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Abstract: SARS-CoV-2 (severe acute respiratory syndrome) is highly infectious and causes severe
acute respiratory distress syndrome (SARD), immune suppression, and multi-organ failure. For SARS-
CoV-2, only supportive treatment options are available, such as oxygen supportive therapy, ventilator
support, antibiotics for secondary infections, mineral and fluid treatment, and a significant subset of
repurposed effective drugs. Viral targeted inhibitors are the most suitable molecules, such as ACE2
(angiotensin-converting enzyme-2) and RBD (receptor-binding domain) protein-based inhibitors,
inhibitors of host proteases, inhibitors of viral proteases 3CLpro (3C-like proteinase) and PLpro
(papain-like protease), inhibitors of replicative enzymes, inhibitors of viral attachment of SARS-CoV-2
to the ACE2 receptor and TMPRSS2 (transmembrane serine proteinase 2), inhibitors of HR1 (Heptad
Repeat 1)–HR2 (Heptad Repeat 2) interaction at the S2 protein of the coronavirus, etc. Targeting the
cathepsin L proteinase, peptide analogues, monoclonal antibodies, and protein chimaeras as RBD
inhibitors interferes with the spike protein’s ability to fuse to the membrane. Targeting the cathepsin
L proteinase, peptide analogues, monoclonal antibodies, and protein chimaeras as RBD inhibitors
interferes with the spike protein’s ability to fuse to the membrane. Even with the tremendous progress
made, creating effective drugs remains difficult. To develop COVID-19 treatment alternatives, clinical
studies are examining a variety of therapy categories, including antibodies, antivirals, cell-based
therapy, repurposed diagnostic medicines, and more. In this article, we discuss recent clinical
updates on SARS-CoV-2 infection, clinical characteristics, diagnosis, immunopathology, the new
emergence of variant, SARS-CoV-2, various approaches to drug development and treatment options.
The development of therapies has been complicated by the global occurrence of many SARS-CoV-2
mutations. Discussion of this manuscript will provide new insight into drug pathophysiology and
drug development.
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1. Introduction

From January 2020 until now, the development of SARS-CoV-2 has accelerated, and
hundreds of candidate medications have been tested in preclinical and clinical stages for use
against the virus [1–3]. The clinical trials that examine novel COVID (coronavirus disease)
therapies provide crucial information about their efficacy and safety [3,4]. The FDA (Food
and Drug Administration), EMA (European Medicines Agency), or other national regula-
tory bodies must approve clinical trials [5]. Several medicines are currently undergoing
phase 3 and 4 clinical trials [4,5]. Antiviral agents, antibodies, cellular molecules, RNA-
based drugs, and repurposing therapies have all been mentioned as preclinical therapeutic
candidates [6]. Other methods of treatment include antimalarial, proteinaceous, interferon,
anti-inflammatory, and antibiotic receptor modifying drugs [7]. As of 30 September 2022,
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there were more than 700 drug development programmes in various stages of preparation,
and the FDA had evaluated more than 450 trials [8]. Since the outbreak of SARS-CoV-2 in
early 2020, experts have been working to develop medicines that can cure the SARS-CoV-2
infection [8,9]. SARS-CoV-2 variants are spreading all over the world, with some of them
playing a key role in increasing contagiousness, toxicity, lowering the effectiveness of SARS-
CoV-2 treatment choices, and leading to the declaration of the COVID-19 pandemic [10].
Increased infectivity of SARS-CoV-2 is associated with higher spike protein–human ACE2
receptor-binding affinity. According to research on structures and functions [11], the SARS-
CoV-2 S protein binds to ACE2 10-fold more potently than the SARS-CoV S protein. The
mutation N501Y was discovered in B.1.1.7 (alpha variant), which improved ACE binding
affinity. The binding effectiveness of ACE2 with N501Y, K417N, and E484K was altered by
B.1.351 (beta variant) [10,11]. It can be challenging to find and create SARS-CoV-2 medi-
cations that target the spike protein molecule, TMPRSS2 protease, or the ACE2 receptor,
for example, because of its volatile chemical compounds [10,11]. Option B.1.1.529 was
first reported to the World Health Organization (WHO) on 24 November 2021, in South
Africa [11]. Each of these variations have mutations that increase viral toxicity and immuno-
suppression. Because binding of SRBD (receptor-binding-domain of spike) to host cell
ACE2 receptors is the initial stage in the SARS-CoV-2 virus’s life cycle, effective medicines
against COVID-19 should predominantly target viral SRBD [8,11]. SARS-RBD CoV-2’s
domain is a competitive inhibitor of the ACE2 receptor-binding site. The US Food and
Drug Administration (FDA) approves drug efficacy through drug design, clinical trials, and
emergency use [10,11]. The SRBD crystal structure containing the Wuhan Hu1 sequence is
effective for drug development for SARS-CoV-2. In the SARS-CoV-2 pandemic, a variety of
pharmacological techniques were used, including network models, structural approaches,
and machine/deep learning approaches [12]. The drug reproduction system is designed in
contrast to typical medication development, such as compound recognition, compound
purchase, FDA pre-design and approval, and product safety and distribution [8,13]. In the
early stages of SARS-CoV-2 pathogenesis, the focus was on the SARS-CoV-2 CLpro enzyme,
host protease, inhibition of SARS-CoV-2 virus adhesion to the ACE2 receptor, HR1–HR2
association with the coronavirus S2 (spike 2) protein, and cathepsin L protease target.
Early research focused on TMPRSS2-related inhibitors, membranes, peptide analogues,
monoclonal antibodies, and protein chimaeras as RBD inhibitors. Then, using a variety
of approaches, various antiviral medications were comprehensively screened, allowing
RNA-dependent RNA polymerase (RdRp) to emerge as an intriguing target for the de-
velopment of antiviral treatments against SARS-CoV-2 [14–16]. SARS-CoV-2 as RdRp has
produced the first verified target for the development of novel antiviral medications [14–16],
thereby addressing current medical demands [13]. In addition, even though several clinical
trials are currently underway, the evaluation of the potential efficacy of various active
components that have been shown to have complete drug reuse is still incomplete [15,16].
A small number of mutations have also appeared multiple times in the overall mutation
population, indicating that certain mutations have significant adaptive advantages [17].
Here, we discuss the clinical update on pathophysiology and the development of potential
inhibitors for SARS-CoV-2.

2. Pathology
2.1. Clinical Characteristics and Diagnosis of SARS-CoV-2 Infection

SARS-CoV-2 causes an instantaneous viral infection in humans with an incubation pe-
riod of 3–10 days [18]. A comparison of the epidemiological, clinical, and radiological char-
acteristics of SARS-CoV, MERS-CoV, and SARS-CoV-2 diseases is shown in Table 1 [18–20].
COVID-19 causes adults to show obvious symptoms such as cough (67.7%), fever (87.9%),
fatigue (38.1%), vomiting (5.0%), and diarrhoea (3.7%); these are also seen in other coro-
navirus disorders [19,20]. In the original instances of infection, there was only a 9-day
lag between the onset of symptoms and the diagnosis of acute respiratory distress syn-
drome [18,19], and most patients had dyspnoea. Complications are frequently a risk
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for patients who have experienced significant events, such as acute respiratory failure,
severe heart failure, or a subsequent infection (Figure 1) [20]. Furthermore, COVID-19
also damages organs and tissues apart from the lungs (Figure 1) [18–20]. SARS-CoV-2
illness is frequently misdiagnosed as influenza or a seasonal upper respiratory tract virus
infection [18,20]. Early diagnosis is necessary for the clinical management of COVID-19
cases. The rapid and precise identification of SARS-CoV-2 made possible by a real-time
reverse transcription-polymerase chain reaction (RT–PCR) is the first step towards manag-
ing COVID-19 from nasopharyngeal fluid (Figure 2) [21]. Serological testing complements
virus detection as it indicates past infection, which could be harnessed for therapeutic gain.
Antibodies are detected by an enzyme-linked immunosorbent assay using a qualitative
detection of IgG or IgM antibodies (Figure 3) [21]. RT-PCR tests are sensitive to SARS-
CoV-2 infection, but they sometimes miss cases. Serological tests are positive later in the
disease course, after PCR tests show negative results (Figure 4) [20,21]. Radiological testing
is also recommended after the onset of respiratory problems and for nucleic acid viral
detection techniques. These tests could involve a lung ultrasound, a CT scan, or a chest
X-ray [20,21]. These can also be employed at different stages of the SARS-CoV-2 infection,
either individually or simultaneously.

