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Abstract

The emergence of coronavirus disease 2019 (COVID-19), caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), has affected many countries
throughout the world. As urgency is a necessity, most efforts have focused on identifying
small molecule drugs that can be repurposed for use as anti-SARS-CoV-2 agents. Although
several drug candidates have been identified using in silico method and in vitro studies,
most of these drugs require the support of in vivo data before they can be considered for
clinical trials. Several drugs are considered promising therapeutic agents for COVID-19.
In addition to the direct-acting antiviral drugs, supportive therapies including traditional
Chinese medicine, immunotherapies, immunomodulators, and nutritional therapy could
contribute a major role in treating COVID-19 patients. Some of these drugs have already
been included in the treatment guidelines, recommendations, and standard operating
procedures. In this article, we comprehensively review the approved and potential
therapeutic drugs, immune cells-based therapies, immunomodulatory agents/drugs,
herbs and plant metabolites, nutritional and dietary for COVID-19.
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Introduction

The newly emerged novel coronavirus, severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2) causing coronavirus disease 2019 (COVID-19), is associated with significant global health
problems. The most common clinical manifestations of COVID-19 are dry cough, fever, and
fatigue [1]. Compared with diseases caused by other highly pathogenic human coronaviruses,
COVID-19 has a higher transmission but less severe pathogenesis [2]. It also disproportionately
affects the elderly people and causes a severe form of the disease and higher mortality mainly
because elderly have a weak immune system and multiple age-related co-morbidities like
hypertension, diabetes, chronic renal disorder, and chronic obstructive pulmonary disease [1].
Being a pandemic virus posing high global threats and challenges, rapid advancements have
been made to understand the SARS-CoV-2 and COVID-19 from various aspects viz., molecular

Received: October 10, 2022 - Accepted: December 6, 2022 - Published online: December 8, 2022



2
3
=
<
3
o
>
3
~

Sharun et al. Narra J 2022; 2 (3): e92 - http://doi.org/10.52225/narra.v2i3.92

virology, genome sequencing, cellular and molecular pathways, bioinformatics, pathology,
immunopathogenesis, immunobiology, which altogether are helping in identifying potential
points of therapeutic interventions, developing vaccines and drugs against COVID-19 [3-7].
Despite the extensive efforts made to develop effective vaccines, drugs, immunotherapeutics, and
therapeutic agents for SARS-CoV-2, several of these candidates require further trials and
validation before they can be made commercially available, and for this purpose, clinical trials are
underway [8-15]. Several of the available options have shown promising results in in vitro studies,
and currently, high efforts are being made for generating appropriate supporting data from the
ongoing clinical trials to find out effective drugs and therapeutic regimens against SARS-CoV-2
[16]. In the early outbreak stages, several therapeutic agents were used in combination to manage
clinical cases of SARS-CoV-2 infection. In addition to supportive therapy involving nebulization,
oxygen therapy, the management of fluid conservation in pneumonic lungs, and broad-spectrum
antibiotics to prevent the possibility of secondary bacterial infection, antiviral medicines, such as
lopinavir/ritonavir, and umifenovir (arbidol) were also administered [17, 18]. In several
countries, including China, France, Italy, and Spain, the COVID-19 patients are already being
given lopinavir-ritonavir, ribavirin, interferon (IFN), chloroquine, hydroxychloroquine,
azithromycin, remdesivir, favipiravir, corticosteroids, and convalescent plasma on the sole basis
of the in vitro efficacy of these therapies against SARS-CoV-2 [19].

