α/β1 
heterodimer, which is crucial for nuclear transport, and the 
HIV-1 integrase protein. Several actions of ivermectin have 
been reported, such as inhibition of viral and host protein 
nuclear import. It was found that ivermectin limits infection 
caused by RNA viruses such as the dengue, West Nile, and 
influenza viruses [44].  

A meta-analysis confirmed that ivermectin has a well-
defined safety profile in humans. High-dose treatment has 
the same outcomes in terms of human safety as standard 
low doses of ivermectin. There is not yet sufficient evidence 
to make specific conclusions regarding the safety profile of 
ivermectin in pregnancy [45,46]. The most important step 
in the further assessment of potential benefits in COVID-19 
patients is monitoring the multiple dosing regimen that 
provides the current approved doses of ivermectin that 
are safe for human use. Several in vitro studies suggested 
that ivermectin is a specific inhibitor of SARS-CoV-2. The 
antiviral action of ivermectin in hSLAM/Vero cells infected 
with SARS-CoV-2 for 2 hours was examined, and it was 
found that the level of viral RNA decreased by ~5,000 
fold after 48 hours. This decrease was possibly due to the 
inhibition of nuclear import in SARS-CoV-2 infection 
mediated by the Impα/β1 heterodimer that interrupts the 
mechanisms of immune evasion, as in other ssRNA viruses. 

Further clinical trials, as well as in vitro and in vivo studies, 
are required to clarify the contribution of ivermectin to 
COVID-19 management [47]. 

Lopinavir/ritonavir 
Lopinavir/ritonavir (LPV/r) is a combination of 2 competitive 
inhibitors: an HIV-1 protease inhibitor and cytochrome 
P-450 (CYP3A4) inhibitor. The orally co-administrated LPV/
r drug comprises fixed doses of lopinavir and ritonavir to 
boost concentrations of protease inhibitors [48]. Lopinavir 
is known to inhibit SARS-CoV replication by blocking 
3C-like proteases. Lopinavir has no effect on cells where 
viral DNA has already integrated. The main antiviral activity 
of lopinavir involves preventing the rapid spread of SARS-
CoV-2 infection in cells. The administered dose of lopinavir 
is higher than that of ritonavir. The co-administered drug is 
a pharmacokinetic enhancer that inhibits the inactivation 
and metabolism of lopinavir [49,50]. Lopinavir blocks the CYP 
system and is responsible for extensive drug interactions 
between ritonavir and lopinavir. LPV/r therapy seems highly 
effective in post-exposure prophylaxis against several 
coronaviruses, such as MERS-CoV [43]. 

An open-label RCT was conducted individually on COVID-19 
patients, in which they received 400 mg/100 mg of oral LPV/
r twice daily with standard care. Adverse effects, such as 
asthenia, diarrhea, and nausea, were frequently reported 
in patients receiving LPV/r treatment [44]. Interestingly, 
several ongoing studies on confirmed COVID-19 cases 
in South Korea have shown that administration of LPV/
r significantly reduced titers of SARS-CoV-2 and, in most 
cases, no SARS-CoV-2 titers were detected. However, a case 
report described a single patient during the initial COVID-19 
outbreak in South Korea [51]. The major concern is LPV/
r induced hepatoxicity, which may exacerbate liver injury 
in patients with SARS-CoV-2 infection during the dosing 
regimen. Importantly, elevated alanine transaminase levels 
are considered as an exclusion criterion in some COVID-19 
clinical trials, which means that LPV/r induced transaminitis 
may reduce the ability of patients to receive other drugs [49]. 

Inhibitors of Virus-Host Cell Membrane Fusion 

Chloroquine 
Chloroquine is a potent, low-cost, and safe drug that is used 
to treat malarial diseases as well as autoimmune disorders 
and also possesses broad-spectrum antiviral activity [18]. 
Research implies that chloroquine can be effectively used 
against COVID-19, as it has been shown to suppress COVID-19 
in vitro [15], thereby potentially reducing the time period 
of the disease course and providing good cure rates [52]. 
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This drug is found to be effective in clinical trials in China 
and was added to the Guidelines for the Diagnosis and 
Treatment of COVID-19 by the National Commission of the 
People’s Republic of China. 