Table 1. Comparison of the epidemiological, clinical, and radiological characteristics of SARS-CoV,
MERS-CoV and SARS-CoV-2 diseases.

Characteristics SARS-CoV-2 MERS-CoV SARS-CoV

Outbreak Beginning Date December 2019 [18] April 2012 [20] November 2002 [20]

Location of the First Case Wuhan, China [18] Saudi Arabia [20] Guangdong, China [20]

Confirmed Cases 651,918,402 [From December 2019
to 23 December 2022] [22]

2519 (From 2012 until
31 January 2020) [20] 8096 [20]

Latency Between 5 and 14 days [18,19] Between 2 and 14 days [20] Between 2 and 7 days [20]

Contagious Period 5 to 20 days after onset of disease,
depends on severity of disease

5–14 days after
onset of disease [20] 10 days after onset of disease [20]

Fatality Rate ~2.3% [19] ~36% [20] ~10% [20]

Incidental Host Malayan pangolin [19,20] Dromedary camels [20] Masked palm civets [20]

Transmission

Respiratory droplets
Possibly faecal-oral

Close contact with diseased patients
Possibly aerosol [18,19]

Respiratory droplets
Ingestion of camel milk

Close contact with diseased
patients/camels [20]

Respiratory droplets
Faecal-oral

Close contact with diseased patients
Aerosol [20]

Radiologic Features Various, from focal faint patchy ground-glass opacity to bilateral ambiguous consolidation of the air space of plain
chest radiographs. Not sufficiently unique to differentiate between the three diseases [20].

Clinical Presentation From asymptomatic or moderate illness to severe upper-respiratory distress and death-related
multiorgan failure, varying from person to person. Diarrhoea is recorded as well [20].
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Figure 1. When an infected person releases the virus, it connects to ACE2 receptors on airway host
cells and spreads. Targeting and invasion of ACE2 receptor-infected cells by SARS-CoV-2, as well
as ACE2 receptor expression in human host tissues. SARS-CoV-2 S glycoprotein is made up of two
subunits, S1 and S2, which are commonly depicted as a sword-like tip. The glycoprotein model
from the Protein Data Bank (PDB) shows how subunits are arranged in several critical areas for
the infectious process. An amino acid bridge connects proteins S1 and S2. This is vital information
when considering virus targeting. Since it is essential for viral attachment, fusion, and invasion, the
CoV-Spike (S) protein is a target for the creation of inhibitors. In both humans and bats, there is a
close relationship between the RBD (receptor-binding domain) protein and the ACE2 receptor. In
contrast to SARS-CoV RBD, SARS-CoV-2 RBD has a considerably higher affinity for binding to ACE2
receptors, which prevents either virus from attaching to or connecting to ACE2-expressing cells and
transmitting infection to host cells. Randomisation of trials and at least one risk factor (heart disease,
diabetes, etc.) are linked to worse illness outcomes.



Curr. Issues Mol. Biol. 2023, 45 404

Figure 2. Representation of COVID-19 diagnostic test through RT-PCR.

Figure 3. Representations of COVID-19 serologic diagnostic testing through antibody detection. It
depicts sample loading, SARS-CoV-2 antibody-antigen detection, and qualitative test results.
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Figure 4. A time course of COVID infection and test positivity by either PCR-based or serological
(antibody titre) testing. Notably, PCR tests are positive earlier in disease course, and serological tests
are positive later in the disease course.

2.2. Immunopathology

During SARS-CoV-2 infection, the virus infects and replicates in the lung epithelial
cells [23]. Coronaviruses infect human lung epithelium via the receptor ACE2 and activate
the endosomal and cytoplasmic sensors, TLR3/7 and MAVS, respectively. These receptors
trigger the expression of interferon regulatory factors (IRFs) and NFkB (Figure 5). The
virus is detected by microphases through pattern recognition receptors, which trigger the
secretion of interferons and cytokines (Figure 6) [24]. However, the virus appears to be
immune to the antiviral effects of interferon; instead, the cytokines cause more WBCs
to swarm the tissue, resulting in a cytokine storm in which many cells contribute to the
secretion of a variety of cytokines (Figures 6 and 7) [25,26]. Some of these cytokines include
fibrin deposits as well as damage to the blood vessels, causing fluid to leak into the alveoli,
which causes respiratory failure [24–26]. When viruses block the secretion and function of
cytokines and interferons, allowing them to replicate and avoid destruction by invading
the host’s innate defence system, the body initiates the second layer of the immune system,
i.e., the adaptive immune response [26]. The T and B lymphocytes are the key players in
the adaptive immune system, but SARS-CoV-2 infection reduces the T cells, monocyte,
natural killer, and dendritic cells (DCs) (Figures 8 and 9) [27]. Once dendritic cells detect
viruses through the pattern recognition receptors, they not only secrete cytokines but
are also signalled to migrate to draining lymph nodes [26]. Naive, unnucleated T and B
cells located in the lymph nodes interact with dendritic cells. If their receptors happen
to match the antigen presented by the dendritic cells, they are activated, expand, and
become so-called effector lymphocytes (Figure 8) [25–27]. These effector lymphocytes
migrate back to the site of infection and directly kill infected cells and block further viral
spread by secreting specific antibodies [28]. These specialized WBCs, T cells, and B cells
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are activated by antigen-presenting cells. Once they reach the target tissue, T cells trained
as killer soldiers detect specific virus fragments on the surface of infected cells and destroy
them, eliminating the source of viral production [29]. The antigen-presenting cells (APCs)
play an important role in the development of SARS-CoV-2 disease [25]. SARS-CoV-2
binds with the target cells and activates the granulocytes, macrophages, dendritic cells,
and other immune cells, releasing a complex array of pro-inflammatory cytokines and
activating the cellular immune response [26]. B cell activation and antibody hypersecretion
cause immune system overreaction, which results in tissue destruction. T cells lead to the
development of neutrophils and monocytes in infection, causing lung tissue damage and
clinical symptom exacerbation [27,28]. The cytotoxic T cells recognise the infected cell,
leading to cell death. B cells produce neutralising antibodies that prevent viruses from
attaching to cells (Figure 9) [29]. Virus-binding antibodies secreted by B cells bind to the
surface of viruses and block their entry into host cells. These cells are called neutralising
antibodies [30]. B cells also secrete non-neutralizing antibodies such as NK cells (natural
killer cells) [30,31]. In the adaptive immune system, T and B cells become memory cells
and provide immune defence for a long time [31].

Figure 5. Coronaviruses are RNA viruses, some of which can infect human lung epithelium via
the receptor ACE2. Viral RNA activates the endosomal and cytoplasmic sensors, TLR3/7 and
MAVS, respectively. These receptors activate Interferon Regulatory Factors (IRFs) and NFkB to
induce inflammatory cytokines, including interferons (IFN). Dendritic cells (DCs) sample antigen
and migrate to lymphoid organs to prime adaptive immunity. CD8 T cells induce apoptosis after
recognition of antigen on DCs or infected cells.
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Figure 6. Cytokine storm: When cytokines are triggered without breaks, they can cause damage to
the cells responding to the cytokines and shut down the function of the organs. This is known as a
cytokine storm, which mediates severe disease, including COVID-19.