The major strategies that can be used to control or prevent COVID-19 include vaccines,
monoclonal antibodies, IFN therapies, peptides, oligonucleotide-based therapies, and small-
molecule drugs. Given the time pressure, current research has predominately focused on the
repurposing existing antiviral drugs that are already approved or are in the developmental stage
to treat other viral diseases [17, 20]. Several treatment options have been proposed for the clinical
management of SARS-CoV-2 infection, like remdesivir, lopinavir/ritonavir, neuraminidase
inhibitors, nucleoside analogs, arbidol, peptides such as EK1, RNA synthesis inhibitors, and
traditional Chinese medicine (TCM) (ShuFengJieDu capsule and lianhuaqingwen capsule) [21].
Clinical trials in various regions of the world are in progress to assess the efficacy and safety
profile of many drugs for curing COVID-19 [22, 23]. Corticosteroid has been found to save lives
from COVID-19 in critically ill patients [24]. Additionally, other therapeutic modalities that can
harness the benefits of the defense system of the body’s immunity as well as boost immune system
are being exploited for their effectiveness against SARS-CoV-2, practical utility in treating
COVID-19 patients, and improved outcome of COVID-19. These include immune cells-based
therapies (NK cells and T cells), immunomodulatory agents/drugs, monoclonal antibodies,
cytokines, IFNs, Toll-like receptors (TLRs) based therapy, stem cell therapy, traditional Chinese
medicines, herbs and plant metabolites, and nutritional and dietary approaches [8, 17, 25-33].

This review highlights progress and advances being made on identifying various potent drug
candidates, viral inhibitors, immune cells-based therapies, immunomodulatory agents/drugs,
herbs and plant metabolites, nutritional and dietary approaches for countering COVID-19 that
possess potential to be used as a monotherapy or in combination with other therapeutic agents.

Drug targets against SARS-CoV-2

The therapeutic agents used for treating SARS-CoV-2 infections can be categorized into three
main groups depending upon the mechanism of action: (1) blocking SARS-CoV-2 entry into the
host cell (Figure 1); (2) blocking viral replication and reduce its ability to survive within the host
cell (Figure 2); and (3) inhibiting the exaggerated host immune response (Figure 3). Of the
different types of therapeutic agents available, drugs directly targeting SARS-CoV-2 may be the
most effective [34]. The repurposing of existing drugs is an important strategy with major appeal
in the current situation owing to the need for rapid development of specific new drugs for SARS-
CoV-2. Therapeutic agents targeting adhesion and viral entry, endocytosis, replication, protein
proteases, and cytokine storms can be effective for COVID-19 management [35]. Fusion
inhibitors are drugs that inhibit the fusion of the virus to host cells, and therefore, inhibit entry
into the host cells under attack.
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Figure 1. Viral entry inhibitors. The virus enters target cells through binding to human
angiotensin-converting enzyme 2 (ACE2) receptor. The antiviral drugs target this viral binding
and viral entry preventing the virus entering the cells and therefore block viral replication inside
the host cells. Some potential drugs are given in the red. These drugs work through inhibiting
interaction of SAR-CoV-2 protein with the ACE2 receptor or disrupting endocytosis.
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Figure 2. Viral replication inhibitors. Following entry of the virus into the host cell, the viral RNA
is translated and replicated to produce viral genome and viral protein. Viral genome and viral
proteins are assembled in the cytoplasm to form virion progeny. Virions are then released from
the infected cell through exocytosis. The viral replication inhibitors block viral replication inside
the host cells and thereby reducing viral multiplication. These drugs include protease inhibitors,
RNA-dependent RNA polymerase inhibitors, and RNA replication inhibitors and the names of
the potential drugs within each group are given in red.
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Figure 3. Host immune response modulators. In the early stage of infection, SARS-CoV-2 virus
enters alveoli and infects type II pneumocytes. In response to the viral infection, the pneumocytes
produce type I interferon (IFN). Macrophages also identify the virus and produce cytokines such
as Interleukin 1 (IL-1), IL-6, IL-8, IL-12 and tumor necrosis factors (TNF). Macrophages as
antigen presenting cells activate the helper and cytotoxic T cells. The activated T cells produce
cytokines and attack infected cells. In this period, therapeutic strategies to boost immune
response can be applied, for example IFN-a-2b treatment. At the later stage, the pro-
inflammatory cytokines recruit more immune cells, such as monocytes and neutrophils, which in
turn produce more cytokines that result in a condition known as “cytokine storm”. The severe

inflammation damages the lung leading to fibrin deposition and fluid leakage. In this period,
therapeutic strategies to reduce the inflammatory response are applicable.