Chloroquine is captured in the membrane-bound acidic 
medium and low-pH organelles such as lysosomes, endosomes, 
and digestive vacuoles, and due to its weakly basic nature, it 
interacts with these organelles and increases their pH [53]. 
This action prevents viral entry, replication, and fusion by 
disturbing pH-dependent mechanisms and also inhibits 
glycosylation of viral glycoprotein and host receptor proteins 
[54]. Chloroquine is also effective in preventing the assembly of 
virion particles in Golgi-endoplasmic reticulum intermediate 
compartments [55]. Chloroquine does not alter the biosynthesis 
of viral glycoproteins of the spikes; instead, it affects the 
terminal glycosylation of the ACE2 protein receptor, which 
prevents viral binding to human cells [56]. In cell cultures, 
chloroquine was effective even when viral particles had 
already entered cells by trapping the endosomes via pH 
increase, disturbing fusion of the viral envelope with the 
endosomal membrane [54]. Based on the findings of 1 study, 
a 500-mg oral dose of chloroquine given once or twice a day 
was recommended for COVID-19 treatment [57]. 

Hydroxychloroquine 
Hydroxychloroquine is safe to use, easily available, cost-
effective, and less toxic than chloroquine; furthermore, 
it has been found to show antiviral properties against 
COVID-19 [58]. It has direct-acting antiviral properties, as 
well as immunomodulatory activities [59] that decrease 
the production of TNF-α, IL-1, and IL-6 to downregulate the 
overreaction of the immune system (cytokines), which can 
cause inflammatory effects [60]. Host cell autophagy and 
the activities of lysosome-induced mechanisms are also 
blocked by this drug . According to a study, patients with 
severe COVID-19 had high cytokine concentrations in 
their blood, indicating that excessive cytokine production 
or overreaction of the immune system aggravates this 
condition. Hydroxychloroquine also inhibits the entry of 
virus particles into the cell by blocking the glycosylation 
of host receptors, thereby preventing the fusion of viral S 
proteins with the host receptor ACE2 [61]. 

A study conducted in France observed that when 
COVID-19 patients were treated with hydroxychloroquine, 
they showed a reduction of viral load followed by complete 
removal of the virus. Combined hydroxychloroquine and 
azithromycin therapy showed high efficiency in lowering 
the viral titer [62]; however, their regular use increases the 
risk of heart problems, such as heart attack [63]. An oral 
dose of hydroxychloroquine of 400 mg once a day [49] or 

400 mg twice a day for 2 days followed by a 200-mg dose 
twice regularly is recommended [58]. 

Nitazoxanide 
Nitazoxanide is an FDA-approved drug used for the 
treatment of several protozoal infections such as giardia. 
In Brazil, this drug is used to treat norovirus and rotavirus 
infections due to its broad antiviral activity and safe history 
[64]. Nitazoxanide has also been used for the treatment of 
hepatitis B and C [65]. Nitazoxanide interferes with viral 
infections through enhancing the activity of the immune 
system and host cellular defense mechanisms [66,67] by 
increasing foreign nucleic acid-sensing mechanisms and 
type I IFN pathways [66]. 

Many studies have demonstrated that nitazoxanide can be 
utilized for the treatment of coronaviruses if viral content is 
in the low micromolar range [68]. Viral-induced blockage of 
IFN mechanisms (of the host) is inhibited by nitazoxanide, 
and a low 50% inhibitory concentration was obtained for all 
coronavirus infections [60]. 