Figure 7. After entering the body through the mouth or nose, SARS-CoV-2 makes its way into the
lungs, where it uses its distinctive spike proteins to infect alveolar cells. In response, the immune
system attacks the area of infection, killing healthy alveolar cells in the process. Reduced surfactant
from alveolar epithelial type II cells, along with increased fluid accumulation in the alveoli, causes
reduced or severely hindered gas exchange.
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Figure 8. Recruitment of T and B Cells by APCs: Once they reach the target tissue, killer T cells detect
specific virus fragments on the surface of infected cells and destroy them, eliminating virus factory.
Antibodies secreted by B cells bind to the surface of the virus and block host entry (neutralizing antibodies).

Figure 9. Immune Mechanisms Affected by COVID-19: (a) Cytotoxic T cells recognise infected cells,
leading to cell death. (b) B cells release neutralising antibodies, which prevent the binding of the virus.
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3. New Variant Detection and Assessment

As shown in Table 2, a few new variants include increased transmissibility, severe disease,
or a reduction in neutralisation by antibodies from infection. These variants may also pose
a higher risk of eluding testing [32,33]. A variant of high consequence has a demonstrable
ability to evade prevention measures or medical countermeasures [34]. Such a variant could
potentially elude vaccines or medical treatments. Global field research revealed the emergence
of a SARS-CoV-2 variant [35]. More than half of all genomic sequencing of COVID-19 was
carried out in the UK. Variants of concern (VOC), variants of interest (VOI), or variants under
monitoring (VUM) are shown in Tables 3–5 respectively [36–38].

Table 2. SARS-CoV-2 variants and their effects on clinical outcome.

Lineage Strain Mutations
(Spike Protein) First Identified Effects on Clinical

Outcome References

B.1.1.7 20I/501Y.V1
N501Y, A570D,
D614G, P681H,
∆69/70, ∆144Y.

United Kingdom

Increased severity based
on hospitalizations

and case fatality rates
Limited effect of

monoclonal antibody
treatments on neutralising

[10,33]

P.1 20J/501Y.V3

K417N/T
E484K
N501Y
D614G

Japan/Brazil

Significant effect of some
monoclonal antibody

therapy on neutralising
Bamlanivimab–etesevimab:

reduced susceptibility.
Casirivimab-imdevimab:

No change in susceptibility

[33,35]

B.1.351 20H/501.V2

N501Y
D614G
K417N
E484K

South Africa

Increased
transmission (50%).

Bamlanivimab–etesevimab:
>45-fold decrease in

susceptibility

[35]

B.1.427 and B.1.429 20C/S:452R

S13I
W152C
L452R
D614G

US-California

Increased
transmission (20%).

Bamlanivimab–etesevimab:
Active but 7.4-fold reduced

the susceptibility

[33]

Table 3. Variants of Concern.

Name of
Emerged Variants Lineage Name of Country

(First Identified)
Mutation of Interest in

Spike Region
Year and Month
First Detected

Effect on
Disease Severity

Rate of
Transmission References

Omicron BA.2 South Africa

T376A, D405N, R408S,
K417N, N440K, S477N,
T478K, E484A, Q954H,
N969K, G142D, N211I,
∆212, V213G, G339D,
S371F, S373P, S375F,

Q493R, Q498R, N501Y,
Y505H, D614G, H655Y,

N679K, P681H,
N764K, D796Y

In November 2021 High Community
level [32]

Omicron BA.4 South Africa L452R, F486V, R493Q In January 2022 High Community
level [38]

Omicron BA.5 South Africa L452R, F486V, R493Q In February 2022 High Community
level [37]
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Table 4. Variants of Interest.

Name of
Emerged Variants Lineage Name of Country

(First Identified)
Mutation of Interest in

Spike Region
Year and Month
First Detected

Effect on
Disease Severity

Rate of
Transmission References

Omicron BA.2.75 India
W152R, F157L, I210V,
G257S, D339H, G446S,

N460K, Q493 (reversion)
In May 2022 High Not Known [32]

Omicron BQ.1 No evidence K444T, N460K No evidence High No evidence [36]

Table 5. Variants under monitoring.

Name of
Emerged Variants Lineage Name of Country

(First Identified)
Mutation of Interest

in Spike Region
Year and Month
First Detected

Effect on
Disease Severity

Rate of
Transmission References

Omicron
B.1.1.529+R346X
Any amino-acid

substitution
No evidence R346X No evidence No evidence [33]

Omicron B.1.1.529+K444X,
N460X No evidence K444X, N460X No evidence High No evidence [37]

Omicron

B.1.1.529+N460X,
F490X, including

XBB and other
sub-lineages

No evidence N460X, F490X No evidence High No evidence [38]

4. SARS-CoV-2 Drug and Treatment

Therapies for COVID-19 that are being developed include antiviral medications, im-
munomodulators, treatments using neutralising antibodies, cell therapies, and treatments
based on other approaches (Table 6) [39,40]. Our knowledge of the effects of many types of
possible treatments is being rapidly investigated [39]. Antiviral drugs are used to treat a
variety of viral illnesses and stop viral replication (such as HIV, herpes, hepatitis C, and
influenza) [39]. Antiviral Paxlovid (nirmatrelvir and ritonavir) and Lagevrio (molnupi-
ravir) drugs are prescription therapies that fight viruses in the body (used in different
forms, including pills, liquid, powder for inhalation, or intravenous solution) [40,41]. Vek-
lury (Remdesivir) is approved for the treatment of COVID-19 in adults and paediatric
patients who have positive direct SARS-CoV-2 viral test results, are hospitalized, or are
not admitted to a hospital, have mild-to-moderate COVID-19, and are at high risk for
progression to severe COVID-19 [41]. Convalescent plasma and specific antibodies, which
contain antibodies derived from individuals who have already had COVID-19, as well
as antibodies derived from animals and synthetic antibodies, may help patients fight the
virus [42]. Cell treatment products include cellular immunotherapies and a variety of
autologous and allogeneic cell types [43]. Monoclonal antibodies (mAbs) that specifically
target SARS-CoV-2 can support the immune system’s attack on the virus [44,45]. These
mAbs prevent the virus from entering human cells and therefore neutralise it [45]. The
use of the mAbs Bebtelovimab and Evusheld (tixagevimab co-packaged with cilgavimab)
that target SARS-CoV-2 is permitted by an EUA [44]. SARS-CoV-2 can mutate over time,
like other contagious organisms, leading to genetic heterogeneity in the population of
circulating viral strains [45,46]. Certain variations have the potential to result in resistance
to one or more of the mAb treatments approved to treat COVID-19 [46]. The immune
system may become overactive in the event of COVID-19 infection, which could cause
the disease to worsen. Immune regulators can aid in reducing this inflammation [47].
Olumiant (baricitinib) is approved for the treatment of COVID-19 in children from 2 to
under 18 years of age who require extracorporeal membrane oxygenation, invasive me-
chanical ventilation, or supplemental oxygen (ECMO) [48]. Gene therapy products aim to
change a gene’s expression or the biological characteristics of living cells for therapeutic
purposes [47]. Treatment options have been approved for emergency use, and phase III
and IV clinical trials have been conducted to assess whether an existing approved drug
for treating SARS-CoV-2 infection can be used to treat 100 to 1000 people [47,48]. Several
pharmacological options are being studied as supportive therapy in patients with SARS-
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CoV-2 (Table 6) [48]. Here, we will highlight the most frequently discussed medications
and therapies for SARS-CoV-2 patients.

Table 6. List of drugs used in SARS-CoV-2 treatment.