The major drug targets identified in SARS-CoV-2 are RNA-dependent RNA polymerase
(RdRp), main protease (Mpr), or 3C-like protease (3CLrr), papain-like protease (PLrro), Nsp13
helicase, 2’-O-ribose methyltransferase (2’-O-MTase), and spike glycoprotein (Figure 4) [17, 36-
38]. Cyclophilin A (CypA) is a highly conserved protein that is essential for replication in several
coronaviruses, such as CoV-NL63, SARS-CoV, and CoV-229E, and may, therefore, be regarded
as a potential antiviral drug target for SARS-CoV-2 [39]. A novel entry route, via the CD147
receptor on the host cells, was recently proposed for SARS-CoV-2 [40, 41]. Therefore, drugs that
can directly interfere either with the spike protein-CD147 interaction and/or the expression of
CD147 may potentially impede the viral invasion [40]. Computational drug discovery methods
are ideal for the current situation as they are faster than high-throughput screening and can be
used for the preliminary screening of potential drug candidates [37]. Drug repurposing (drug

reprofiling or drug re-tasking) has several advantages, including reduced risk of failing the

toxicity and safety tests, reduced project costs, and a much shorter time for drug development
[36, 42].
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Figure 4. The genomic organization of SARS-CoV-2 along with the major drug targets that can be
utilized for developing SARS-CoV-2 specific therapeutics.

The human ACE2 is the receptor of SARS-CoV-2 [43]. The successful SARS-CoV-2 entry into
the host cell depends upon the attachment of spike protein receptor-binding domain (RBD) with
the cellular ACE2 receptor. Therefore, therapeutic compounds blocking SARS-CoV-2 binding to
ACE2 can prevent its entry into the host cells and therefore serve as a potent antiviral drugs [44].
The virus enters host cells through the process of endocytosis; proteins such as PIKfyve, two-pore
calcium channel protein (TPC2), and cathepsin L play a major role in this process. Hence, these
components may be potential targets against which vaccines and therapeutics can be developed
[43]. The 3CLrre sequence is conserved in SARS-CoV-2 and was found to share great similarity
with 3CLpro of bat SARS-like coronavirus. It also shared 99.02% sequence similarity with the
3CLrro of SARS-CoV, but the substrate-binding site of SARS-CoV-2 3CLrr had some key
differences owing to point mutations in its sequence [45]. The molecular docking study of SARS-
CoV-2 RdRp identified that anti-polymerase drugs like ribavirin, remdesivir, galidesivir,
tenofovir, and sofosbuvir, may possess therapeutic potential for SARS-CoV-2 [46]. The selection
of suitable therapeutic drugs should be performed only after assessing their efficacy and safety in
pre-clinical (in vitro and in vivo) and clinical studies [34]. Among the different therapeutic agents
evaluated for managing COVID-19, the majority relies on their anti-inflammatory, antiviral, and
immunomodulatory activities to counter COVID-19. The most common therapeutic agents that
are registered for COVID-19 clinical trials are antivirals, hydroxychloroquine, monoclonal
antibodies, and drugs modulating the renin-angiotensin system [47]. The chemical structures of
major therapeutic drugs for SARS-CoV-2 are illustrated in Figure 5.
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Figure 5. Chemical structure of some major therapeutic drugs that have been evaluated against
SARS-CoV-2: chloroquine, hydroxychloroquine, oseltamivir, lopinavir, remdesivir, ritonavir,
favipiravir, ribavirin, umifenovir, danoprevir, camostat, nafamostat, baricitinib, nitazoxanide,
ivermectin, fedratinib, and dexamethasone.
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Pharmacologic agents against SARS-CoV-2

Oseltamivir

Antiviral drugs in routine use, such as oseltamivir (neuraminidase inhibitor), acyclovir, and
ganciclovir, may not be effective against SARS-CoV-2 [33]. Despite the lack of confirmatory
evidence of their clinical efficacy, neuraminidase inhibitors, like oseltamivir have been applied
widely for treating suspected cases of COVID-19 in China [21]. In a recent review, oseltamivir has
been found to be the third most common drug used in COVID-19 treatment [48]. It has been used
in mild, moderate, and severe cases in some countries [44, 48]. Oseltamivir is a broad-spectrum
antiviral drug that has been approved for the treatment of influenza. After the exclusion of
influenza in a patient suspected to have COVID-19, oseltamivir has no role in managing COVID-
19 [49].