Umifenovir 
Umifenovir, also referred to using its brand name, Arbidol, is 
also used for treating influenza infections [69] in countries 
such as Russia and China. It prevents the entry of virus 
particles into the cells and acts as an entry inhibitor, since 
it inhibits the fusion of the viral membrane with host cell 
endosomes during the endocytosis process by targeting the 
viral glycoprotein hemagglutinin [70]. Umifenovir was found 
to contain a potential inhibitory factor that helps to reduce 
the synthesis of viral progeny in vitro [71]. Umifenovir has 
antiviral properties that reduced the growth of viruses in 
cultured cells [72]. It can be used by itself for the treatment 
of COVID-19 infection, as well as in combination with other 
drugs [60]. Furthermore, a study showed that a umifenovir 
dose of 10 to 30 µM reduced the concentration of coronavirus 
up to 60 times as compared to the control group. It was used 
in China for the treatment of COVID-19 infections [73]. 

Convalescent Serum Therapy 

Convalescent serum therapy is a type of passive antibody 
therapy in which blood serum containing NAbs from a 
patient who has recovered from an infection is taken and 
administered to treat another infected patient [74]. The final 
goal is the same as a vaccine (i.e., to generate antibodies 
against the infectious agent), but in this therapy the 
antibodies are already available. However, to enhance the 
efficiency of convalescent serum therapy, it is suggested to 
utilize hyperimmune-IgG from people who recovered recently 
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from COVID-19 for the large-scale production of antibodies 
[75]. Potential serum donors should be from the same area as 
the recipient patient because specific viral strains are present 
in certain geographic areas. This therapeutic approach can 
regulate phagocytosis and cytotoxicity, as well as producing 
an additional viral neutralizing effect in combination with 
antiviral drugs [76]. 

The viral load and severity of the symptoms of COVID-19 
define the required amount of antibodies for convalescent 
serum therapy; however, NAbs in a very small amount can 
be efficient in treating the early symptoms of COVID-19. 
This passive immunity usually lasts for weeks or months 
[76]. The optimal timing of antibody use depends on the rate 
of mutation of the viral agent, although antibodies can be 
collected and stored for a long time. Hence, serum should 
be used within a few days of collection, and the antibodies 
cannot be effective if used beyond the context of a specific 
outbreak [77]. The major limitation of this therapy is the 
non-availability of matched control subjects who were not 
on antibody therapy. 

Immune Modulator Therapies 

Immune modulator therapies are medications used to 
reduce the overreaction of the immune response to prevent 
permanent damage. The types of immune modulator 
therapies include non-specific therapies and targeted 
cell therapies. Non-specific therapies suppress the entire 
immune system, which is very effective but involves more 
side effects, whereas targeted cell therapies suppress 
specific proteins/cells of the immune system to stop its 
overreaction. The 3 distinct phases of COVID-19 are the early 
phase (immune response is suppressed by viral replication 
via kappa light chain), the pulmonary phase (activation of 
the immune system after hypoxia development), and the 
hyperinflammatory phase (when ARDS, cytokine storm, and 
septic shock occur). At this stage, the IL levels are very high, 
and the Infectious Diseases Society of America recommended 
using certain immune modulators—even steroids—to 
treat this condition [78]. Dexamethasone (DEX) is highly 
recommended [79] and a United Kingdom RECOVERY 
trial showed the benefits of low-dose DEX in patients 
who required high-intensity oxygen therapy and were on 
mechanical ventilation [80]. Another immune modulator 
used to treat high IL-6 levels, which drive the cytokine storm, 
is TCZ [78], and retrospective data from China have shown the 
effectiveness of TCZ in COVID-19 patients [81]. Cumulative 
data showed that TCZ is not highly effective in COVID-19 
patients; however, some RCTs have reported contradictory 
findings [82]. The manufacturer of TCZ conducted 2 RCTs: 

the COVACTA and EMPACTA trials [83]. The COVACTA trial 
showed no mortality differences, whereas the EMPACTA trial 
showed a reduction in the need for mechanical ventilation 
with no impact on the survival rate in COVID-19 patients who 
received TCZ and standard of care. The largest RCTs on the 
clinical efficacy of TCZ are the RECOVERY and REMAP-CAP 
trials, both of which demonstrated mortality benefits and a 
decrease in mechanical ventilation therapy. The RECOVERY 
trial clearly reported the efficacy of combined TCZ and DEX in 
comparison with DEX monotherapy, with mortality rates of 
29% and 35%, respectively [84]. 