Name of the Drug Potential Description References

Remdesivir Used as antiviral, inhibiting RNA
synthesis in coronaviruses

Selectively provided in 2020 for COVID-19 emergency use,
both promising and negative effects reported; Trial was

sponsored by Gilead, WHO, INSERM, NIAID.
[49–51]

Hydroxychloroquine
or chloroquine

Used for malaria, lupus
(international), rheumatoid arthritis

Selectively provided in 2020 for COVID-19 emergency use,
both promising and negative effects reported; Trial was

sponsored by CEPI, WHO, INSERM; Discontinued by WHO.
[52]

Favipiravir Used as antiviral against influenza
Used against COVID-19 in 2020; Favipiravir reduced

mortality, but the finding was not statistically significant;
Trial was sponsored by Fujifilm, China.

[53]

Lopinavir/ritonavir without
or with interferon beta-1a

Used as antiviral,
immune suppression.

Ritonavir has been proposed as a treatment for COVID-19
based on in vitro activity, preclinical studies, and

observational studies; Trial was sponsored by CEPI, WHO,
UK Government, Univ. of Oxford, INSERM

[54]

Sarilumab Human monoclonal antibody against
interleukin-6 receptor

Clinical efficacy of sarilumab relative to the control arm in
adult participants hospitalized with severe or critical

coronavirus disease 2019;
Clinical trial sponsored by Regeneron-Sanofi.

[55]

Ritonavir+ ASC-09 Antiviral

Clinical trial determined whether PF-07321332/ritonavir is
safe and effective for the treatment of adults; Trial was
performed at multiple sites in China; Combination not

approved; ritonavir approved for HIV.

[56]

Tocilizumab Used in rheumatoid arthritis, immune
suppression (US, Europe).

Ritonavir has been proposed as a treatment for
COVID-19 based on Phase III trial and sponsored by

Tocilizumab Genentech-Hoffmann-La Roche
[57]

Lenzilumab
New drug candidate;

Humanized monoclonal antibody
for relieving pneumonia

Tested against COVID-19 in 2020;
Trial was sponsored by Humanigen, Inc. [58]

Dapagliflozin Used as hypoglycaemia agent
Dapagliflozin did not significantly reduce the

severity of infection; Trial was sponsored in 2020 by Saint
Luke’s Mid America Heart Institute, AstraZeneca.

[59]

CD24Fc Used as antiviral immunomodulator
against inflammatory response

Phase III study to evaluate the safety and
efficacy of CD24Fc in COVID-19 treatment;

Trial was sponsored by OncoImmune, Inc. in 2021
[60]

Apabetalone Selective BET inhibitor Tested against COVID-19 in 2020;
Trial was sponsored by Resverlogix Corp [61]

4.1. Antivirals
4.1.1. Molnupiravir (MK-4482)

Molnupiravir (MK4482, EIDD2801) is an oral test version of an effective ribonucleo-
side analogue that prevents SARS-CoV-2 replication (Figure 10) [62,63]. Molnupiravir has
shown effective results in clinical investigations against COVID-19. Merck and Ridgeback
began two Phase 2/3 trials in October 2020 to see if this could reduce patient mortality
and speed recovery [63]. Promising results were found in hospitalised patients in October
2021 [62]. The approval is based on the positive results of the Phase III clinical study
MOVeOUT’s scheduled interim analysis [64]. Uninfected adult patients who were not
hospitalised within 5 days of laboratory-confirmed mild to moderate SARS-CoV-2 infec-
tion were found to have symptoms. Molnupiravir was investigated in MOVeAHEAD,
a global, multicentre, randomised, double-blind, placebo-controlled phase III study, to
determine if it could prevent SARS-CoV-2 from spreading within a household. Addition-
ally, post-exposure prophylaxis effects were investigated [64,65]. Following the drug’s
post-acquisition market approval under Expanded Access, the FDA issued a Letter of
Authority on 11 February 2022. The FDA hosted an ancillary event on 23 March 2022,
offering healthcare providers an update to the post-authorization requirements in the Letter
of Authorization. Based on the data and perspectives collected to date, the FDA has issued
a new Letter of Authorization on 5 August 2022 [64,65].
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Figure 10. Molnupiravir; Potential repurposed drug candidate for COVID-19.

4.1.2. Favipiravir (Also Known as Avigan)

Favipiraviris is a pyrazinecarboxamide derivative that is effective against RNA viruses,
as shown in Figure 11. A riboflanosyl triphosphate derivative of favipiravir is produced by
a host enzyme and inhibits influenza virus RNA-dependent RNA polymerase [45]. The use
of favipiravir in the treatment of SARS-CoV-2 has been reported in some studies, but more
evidence is needed to support these findings [65]. Few studies have been carried out on
small sample sizes because of the lack of pharmacokinetic and safety data for high-dose
favipiravir, which has been suggested as a therapy for SARS-CoV-2. The success of favipi-
ravir has benefited numerous countries and pharmaceutical companies, and approval has
been given for SARS-CoV-2 [66]. In patients with severe symptoms, a review of favipiravir
research published in February found that it had no effect on death [65]. Research into
whether favipiravir can be used as an early treatment for those with SARS-CoV-2 is also
ongoing [65]. The efficacy of favipiravir against SARS-CoV-2 mutations needs to be tested
in clinical trials [65].
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Figure 11. Structure of Favipiravir.

4.1.3. Ritonavir and Darunavir

Ritonavir and Darunavir (Figure 12) are protease inhibitors used against SARS-CoV-2.
They inhibit the enzyme activity required to prevent viral entry into cells [53,66]. Riton-
avir is an HIV type 1 aspartate protease inhibitor and is used against SARS-CoV-2 [67].
Ritonavir and Darunavir are combined to increase the plasma half-life. Both drugs are
used against SARS-CoV 3C-like protease (3CLpro), which is implicated in the proteolytic
mechanism of the replicase polyprotein and is important for viral multiplication [67]. Dur-
ing the SARS-CoV pandemic, the Italian Drug Agency recommended that the drug be
used therapeutically based on an effective conclusion from a randomised clinical trial [67].
This HIV (human immunodeficiency virus) drug cocktail was approved by the FDA two
decades ago; it also inhibits coronavirus replication in cell cultures (Figure 12) [54]. The
WHO stopped research on patients admitted to COVID-19 at the beginning of July 2021.
Lopinavir and ritonavir are recommended for both inpatient and outpatient use by the NIH
Covid Treatment Guidelines [56]. Lopinavir and ritonavir efficacy against the SARS-CoV-2
mutation has not been demonstrated [66,67]. Darunavir, an unsubstituted amino group at
the 4-position N, N-substituted benzene sulphonamide, is used to treat and prevent HIV
infection (Figure 12). The lack of specialised antiviral medications for COVID-19 treatment
with DRV and SARS-CoV-2 treatment are also obstacles [67].

Figure 12. Darunavir: Potential Repurposed Drug Candidate for COVID-19.
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4.1.4. PAXLOVID™ (PF-07321332)