Oseltamivir is a nucleoside analog that hinders viral neuraminidase to prevent the release of
viruses from the host cells, which limits the spread of the virus in the respiratory system [23].
However, this mechanism may not be useful in SARS-CoV-2 as it lacks neuraminidase [50].
Oseltamivir has been used along with chloroquine and favipiravir for the assessment of antiviral
efficacy in clinical trials. Computational methods were used to analyze the efficacy of the three-
drug combination therapy of oseltamivir, lopinavir, and ritonavir. This drug combination was
found to be highly effective against SARS-CoV-2 protease [51]. Nevertheless, additional studies
are warranted to confirm these findings. A randomized clinical trial using a combination of
hydroxychloroquine, oseltamivir, and azithromycin has been conducted (ClinicalTrials.gov
identifier: NCT04338698) of which patients were treated with hydroxychloroquine
phosphate/sulfate orally dosed at 200 mg thrice daily day for 5 days along with oseltamivir at 75
mg twice daily and azithromycin initially at 500 mg on day 1, followed by 250 mg twice daily
during days 2-5. In silico analysis was performed to identify potential candidate therapeutics from
the N-substituted Oseltamivir derivatives that can inhibit main protease of SARS-CoV-2 [52]. The
findings indicate that some of these molecules studied had better inhibitory activity against
SARS-CoV-2 main protease than chloroquine and hydroxychloroquine.

Lopinavir-ritonavir and nirmatrelvir-ritonavir combination

Protease inhibitors like lopinavir, ritonavir, and saquinavir have been used for human
immunodeficiency virus (HIV) treatment. Similarly, an in-silico approach was used to evaluate
the antiviral potential of these inhibitors for the main protease of SARS-CoV-2 (Figure 2). This
study identified a strong interaction between the main protease and the HIV inhibitors lopinavir,
ritonavir, and saquinavir [53]. Lopinavir is the second most commonly used drug for curing
COVID-19 patients [48]. It is currently being used for treating critical and serious patients [48].
The combination therapy of lopinavir (400 mg) and ritonavir (100 mg) was administered twice
daily for 14 days in COVID-19 patients [54]. However, another study used the same combination
at a dose rate of 500 mg orally for 3—14 days when it is was used for treating COVID-19 [55]. This
study noted no mortality, reduced time for negativity on testing, and reduced hospital stay [55];
however, the study did not observe any significant difference in clinical improvement and fatality
rate in patients treated with lopinavir-ritonavir or standard therapy [54]. Decreased viral noted
in patients’ needs further elaboration [56]. Others have also reported good recovery, reduced stay
period, and decrease in mortality due to lopinavir-ritonavir therapy in COVID-19 patients [57,
58].

The Central Drugs Standard Control Organization (CDSCO) has recently permitted the
restricted therapeutic use of lopinavir/ritonavir combination in patients with COVID-19
symptoms in India based on the positive results obtained from treating severe acute respiratory
syndrome (SARS) and Middle East respiratory syndrome (MERS) as well as those from
preliminary docking analyses [59-62]. A randomized, controlled trial conducted among the
hospitalized adult patients (n=199) with confirmed SARS-CoV-2 infection (ChiCTR2000029308)
revealed no benefit from lopinavir-ritonavir treatment compared with that from the standard care