Vaccines 

Vaccines are biological preparations that stimulate the 
immune response against pathogenic microorganisms. 
Effective and safe vaccine production is critical to control the 
rapid spread of SARS-CoV-2, and vaccines help prevent SARS-
CoV-2 re-infection. Antiviral vaccines are categorized into 
the following 7 types: live attenuated-whole virus inactivated, 
subunit, DNA-based, protein-based, nanoparticle, virus-like 
particles (VLPs), and mRNA-based vaccines. As of February 
2022, global research and development efforts focusing on 
vaccines include 114 candidate vaccines in clinical trials, 75 
preclinical trials in animals, and 14 approved for emergency 
use. Table 2 summarizes the immunogenic composition, 
advantages, and leading companies developing vaccines for 
COVID-19.  

Whole-Cell Killed and Live-Attenuated Vaccines 
Live attenuated and inactivated vaccines are based on the 
antigenic properties of weakened and killed forms of viruses. 
Inactivated vaccines are composed of inactivated entire 
virus particles, mainly derived from toxoids or viruses. These 
specific virus-derived components lose their pathogenicity 
by chemical modification [85]. Inactivated vaccines provide 
major advantages due to their inherent immunogenicity 
and their capability to trigger toll-like receptors (TLRs), such 
as TLR7/8, TLR3, and TLR9. However, additional testing is 
required to ensure the safety of live attenuated vaccines. An 
increase in infectivity has been observed in immunization 
with inactivated whole SARS-CoV-2 and live coronavirus 
vaccines in several studies, and this is considered a major 
problem regarding the safety of coronavirus vaccines [86]. 
Another problem is the excretion of attenuated SARS-CoV-2 
viral particles and their transmission to non-vaccinated 
people [87], and there may be chances of recombination 
between circulating and vaccine viral strains, which may 
induce the generation of new strains [88]. 

Currently, 4 live attenuated vaccines have entered clinical 
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trials in humans [89]. Sinopharm and Sinovac have entered 
phase 3 clinical trials and are 79.3% effective [90]. Johnson 
& Johnson is producing a similar vaccine to that for Ebola 
by expressing an important part of SARS-CoV-2 in an 
adenovirus vector [91]. 

A live attenuated influenza vaccine expressing the S 
protein of SARS-CoV-2 was prepared by researchers at Hong 
Kong University. The Codagenix company is introducing 
various SARS-CoV-2 vaccine strategies, including “codon 
deoptimization,” a technology that reduces virus virulence. 
Moreover, Codagenix, in collaboration with India’s Serum 
Institute, Ltd., is developing a promising SARS-CoV-2 live 
virus vaccine that is currently in preclinical trials. This 
technology has allowed the rapid production of COVID-19 
vaccine candidates by using viral deoptimization to recode 
viral genome sequences, thereby providing synthetic 
“rationally designed” SARS-CoV-2 attenuated vaccines [92]. 

Subunit Vaccines 
Subunit vaccines contain 1 or multiple antigens that stimulate 
host immune responses due to their strong immunogenicity. 
Generally, subunit vaccines can be easily produced and are 
very safe, but adjuvants are also added to initiate strong 
protective cell-mediated responses [93]. Vaccines targeting 
the S protein neutralize viral infections due to their ability 
to produce antibodies that may block membrane fusion 
and virus binding. In the case of SARS-CoV-2, the S protein is 
largely involved in membrane fusion and receptor binding [94]; 
hence, the main targets for subunit vaccines are coronavirus 
structural proteins such as the S protein, which is the major 

antigenic determinant, as it elicits NAbs and host defense 
mechanisms [95]. 