Pfizer has developed PF07321332 as a potential treatment for SARS as shown in
Figure 13 [68]. At the start of the SARS-CoV-2 pandemic, they modified the drug for
intravenous injection; it was originally in pill form. When this drug was administered
orally to rats, it reached levels high enough to reduce the coronavirus infection in the
patients [68,69]. The clinical trial of PF07321332 was scheduled in March 2021 and a large-
scale phase III trial was scheduled in July 2021 [68]. Preliminary results showed an 89%
reduction in the probability of hospitalisation or mortality from all-cause COVID-19 com-
pared to placebo in patients treated within 3 days of symptom onset (primary endpoint).
At least 0.8% of PAXLOVIDTM participants were hospitalised (3/389 were admitted with
no deaths). In contrast, 7.0% of patients who received placebos were hospitalised or died
(7 follow-up deaths in 27/385) and were hospitalised [68,69]. The results were statistically
significant (p < 0.0001). In patients treated within 5 days of symptom onset, SARS-CoV-
2 showed a comparable trend for hospitalisation or mortality. Patients who received
PAXLOVIDTM were hospitalised 1.0% of the time prior to 28 days after randomization
(6 of 607 patients were hospitalized; no deaths), whereas patients who received placebo
were hospitalised 6.7% of the time (41 of 612 patients were hospitalized; 10 subsequent
deaths) [68,69]. Prior to 28 days of treatment with PAXLOVIDTM, there were no reported
deaths in the general study population. In contrast, 10 (1.6%) deaths were reported in
patients receiving placebo. The recommendation was made in consultation with the FDA
and the independent data monitoring committee. Earlier, a total of 1219 adults who had
been enrolled up until 29 September 2021 were the subjects of a primary study of the data
set [69]. Enrolled participants must have suffered mild to severe symptoms for at least
five days after being diagnosed with SARS-CoV-2 and must have had at least one trait or
underlying medical condition that raised the risk of them developing serious COVID-19.
For a period of five days, every patient was given either PAXLOVIDTM or a placebo orally.
A large cohort of 1881 EPIC-HR individuals who had data available at the time of the inves-
tigation was used to evaluate safety information [68,69]. Contrary treatments were equal in
intensity for PAXLOVIDTM (19%) and placebo (21%), with most of them being mild. Fewer
patients who were examined for treatment of adverse events considered study medication
use (2.1% vs. 6.6%) and adverse events (1.7% vs. 6.6%), and 4.1% in PAXLOVIDTM-treated
patients compared to placebo-treated patients. Pfizer’s Equality of Access Commitment
is dedicated to ensuring that all patients have equal access to PAXLOVIDTM by work-
ing to make safe and effective antiviral medications available swiftly and at a reasonable
cost [68,69]. It has shown substantial antiviral action in vitro against circulating strains of
concern as well as other known coronaviruses, implying that it could be used to treat a
variety of coronavirus infections. While waiting for favourable trial findings and regulatory
approval, the company is trying to guarantee that those in need around the world have
access to novel antiviral medications [69]. The replication of SARS-CoV-2 is inhibited by
CYP3A-mediated metabolism. After investigation of promising results, the FDA has issued
new Letters of Authorization (LOA) on 17 March 2022, 14 April 2022, and 6 July 2022 [69].
On 5 August 2022, the FDA has issued a new authorization letter based on clinical trial
results in immunocompromised patients with mild-to-moderate disease.
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Figure 13. Structure of PAXLOVID™.

4.1.5. Ivermectin

Ivermectin has been an effective drug for the treatment of parasites as shown in
Figure 14. Researchers in Australia reported that the drug blocked the coronavirus in cell
cultures but used doses high enough to have dangerous side effects in humans, causing
an immediate warning against the use of veterinary drugs containing ivermectin by the
FDA [70–72]. Ivermectin was further evaluated in July 2021 in a large-scale, randomized
clinical trial and provided more accurate data [72,73]. However, later clinical research
showed that Ivermectin is not a potential inhibitor of SARS-CoV-2 and Kumar et.al demon-
strated a cell line [71]. The National Institutes of Health has begun testing for medicines
in patients over 30 years of age who have tested positive for SARS-CoV-2 in the previous
10 days and have had at least two symptoms in the previous week [70,71]. Immediately
before the start of this study, another study of 1500 patients showed no effect of ivermectin.
Ivermectin has five different mechanisms of action on coronavirus, and the drug is also
effective against various variants of the virus. The dose of ivermectin was adjusted with
the protocol and additional drugs and measures were added to make the protocol more
effective for the variant [72].

Figure 14. Structure of Ivermectin.

4.1.6. Remdesivir

Remdesivir is used as an antiviral agent against hepatitis C virus and Ebola virus as
shown in Figure 15 [49]. Clinical trials were conducted on SARS-CoV-2 to reduce recovery
time for in patients. The FDA was granted full drug approval on 8 October 2020 [49–51]. This
licence does not apply to the full population that was permitted to use Veklury under an
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EUA that was initially issued on 1 May 2020. Veklury’s use for the treatment of suspected or
laboratory-confirmed COVID-19 in hospitalised paediatric patients weighing from 3.5 kg to
less than 40 kg, or hospitalised paediatric patients younger than 12 years of age weighing at
least 3.5 kg, is now authorised by the FDA after a revised EUA for the medication [73]. This
was completed to maintain access to the paediatric population that the EUA had previously
covered. Clinical trials investigating Veklury’s effectiveness and safety in this patient
population are currently being conducted [74]. The World Health Organization raised
more scepticism when it published a global randomised study that found that remdesivir
had little or no effect on hospital stay, ventilation risk, or mortality from all causes. Based
on these results, WHO has issued guidelines recommending the use of remdesivir [74].
The National Institutes of Health recommends using remdesivir only in patients who are
hospitalised and need oxygen. They advise seriously ill patients not to take the drug [74].

Figure 15. Structure of Remdesivir.

4.1.7. Oleandrin

The oleander bush produces a compound called oleandrin, as shown in Figure 16.
Researchers from Phoenix Biotechnology, a San Antonio-based company, and Galveston
University of Texas published a study demonstrating that coronavirus-infected monkey
kidney cells are protected from SARS-CoV-2 [75]. Oleandrin’s effectiveness against SARS-
CoV-2 mutants has not been studied.

Figure 16. Structure of Oleandrin.

4.1.8. Dexamethasone

Patients with COVID-19 who are suffering from severe hypoxemia may benefit from
high doses of dexamethasone, according to recent studies [76]. Between August 2020
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and May 2021, 1000 patients with COVID-19 were enrolled in a multinational, multicen-
tred, and randomised trial [77]. Dexamethasone (Figure 17) was intravenously given to
503 patients for up to 10 days, and dexamethasone was intravenously given to 497 patients
for up to 10 days. Compared to the low dose, the median number of days without life
support was 22 in the dexamethasone 12 mg/day group (IQR, 6.028.0 days) [78,79]. Those
who received higher doses died at a rate of 27.1% after 28 days, and those who received
6 mg of dexamethasone per day died at a rate of 32.3% (adjusted relative risk of 0.86%
confidence interval of 0.681.08], After 90 days, 32% of people died, although the overall
mortality rate was 37.7% (adjusted relative risk of 0.87 [99% CI 0.701.07]).11.3% and 13.4%
in the 6 mg/day group, respectively; adjusted relative risk: 0.83 [99% confidence interval
(CI) 0.541.29 [78,79].

Figure 17. Structure of Dexamethasone.

4.1.9. Fluvoxamine

Fluvoxamine may reduce inflammation in rats. During the pandemic, researchers
attempted to reuse fluvoxamine to treat COVID-19 [80]. In November 2020, a group
of doctors published a small randomised clinical study of the effects of fluvoxamine
administered to people immediately after being diagnosed with COVID-19. The large
clinical study was conducted in Brazil and included 738 randomly selected COVID-19
patients and an additional 733 in a placebo group. Effective results were observed against
fluvoxamine, as shown in Figure 18 [81].

Figure 18. Structure of Fluvoxamine.
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4.2. Potential Immunotherapeutic Strategies for SARS-CoV-2

Innate immune responses are required for immunity to viral infection and act as a first
line of defence mechanism [9]. The SARS-CoV-2 immune response is initiated via pattern
recognition receptors (PRRs). Viral RNA is identified by extracellular and endosomal
Toll-like receptors (TLRs), cytosolic RIG-I-like receptors (RLRs), cytokine production, and
IFN pathways. PRRs are activated with the involvement of inhibitor-B kinases (IKKs)
and TANK-binding kinase-1 (TBK1) [25,27–29]. These signalling molecules lead to the
activation of NF-B (nuclear factor kappa-light-chain-enhancer of activated B cells) and
IRF3 (interferon (IFN)-regulatory factor-3), which leads to the expression of potent cy-
tokines, chemokines, and the anti-viral activities of IFN-stimulated genes (ISGs), type I
IFNs (IFN-α/β) and proinflammatory mediators. All of this leads to the production of
proinflammatory cytokines. RLRs and TLRs (Toll-like receptors) are two major receptors
that activate IFN signalling and proinflammatory cytokines. Coronaviruses have developed
various strategies to prevent host recognition by impeding the function of antiviral proteins
using various viral proteins. IFNAR1/2 activates released type I IFNs, IFN-, and IFN- to
produce the host antiviral protein. Activated forms of RLR undergo ubiquitination by E3
ligase as well as caspase activation and recruitment domains (CARD) of MAVS (mitochon-
drial antiviral signalling protein). This is followed by IRF (interferon regulatory factor) and
NF-kB (nuclear factor kB), which results in the production of pro-inflammatory chemokines,
cytokines, and type I and type III interferons (IFN/IFN). Type I interferon activates the
ISGs (interferon-stimulated genes), and the JAK-STAT signalling pathway generates the
anti-inflammatory cytokines and prevents the viral infection (Figure 19) [27–29]. In the case
of SARS-CoV-2 infection, there have evolved several approaches to a form of temporary
distraction from routine immune recognition that gives the necessary time or opportunity
for replication of SARS-CoV-2. ZAP (Zinc finger antiviral protein) primarily interacts with
CpG (cytosine-phosphate-guanosine) motifs in RNA virus genomes, and SARS-CoV-2
has evolved the most extreme cytosine approach to defend host mRNA, which prevents
recognition by cytosolic PPRs [39,46]. SARS-CoV-2 has evolved a mechanism to protect the
5′ ends by cap during the replication process. This mechanism makes SARS-CoV-2 different
from other viruses [39,46]. Researchers from the field found that SARS-CoV-2 produces
RNA which is identifiable from cellular mRNA caps in a mouse model and leads to regula-
tion of IFN-regulatory protein for the signalling process [46]. Another mechanism protects
the viral RNA in SARS-CoV-2 by using RTC (replicase-transcriptase complex). Glycon and
post-transnational modifications are also used by SARS-CoV-2 to cap immunogenic viral
proteins for immune evasion [39,46]. The spike (S) protein of SARS-CoV-2 consists of two
subunits, each unit composed of homotrimeric spike proteins of 8–12 nm in length with
22 glycans. These highly glycosylated proteins of SARS-CoV are regulated by DC-SIGN,
which probably helps in the transmission of SARS-CoV-2 by DCs (Dendritic cells) and mi-
crophages Nsp3 protein contains DUB (de-ubiquitinating) and plays several important roles
in innate immunity signalling transduction [82]. Receptor specific S proteins interact with
TMRSS2 to transmit to nearby non-infected cells while evading recognition by the immune
system [83]. Type I/III IFN production is inhibited by the STING-TRAF3-TBK1 complex,
leading to an infection burden in the lungs in infected patients with SARS-CoV-2 [84].
SARS-CoV-2’s innate immune mechanism employs angiotensin-converting enzyme (ACE2)
as a cell-receptor-binding protein and is expressed in epithelial cells of the lungs, gastroin-
testinal tract, cardiovascular system, and renal epithelial cells [9,27,28]. ACE2 regulates
the renin–angiotensin system (RAS) by corresponding the conversion of angiotensin-I
and II to angiotensin-1-9 and 1-7, respectively. After binding of SARS-CoV-2 to ACE2,
endosome formation occurs, which reduces the expression level of ACE2 and induces the
expression level of pro-inflammatory markers including IL-6, IL-8 (Cytokine storm), innate
T cell neutrophils, and increases the production of reactive oxygen species (RAS) [85–87].
Researchers from the field investigated transcriptional profiles in patients with SARS-CoV-2
with the deposition of MBL, C4d, C3 and C5b-9 leading to the formation of MAC (mem-
brane attack complex) in tissue damage with localising spike glycoprotein by antibody
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dependent cell medicated cytotoxicity [86]. Vascular damage and coagulation dysfunction
are observed in SARS-CoV-2 patients because of the von Willebrand factor, heat shock
proteins, autophagy, pyroptosis, and necroptosis [87]. The spike protein of SARS-CoV-2
also interacts with TLR-1, TLR-2, and TLR-6, causing an increase in the production of IL-8
via TLR-2 signalling in PBMC. HMGB1 (High mobility group box protein 1) signalling
induces the expression of TLR-2, TLR-4, and TLR-9 in TREM-1 (triggering the receptor
expressed in myeloid cell 1) [39–46]. HMGB1 is induced by MAPK (mitogen activated
protein kinase) and regulates the process of cytokines in the lung tissues. HMGB1 can be a
potential therapeutic option for drug targeting, which might be beneficial in pulmonary
injury and sepsis in patients with SARS-CoV-2 [87,88].

Figure 19. Innate immune antagonism by SARS-CoV. Notes: Red arrow suppression, black arrow
activation and dotted arrow slow activation. IFN-β/IFNAR interaction can occur in an autocrine and
paracrine fashion. RIG-I and MDA5 are accountable for sensing cytoplasmic viral RNAs. MAVS activates
the IRF3 and supresses the regulation viral proteins. Type I interferon activates the ISGs, and the JAK-
STAT signalling pathway activates the IRF9-STATcoplex, then subsequently activates the downstream
kinases and transcription factors that elicit the production of IFNs and proinflammatory cytokine.

4.2.1. Baricitinib

Baricitinib and tocilizumab have long been used to treat inflammation and have shown
effective results in immune responses [89]. Baricitinib is a Janus kinase (JAK) inhibitor.
JAKs are intracellular enzymes that transmit signals which are produced when cytokines or
growth factors connect with their receptors on cellular membranes to influence hemopoiesis
and immune cell function [89,90]. The FDA has approved baricitinib (Olumiant tablets 1 mg
and 2 mg) for the treatment of adult patients with moderately to severely active rheumatoid
arthritis who have had an unsatisfactory response to one or more tumour necrosis factor
antagonist therapies. At that time, the FDA had not approved baricitinib for the treatment
of COVID-19. Inflammation has long been treated with baricitinib and tocilizumab, and
studies have demonstrated that these medications can help reduce uncontrolled immune
responses [90]. Baricitinib is an anti-inflammatory drug used for rheumatoid arthritis that
reduces inflammation by inhibiting IL6 expression [89]. Tocilizumab is another arthritis
drug that blocks IL6. This reduces the severity of illness and hospitalisation [84]. In July
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2021, the FDA issued an emergency clearance for Olumiant (baricitinib) as a treatment of
for COVID-19 in children ages 2–18 who require extracorporeal membrane oxygenation,
invasive mechanical ventilation, or supplemental oxygen. On 19 November 2020, the
FDA approved an EUA for the treatment of COVID-19 in a subset of hospitalised patients
who need invasive mechanical ventilation, extracorporeal membrane oxygenation, or
supplemental oxygen (ECMO) [90].

4.2.2. Tocilizumab

Tocilizumab is another arthritis drug that blocks IL6. This reduces the severity of
illness and hospitalisation [91]. The FDA approved it in July 2021 to treat inflammation and
showed an effective response in severely ill patients [92]. Baricitinib is an anti-inflammatory
drug used for rheumatoid arthritis that reduces inflammation by inhibiting IL6 expres-
sion [87,91,92]. The FDA approved it on 29 July 2021 based on a randomised clinical trial
(NCT #4381936), and the NIH recommended baricitinib for severely hospitalised patients or
patients on non-invasive ventilation [92]. Actemra was found to be effective in hospitalised
adults and paediatric patients (2 years of age and older) who received corticosteroids and
mechanical ventilation [92].

4.2.3. Ruxolitinib

A JAK 1 and 2 inhibitors known as roxolitinib has been connected to an inhibitory
effect on COVID-19 cytokines [93]. Ruxolitinib’s safety and efficacy were examined in
a small, multicentre, randomised controlled phase 2 trial, which found no statistically
significant differences between it and the standard of treatment [93,94]. On the other
hand, most of the patients displayed a significant improvement in their chest CT scans
and a quicker recovery from lymphopenia. In a significant placebo-controlled multicentre
trial, ruxolitinib’s effectiveness and safety are now being assessed in patients with severe
COVID-19 [95].