Clover Biopharmaceuticals used the “Trimer-Tag” 
technology to produce trimeric fusion proteins of SARS-
CoV-2 for subunit vaccine development. The RBD located 
in the SARS-CoV-2 S protein was recognized. The Vector 
Institute in Russia designed a subunit vaccine named 
EpiVacCorona, which has entered a phase 3 clinical trial 
[96]. Forty-six subunit vaccines from different research 
institutes have entered preclinical trials to date [97]. Several 
studies suggested the interaction between the SARS-CoV-2 
RBD and ACE2 is slightly different from the SARS-CoV-
ACE2 interaction, since the SARS-CoV-2 RBD binds more 
tightly to the ACE2 receptor. Therefore, coronavirus subunit 
vaccines have great potential for preventing COVID-19 
[98]. Subunit vaccines have the advantage of reducing host 
immunoprecipitation, thereby preventing the docking 
of RBD to the ACE2 receptor. The high similarity (greater 
than 80%) in the amino acid sequences of SARS-CoV-2 and 
SARS-CoV RBDs and their ability of binding to the same 
ACE2 receptor make them a promising target for either 
subunit or protein vaccines [86]. 

DNA-Based Vaccines 
DNA-based vaccines induce immune responses after 
translation into proteins [70]. It is easy to produce these 
genetic vaccines, with a low production cost, and their 
purification is very convenient, unlike recombinant protein-
based vaccines. As nucleic acid structures are simple, they 
obviate the risk of protein misfolding, which is a concern 

Table 2. Summary of immunogens, advantages, and leading companies of potential vaccine candidates for the treatment 
of COVID-19

Vaccine candidate Immunogen Advantages Company

Whole-cell killed and live-
attenuated vaccines

Whole inactivated SARS-CoV-2 NAbs induction Codagenix
Mutant SARS-CoV-2 Induction of B and T cell responses and 

site-directed mutagenesis
Subunit vaccines RBD, N, and full-length S protein Induction of both humoral and cellular 

responses
Clover Biopharmaceutical

DNA-based vaccines Full-length S protein Induction of both B and T cell responses Inovio Pharmaceuticals
Protein-based vaccines Hybrid peptide (antigen epitope and 

invariant peptide chain)
Enhance immunogenicity Generex
Extensive MHC-II and invariant chain 

interaction
Nanoparticle-based vaccines Liposome encapsulated nano-VLPs Rapid immune responses Novavax

High level of neutralizing IgGs
Virus-like particle vaccines E, M, S, and RBD Highly repetitive antigen display Medicago
mRNA-based vaccines mRNA-1273, a molecule encoding the 

SARS-CoV-2 S protein
High potency to induce neutralizing IgGs Moderna
Efficient activation of both CD8+ and 

CD4+ cells
COVID-19, coronavirus disease 2019; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; NAb, neutralizing antibody; RBD, receptor-binding 
domain; N, nucleocapsid; S, spike; MHC, major histocompatibility complex; VLP, virus-like particle; E, envelope protein; M, membrane protein; IgG, 
immunoglobulin G.
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for recombinant protein-based vaccines [99]. However, the 
ability to induce immunogenicity may be influenced by 
factors such as the quantity of plasmid delivered, the most 
suitable time interval, and the route of genetic vaccine 
administration [70]. 

Immunogens that can be utilized for the production of DNA 
vaccines were listed in patent application WO2015081155, 
which focused on protein or amino acid sequences derived 
from the S proteins of MERS-CoV. Humoral and cell-
mediated immune responses are stimulated by the viral S 
protein consensus sequences, and the level of NAbs and IgG 
titers is also enhanced. Increased amounts of immune cells, 
such as CD3+CD4+ and CD3+CD8+, are produced, leading to 
the production of IFN-γ, TNF-α, and IL-2 [3]. 

The patent application WO2005081716 mentioned some 
procedures for stimulating the immune response, such as 
T cell mediated responses (CD8+) induced in response to 
antigens of SARS-CoV-2. The gene gun delivery method 
was used to deliver chimeric nucleic acids in vivo using 
DNA-coated gold particles into an animal model (mice). 
These nucleic acids were transcribed and then translated 
into calreticulin, which was associated with an antigenic 
peptide of SARS-CoV. The immune system of the mice was 
stimulated, involving both humoral and cell-mediated 
immune responses, which were induced due to the fusion 
of calreticulin and nucleocapsid. Decreased titers were 
observed in vaccinated mice against the vaccinia vector, 
which was inserted to express the N protein of SARS-CoV 
[3]. 