4.2.4. Sotrovimab

The sotrovimab antibody is used to treat severely infected patients with SARS-CoV-2 [96].
In Phase 3 clinical trials, results showed a lowered risk of hospitalisation. On 26 May 2021,
the FDA has approved its use for mild-to-moderate COVID-19 infected patients. The
medicine was suggested on 17 November 2021 for non-hospitalized people at high risk
with worsening symptoms. [97]. Sotrovimab versions B.1.1.7, B.1.351, P-1, B.1.617, and
B.1.427/B.1.429/B.1.526 have also been shown to be effective. Preclinical evidence suggests
that by binding to a SARS-CoV-1 and SARS-CoV-2 common epitope on SARS-CoV-2, it
may both inhibit viral entry into healthy cells and eradicate infected cells [97,98].

4.2.5. Casirivimab/Imdevimab

Casirivimab and imdevimab were tested in a randomised, placebo-controlled trial of
outpatients with mild to moderate COVID-19 [99]. Casirivimab 600 mg in combination
with imdevimab 600 mg resulted in a 2.2% reduction in overall hospitalisation and a
70% reduction in deaths. Patients who received 1200 mg IV infusions of casirivimab
and imdevimab, both of which have been shown to be effective against delta variants,
experienced hospitalisation, and mortality reductions of 3.3% and 71%, respectively [100].

4.2.6. Tocilizumab

Tocilizumab has been demonstrated to reduce the inflammatory cascade in people with
severe COVID-19 [101,102]. According to the results of a small randomized controlled trial
comprising 289 patients who were randomly assigned to receive tofacitinib or a placebo,
tofacitinib with steroids was effective in improving outcomes in hospitalized COVID-19
patients [101,102].
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4.2.7. Bebtelovimab

The neutralising IgG1 monoclonal antibody bebtelovimab recognises a particular
epitope in the spike protein of the SARS-CoV-2 receptor-binding region [103]. The FDA
reissued the letter of authorization on 5 August 2022 after analysing the clinical trial
BLAZE-4 (NCT04634409) that assessed bebtelovimab for the treatment of mild-to-moderate
COVID-19 patients [103]. It is reasonable to expect that bebtelovimab, when provided in
accordance with the instructions described in the letter, may be safe and effective for treating
mild-to-moderate COVID-19 patients [103,104]. For the treatment of mild-to-moderate
COVID-19 in both adults and children, bebtelovimab is effective, authorised, and widely
accessible [103,104].

4.2.8. REGEN-COV

After approving REGEN-COV, researchers are still conducting clinical trials to better
understand its efficacy. Treatment with this drug has been shown to reduce infection
rates by 81% [105,106]. On 30 July 2021, FDA REGEN-COV was authorised for use in
preventing COVID-19 in those who had been exposed to the virus. Preliminary results
from the REGNCOV Phase 3 trial revealed a 70% reduction in hospitalisation or mortality
in participants [105,106]. Two SARS-CoV-2 variants (B.1.1.7 and B.1.351) were tested
in vitro for their effects on REGNCOV2, and it was discovered that REGNCOV2 retains
its activity [106]. the efficacy of baricitinib alone or in combination with remdesivir have
not been studied for SARS-CoV-2 mutations, and there is limited information on the use of
baricitinib in combination with dexamethasone [105].

4.2.9. Evusheld (Tixagevimab Co-Packaged with Cilgavimab)

The FDA issued an EUA for EVUSHELD on 8 December 2021 in COVID-19 infected
patients (12 years of age or older, weighing at least 40 kg) [105,107]. The active ingredi-
ents in EVUSHELD are neutralising IgG1 monoclonal antibodies (ixagevimab and cilgav-
imab) that bind to certain, non-overlapping epitopes in the receptor-binding region of
the SARS-CoV-2 spike protein [105,107]. The FDA issued a letter of authorization on 24
February 2022 based on a Phase III randomised, double-blind, placebo-controlled clinical
trial (NCT04625725) [107].

4.2.10. PD-1 Blocking Antibodies: A Potentially Repurposed Drug Candidate
for COVID-19

Immune checkpoint inhibitors (ICIs) are drugs that inhibit programmed death-1 (PD-1)
(Figure 20). T-cell competence is restored in patients with SARS-CoV-2 infections. Anti-
PD-1 and anti-PD-L1 antibody clinical trials are under investigation [108,109]. The damage
caused by T cells and lymphocytopenia may lead to viral sepsis and increase the mortality
rate. Anti-PD-L1-based treatment strategies may be effective options against SARS-CoV-2.
Monoclonal antibodies blocking the activity of PD-1 can increase T cell proliferation and
cytokine production and reduce death in patients with severe pneumonia associated with
COVID-19 [108,109].
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Figure 20. PD-1 Blocking Antibodies: Monoclonal antibodies blocking the activity of PD-1 can
increase T cell proliferation, cytokine production, and reduce death in patients with severe pneumonia
associated with COVID-19.

4.3. Sedative Drug
Propofol-Lipuro 1%

Propofol-Lipuro is a sedative hypnotic drug and is used intravenously in an ICU
setting [110]. The FDA has reviewed the effects of Propofol-Lipuro 1% and found it
effective in patients over the age of 16 and issued an approval for emergency use based on
available scientific evidence [111].

4.4. Personalized Cell Therapies to Combat COVID-19

The personalised viral-specific T cells are used as a potential therapeutic to prevent
and/or treat SARS-CoV-2 infections among vulnerable populations, such as cancer patients
(Figure 21) [112,113]. An individual’s own monocytic-DCs are pulsed with SARS-CoV-2
peptides and then used to prime that same individual’s T cells to generate SARS-CoV-2-
specific T cells [110,111]. These T cells could be cryopreserved or infused into a vulnerable
individual as a COVID-19 prophylactic or treatment [112].
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Figure 21. The personalised viral-specific T cells are used as a potential therapeutic to prevent and/or
treat SARS-CoV-2 infections.

4.5. Gene Therapy

Gene therapy products aim to change a gene’s expression or the genetic activities of
living cells for therapeutic purposes during the treating phases of gene therapy (Figure 22).
Cellular immunotherapies, as well as a variety of autologous and allogeneic cell types, are
products used in cell therapy [112].

Figure 22. Gene Therapy Treatment Phases.