Inovio Pharmaceuticals produced a genetic vaccine 
named INO-4800, a potential DNA vaccine [70]. It entered 
a phase 2 clinical trial, and it was found that grade 1 and 2 
adverse effects were present that did not increase with the 
second dose [100]. Karolinska Institute / Cobra Biologics 
produced a DNA vaccine that has entered a phase 1 clinical 
trial [101], and a plasmid DNA vaccine by Osaka University 
has entered phase 2/3 clinical trials [102]. 

Protein-Based Vaccines 
A protein vaccine was produced against SARS-CoV by 
GlaxoSmithKline (GSK), which was able to stimulate the 
immune response in animal models. Engineering of a 
structural protein immunogen and an adjuvant with an 
oil-protein emulsion was done, and its insertion in animal 
models was able to stimulate a strong immune response, 
such as NAbs and antiviral IgG antibodies [3]. 

A collaboration was done between Chinese company 
Clover Biopharmaceuticals and GSK at the end of February 
2020 to analyze and select a potential candidate for COVID-19 
vaccine development. The COVID-19 S-Trimer was produced 

by Clover Biopharmaceuticals, and GSK presented the 
adjuvant system. S-Trimer is a COVID-19 trimeric S protein 
subunit that can serve as a potential vaccine candidate. 
This spike protein plays a role in viral entry into host cells 
by binding to the ACE2 host cell surface receptor. Thus, this 
trimeric S protein can serve as a primary target antigen 
for vaccine production. The S protein was synthesized 
using the expression system of mammalian cell cultures. 
The trimer-tag technology was used for Trimer-S protein 
production, which is a novel drug development platform 
for synthesizing new fusion proteins that are covalently 
trimerized [3].  

The University of Oxford has produced a protein-based 
vaccine composed of the COVID-19 S protein nucleotide 
sequence and non-replicating adenovirus vector. The 
significance of using this non-replicating virus is its 
comparative safety for young people, especially children, 
and people with pre-existing diseases. As COVID-19 uses 
the ACE2 receptors of the host cell membrane, adenoviral 
vectors mainly target the respiratory and gastrointestinal 
epithelium, which are crucial sites of expression of ACE2 
receptors. This vaccine is under clinical trials [22,70]. 

Generex, along with some Chinese companies, is developing 
a COVID-19 vaccine. Hybrid viral peptides were produced 
utilizing the process of immune system activation. The 
composition of these hybrid peptides includes an invariant 
chain peptide for APC, an invariant chain and antigen 
epitope linking structure, and an antigen epitope that binds 
to the major histocompatibility complex II molecule [3]. 

Nanoparticle-Based Vaccines 
Nanoparticle-based strategies for vaccine production are 
considered as an alternative to conventional strategies 
for the incorporation of antigens. Nanoparticles have 
dimensions similar to those of viruses and proteins, with 
examples including polymeric nanoparticles, liposomes, self-
assembled nanoparticles, VLPs, and inorganic nanoparticles 
[103]. Antigenic epitopes are conjugated with nanoparticles 
(natural or synthetic) either through encapsulation or by 
covalent linkage, so these particles can act as viruses to 
elicit an immune response [104]. These nanoparticles can 
be delivered through mucosal sites (e.g., oral or intranasal 
routes), subcutaneously, or intramuscularly [105]. 

Novavax is a clinical-stage biotechnology company that is 
developing a COVID-19 vaccine using the S protein antigen 
of the coronavirus and conjugating it with matrix adjuvant 
in order to enhance the immune response and to stimulate 
high amounts of NAbs using recombinant nanoparticle-
based technology. The expression system for this vaccine is 
a baculovirus system, in which this protein was expressed 
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in a stable form. In preclinical trials, NVX CoV2373 elicited 
antibodies that play a role in blocking the virus spike protein 
from binding to targeted receptors. A saponin-based matrix 
(patented by Novavax) was found to have a potential effect in 
stimulating the entry of APCs towards the site of injection. A 
phase 1 clinical trial was started in May 2020 and the results 
showed 90% efficacy in US and 86.3% efficacy in UK with 
none of safety concerns reported. 

VLPs Vaccines 
The multi-protein structures of viral antigens are self-
assembled to form non-infectious VLPs that closely resemble 
the morphological organization of native virions [106]. VLPs 
are highly immunogenic as compared to subunit vaccines 
for 2 specific reasons: their particulate nature and display 
of highly repetitive virus-specific epitopes arrayed on the 
membrane surface. The interaction between VLPs and 
APCs, such as DCs, is due to the particular nature of VLPs, 
which induce a potent humoral and cell-mediated immune 
response [106,107]. 

VLPs are produced by expressing MERS- and SARS-
CoV-specific antigens in recombinant vector systems that 
provide important guidelines for vaccine development 
against COVID-19. The production of coronavirus VLPs is 
based either simultaneously or individually on structural 
proteins, such as E, S, N, and M of SARS-CoV, expressed in Sf9 
insect cells and baculovirus [108]. The patterns of protein 
glycosylation have a major impact on the protective capacity 
and immunogenicity of VLPs. Glycoengineered Nicotiana 
benthamiana has been developed, in which the α-1,3-
fucosyltransferase (FucT) and β-1,2-xylosyltransferase 
(XylT) genes are knocked out, which significantly reduced 
the production of core α-1,3-fucosylated and xylosylated 
proteins with no phenotypic variation [109]. The Medicago 
company used heterologous expression systems to develop 
VLP vaccines within 3 weeks after the SARS-CoV-2 S protein 
sequence was identified. The company has a high production 
capacity (10 million doses of VLPs within a month). Until the 
end of 2021, 5 VLPs vaccine against COVID-19 are in clinical 
trials and 17 more are in preclinical stages [110]. 

mRNA-Based Vaccines 
mRNA is an intermediate molecule between the translation 
of a protein-encoding DNA sequence and the synthesis of 
proteins by cytosolic ribosomes. Two basic types of RNA-
based vaccines have recently been studied: self-amplifying 
mRNA derived from viruses and non-replicating mRNA 
[111]. Antiviral mRNA-based vaccines hold 4 major efficacy 
and safety advantages over traditional vaccines. First, 
virally derived mRNA-based vaccines reduce potential 

risks, such as mutagenesis induced by retrotransposon 
insertion and infectious diseases, since mRNA is naturally 
degraded in the cell’s microenvironment [112]. Second, the 
high efficacy of immunogens due to structural modification 
of engineered mRNA improves its translation efficacy and 
stability. Third, mRNA vaccines possess a very high potency 
to elicit powerful antiviral NAbs with 1 or 2 combined low-
dose passive immunizations [113]. The NAbs activate both 
CD4+ and CD8+ T cells, inducing a strong host immune 
response [114]. Fourth, the production of appropriate mRNA 
vaccine doses on a large scale to treat massive populations 
is facilitated by engineered structurally modified mRNA 
production. These parameters are considered very crucial 
for making mRNA-1273, the most suitable vaccine that 
elicits a rapid immune response against COVID-19 [115,116]. 

The important steps for the production of mRNA-based 
vaccines are the selection of specific antigens, optimization 
of codons, the modification and screening of nucleotides, 
optimization of delivery vehicles, the induction of immune 
responses against selected antigens, and testing for safety 
to assess risk associated with vaccines [117]. An mRNA 
vaccine has not yet been approved to be released on the 
market. The safety evaluation and establishment of quality 
standards may take a longer time. The Moderna company 
developed the mRNA-1273 vaccine, an mRNA molecule 
that encodes the SARS-CoV-2 S protein. The company has 
manufactured this vaccine in clinical batches for animal 
experiments and is also planning to conduct the first 
clinical trial in 20 to 25 healthy individuals in April, 2021. The 
Bluebird pharmaceutical company, in collaboration with 
Jiaotong University and Fudan University, used 2 different 
procedures to develop mRNA vaccines against SARS-CoV-2. 
The first uses an mRNA molecule that can express the 
RBD and S protein of SARS-CoV-2, and it is under clinical 
trials on mice to evaluate vaccine efficacy. The second uses 
mRNA for in vivo expression [92]. 