4.6. Other Approaches for Drug Development
4.6.1. Recombinant ACE-2 Approaches

Angiotensin-converting enzyme 2 (ACE2), sometimes referred to as ACEH (ACE
homolog), is a zinc metalloprotease that is a member of the ACE family of enzymes [113].
The predicted human ACE2 protein sequence consists of an N-terminal signal peptide, a
single catalytic domain, a C-terminal membrane anchor, and a short cytoplasmic tail [114].
Angiotensin I and II are cleaved by ACE2 as a carboxypeptidase (Figure 23) [115]. ACE2 is a
critical negative regulator of the RAS (renin–angiotensin system). RAS signalling pathways
and ACE2 appear to play essential roles in SARS-CoV-induced acute respiratory distress
syndrome (ARDS) and deadly avian influenza A (H5N1, H7N9)-induced acute lung dam-
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age, according to new research (ALI) [116,117]. Furthermore, an overabundance of rhACE2
can disrupt the RAS equilibrium. To avoid the underlying adverse effects associated with
RAS, it is critical to select an effective injection volume. The chimeric fusion of rhACE2
with an IgG2-Fc fragment has recently been demonstrated to improve rhACE2 plasma sta-
bility [48]. In mice, the rhACE2Fc fusion protein kept its complete peptidase function and
had a longer plasma half-life [116]. The rhACE2Fc method is projected to improve patient
comfort, reduce dose frequency, and improve treatment efficacy significantly [117]. Accord-
ing to pathological results, SARS-CoV-2 is also linked to lung failure and ARDS [117,118].
The in vitro neutralising effects that were observed showed that human ACE2 fused with
the Fc region of human IgG1, and the plant produced ACE2 Fc fusion protein in Nicotiana
benthamiana [119]. Six days after infiltration, the recombinant ACE2Fc fusion protein was
produced in Nicotiana benthamiana leaves with a fresh weight of 100 g/mL [119,120]. The
SARS-receptor CoV-2’s binding domain (RBD) was strongly bound by the recombinant
fusion protein. In vitro, it is critical that plant-produced fusion proteins have high anti-
SARS-CoV-2 activity [119,120]. After viral infection, Vero cells are treated with the ACE2
Fc fusion protein, which significantly reduces SARS-CoV-2 infectivity. The IC50 value is
0.84 g/mL. Pre-entry therapy with the ACE2 Fc fusion protein also inhibited SARS-CoV-2
infection, with an IC50 of 94.66 g/mL [119,120]. These findings point to plant-produced
ACE2 Fc fusion proteins as potential SARS-CoV-2 treatment options. In cellular and animal
experiments, recombinant ACE2 proteins showed encouraging outcomes for SARS-CoV-2,
and preliminary clinical studies suggested that they are safe for humans [119,120]. Their
efficacy is currently being investigated in large-scale investigations. ACE2 has a strong
affinity for the S RBD mutation and has been demonstrated to be effective against it; it also
has an affinity for both the E484K and the N501Y mutations [98].

Figure 23. Therapeutic strategies to treat SARS-CoV-2 infection based on virus-cell interaction. Host-
targeted strategies include RBD mimetics and antibody fragments, such as scFv. Virally targeted
strategies include antibodies or antibody fragments, such as Fc. In both cases, the ACE2-RBD
interaction is inhibited, preventing infection. The template can be either used as is or adapted to
demonstrate other virus-cell interactions.

4.6.2. Renal Replacement Therapies (CRRT)

SARS-CoV-2 increased the frequency of severe infections and multiple organ failure,
particularly acute renal injury, which increased the need for CRRT [121]. The prevalence
of multiple organ failure, including acute kidney injury, has increased, to making CRRT
necessary in COVID-19 patients [122]. The FDA has given approval based on available
scientific data for CRRT in a critical care situation.
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4.6.3. Cell-Free Biotherapeutic

Zofin is a cell-free biotherapeutic agent derived from naturally occurring microR-
NAs [123,124]. The first 10 patients in the study were those with moderate to severe
COVID-19. They were all successfully treated in hospitals in Bangalore, Calicut, and
Chennai, and were able to return home. Another 65 patients with moderate to severe
COVID-19 were enrolled in a research trial this year thanks to a partnership between
Organic ell and CWI India [124]. There have been documented instances of Zofin being
used for compassionate purposes in the United States, and Organicell recently reported
using Zofin for patients who have mild to intermediate COVID-19 or who are at high risk
of developing moderate COVID-19. The extracellular microvesicles/nanoparticles from
perinatal tissue contain more than 300 growth factors, cytokines, and chemokines [124].
The safety and efficacy of intravenous injections of Zofin TM and placebo in the treatment
of moderate to SARS-related COVID-19 infections are currently being evaluated in a Phase
I/II randomised, double-blind, placebo study. B.1.1.7, P.1, B.1.617, B.1.427/B.1.429, and
B.1.526 have all been shown to be vulnerable to Zofin [98].

5. Nanomaterials for the Treatment of COVID-19

Nanomaterials have been used to successfully neutralise viruses like the SARS and
MERS coronaviruses (Figure 24) [125]. The creation of novel anti-SARS-CoV-2 therapeutics
using nanomaterials has shown potential [126]. The S protein of SARS-CoV-2 and ACE2
on the host cell membrane have been used to create a medication for SARS-CoV-2 [124].
The PIH/Au nanomaterial prevents the virus from entering the cells. To block virus
entry, boronic acid ligands and carbon quantum dots (CQDs) interfere with the interaction
between the protein S-receptor and the host cell membrane [125,126]. Silver nanoparticles
(Ag NPs) were used as a first line of defence to stop SARS-CoV-2 infection.

Figure 24. Classes of Nanoparticles.

RNA viruses are prevented from integrating into host cells by the AgNPs, which
prevent Ag NPs from adhering to the surface glycoproteins of RNA viruses [127]. The
SARS-CoV-2 virus has been demonstrated to be sensitive to copper. Graphene oxide treated
with amino groups served as the signalling pathway for STAT1/IRF1 interferon in T cells,
mediating the induction of T cell chemo-attractant. The development of next-generation
vaccines is made possible by nanomaterials that mimic the inherent immunostimulatory
capabilities of viruses [127,128]. A messenger RNA (mRNA) lipid nanoparticle vaccine
has been investigated to fight SARS-CoV and MERS. It has been demonstrated that li-
posomes, dendrimers, micelles, and polymer-based nanoparticles have anti-SARS-CoV-2
characteristics [128,129].
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Nano-drug co-delivery can reduce particle size-dependent safety concerns in the respi-
ratory and pulmonary systems. For effective and secure pulmonary delivery, corticosteroid-
loaded PLGA NPs, solid lipid NPs, N, N-dimethylaminoethyl methacrylate, and butyl
methacrylate monomers are used (Figures 24 and 25) [128,129]. Mesoporous silica NPs are
functionalized with ligands for active viral cell targeting, enabling drug co-delivery [127].
AgNPs are more effective drug carriers for nucleic acid-based delivery because of their
improved stability, resistance to degradation, and controlled intracellular delivery, shown
in A Nanoprimer to Improve the Systemic Delivery of mRNA-Containing Nanoparticles
(Figure 26) [129,130]. Theaflavin and AgNPs have been shown to inhibit viral replication
and lessen the severity of COVID-19 symptoms [129]. It is possible to use cytokine and
antibody responses that are induced by AuNPs, carbon-based NPs, polymeric NPs, and
vesicular nanocarriers to deliver antigens to certain sites [131,132].

Figure 25. Nanoparticle-Mediated Targeted Drug Delivery.

Figure 26. A Nanoprimer to Improve the Systemic Delivery of mRNA-Containing Nanoparticles.
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Nano-sized herbal remedies have been developed as nano-phytomedicines for alter-
native and complementary medicine based on their properties, which may help in the
fight against SARS-CoV-2 [127,132–134]. Numerous conventional treatments have been
used to stop the viral life cycle since the COVID-19 pandemic began. Some accounts state
that, during the COVID-19 outbreak, more Chinese, Indonesian, and Nepalese individuals
used medicinal herbs because they believed the herbs could effectively prevent or treat the
disease [133]. Traditional medications combined with nanomedicine can be very helpful in
the fight against SASR-CoV-2 [134]. Secondary metabolites of plants that can be delivered
by spherical nanoparticles. Glycyrrhizic acid has a known anti-SARS-CoV effect because of
its cytotoxicity, poor water and bio-fluid solubility, and low bioavailability [135].

6. Conclusions

This study shows the limitations of existing SARS-CoV-2 drug discovery efforts and a
lack of knowledge of the regulatory mechanisms governing emerging COVID-19 sub-types.
In the future, emerging variants should be considered to close the gap in the fight against
SARS-CoV-2. Alternative or innovative therapeutic strategies are urgently required for the
treatment of COVID-19. Since host factors are crucial regulators of SARS-CoV-2 infection,
they are potential targets for antiviral treatment. Therefore, identifying novel host genes or
proteins that mediate COVID-19 pathogenesis, along with associated signalling pathways, is
an essential tool that could aid in our understanding of the precise biological pathogenesis
and, by approach, identify host-directed treatment targets for SARS-CoV-2 infection.
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