Future Perspectives 

The emergence of the third outbreak of viruses related to 
Coronaviridae within the first 2 decades of the 21st century 
has shown the world that there is a need to improve research 
on therapeutic issues and to develop a more systematic 
approach in order to identify potential targeted agents for 
therapeutic purposes. Viral genetic recombination, rapid 
mutations, and inter-species transmission pose a serious 
threat to global health [54]. The outbreak of COVID-19 has 
challenged our existing public health measures and current 
antiviral strategies [70]. 

A determined effort is needed in order to synthesize 
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potential drugs, vaccines, and antiviral strategies in order to 
tackle coronavirus infections to eliminate the devastating 
impacts of viruses on human health and healthcare systems. 
The COVID-19 pandemic has shown the importance of 
developing broad-spectrum antiviral drugs and the need to 
apply artificial intelligence to the field of drug development 
in order to produce efficient therapeutic candidates relatively 
rapidly and at much less cost as compared to the traditional 
expensive and labor-intensive methods. In order to fulfill 
long-term drug development goals, inhibitors targeting 
viral replication and infectious cycles should be identified, 
as well as determining the viral agents responsible for the 
development of symptoms and associated disease and 
death of the host. Animal models should be established that 
can demonstrate the stages of viral diseases in humans, as 
well as vaccine candidates fulfilling the criteria of safety and 
efficacy. Collaboration between pharmaceutical companies 
and research institutes is needed in order to produce drug 
candidates more rapidly, with increased therapeutic potential 
and improved access for patients [3,54]. 

Vaccines for COVID-19 must fulfill the criteria of being 
effective for all people including persons over the age of 60, 
individuals having chronic infections, and frontline health 
care workers. All existing vaccine strategies have their own 
benefits as well as limitations. There is a need to modify 
current strategies rapidly, and then safety and efficacy must 
be evaluated for modified strategies [118]. 

A tremendous amount of data and literature related to the 
study of COVID-19 structure, genome, genomic mutations, 
and potential therapeutic targets has already been gathered, 
and the field is continuing to make progress, implying 
that there is a need to continue advancing our research 
methodology and interpretations. All the published data 
have been extracted from small-scale clinical trials, which 
may result in an increased risk of bias or imprecise results. 
Large-scale clinical trials are needed in order to support 
the evidence of the efficacy and safety of antiviral strategies 
[49]. 

Conclusion 

COVID-19 has proven to be a global threat inflicting adverse 
effects on human health and healthcare systems, as well as 
global economic losses. This article presents a comprehensive 
intellectual framework related to the research and development 
of SARS-CoV-2-related immune mechanisms, auspicious 
drugs, and potential vaccine candidates. Due to the immediate 
need for COVID-19 treatment and the lack of specific drugs, 
vaccines, and therapeutic agents targeting this virus, the best 
current strategy used for rapid treatment is drug repurposing, 

as there is no officially approved drug to tackle COVID-19. 
Drugs that were previously effective against other RNA 
viruses, including SARS-CoV, MERS-CoV, HCV, Ebola, and 
influenza, as well as anti-inflammatory drugs, are being 
considered for treatment against COVID-19. Some drugs 
target the viral replication cycle, while others act as agents 
to boost the activity of the immune system. Apart from 
developing new drugs and clinical and preclinical trials 
for old drugs, the design and development of therapeutic 
and prophylactic vaccines are indispensable for long-
term applications; nonetheless, safety and efficacy trials of 
vaccines present a major challenge. The most effective way 
of controlling the ongoing spread of the COVID-19 pandemic 
is to follow appropriate standard operating procedures 
and preventive measures, use personal protection kits, 
implement social distancing, maintain good hygiene, and 
take steps to promote early diagnoses, which may contribute 
to a decrease in viral transmission, preservation of lives, and 
a reduced burden on the medical system and economy. 
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