[54].
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Ritonavir is used in combination with other protease inhibitors such as lopinavir to take
advantage of its ability to inhibit cytochrome P450 3A4 (CYP3A4), thus increasing the plasma
concentration of lopinavir [63]. The ability of ritonavir to interfere with the major hepatic drug-
metabolizing enzymes can lead to several clinically important interactions between the drugs. The
drug-drug interaction with ritonavir-boosted therapy is important especially in the case of cardiac
medications. Therefore, cardiac medications such as ranolazine, sildenafil, dronedarone,
simvastatin, and colchicine, should not be used with lopinavir-ritonavir combination to ensure
better patient care [63]. Ritonavir use is also associated with retinal toxicity and impairment.
Long-term ritonavir treatment may induce retinal pigment epithelium changes resulting in
retinal impairment in COVID-19 patients [64]. Similarly, the utilization of lopinavir/ritonavir in
severely ill patients affected with COVID-19 may result in hepatotoxicity. It was found that
treatment with lopinavir-ritonavir was associated with increased incidence of jaundice or
elevation of total bilirubin in critically ill patients [65]. Therefore, it is advised that the liver
function in such cases should be closely monitored.

Recently, combination of nirmatrelvir-ritonavir (known as Paxlovid®) already approved for
COVID-19 treatment by the US FDA [66].

Remdesivir (GS-5734)

Remdesivir (GS-5734™) is useful as a broad-spectrum antiviral drug. After it is metabolized to
GS-441524 within the body, it inhibits replication of human endemic and zoonotic
deltacoronaviruses, SARS-CoV and MERS-CoV. In vitro studies demonstrated that remdesivir
has viral activity against the Ebola virus [67, 68], murine hepatitis virus [69], the Junin virus, and
the Lassa fever virus [68], and viruses from other genera, such as pneumo-, bunya-, and
flaviviruses [70], as well as Bat-CoVs and human-CoVs, such as SARS-CoV and MERS-CoV [71-
73]. Some in vitro studies showed that combination therapy of remdesivir and IFN-f had better
protective effects in mice compared with the combined therapy of lopinavir, ritonavir, and IFN-[3
against MERS-CoV [54].

In vivo studies revealed that remdesivir exhibited antiviral activity for the Ebola virus in
rhesus monkeys [68], the Nipah virus in African green monkeys [74], MERS-CoV in mice [75]
and rhesus monkeys [76], and SARS-CoV in mice [71]. Remdesivir, a monophosphoramidate
prodrug of an adenosine C—nucleoside that acts as an adenosine analog [77], exerts antiviral
activity by adversely affecting viral RNA production, causing the termination of nascent viral RNA
copies. This interrupts the function of enzymes, such as viral RARp and viral exonuclease; hence,
after treatment with this drug, the number of viral RNA molecules gradually diminishes owing to
the disturbance in proofreading [78]. GS-441524 is efficacious and has been proposed for treating
cats with feline infectious peritonitis caused by feline coronavirus (FCoV) [79].

Remdesivir targets viral replication and can therefore be used to prevent the progression of
COVID-19 from asymptomatic, mild, or moderate cases to the more severe form of the disease
[80]. The first COVID-19 case in USA was treated with remdesivir based on disease severity and
the therapy progressed without any side effect [81]. The first randomized, double-blind, placebo-
controlled clinical trial revealed that faster clinical improvement was observed compared with
that in the placebo group; however, a statistically significant difference was not obtained [82].
One of the reasons for early study termination was the occurrence of adverse effects, and
therefore, the study did not have a large enough sample size, leading to insufficient evidence to
confirm the efficacy of remdesivir [83]. However, in another double-blind, randomized, placebo-
controlled trial of intravenous remdesivir therapy in adult COVID-19 patients, improved
recovery, reduced time stay (11 days), and decreased mortality (7.1%) was noted in remdesivir
treated group indicating beneficial use compared to the placebo group [84]. Further fewer
individuals (21.2%) showed side effects as compared to the placebo group (27.0%) [84]. Several
randomized, double-blind, placebo-controlled clinical trials that are ongoing to assess the safety
and efficacy of remdesivir are expected to have more than 500 COVID-19 patients
(NCT04292730, NCT04292899, NCT04315948, NCT04280705, NCT04321616).

Another study assessed the clinical efficacy of remdesivir in COVID-19 patients under
mechanical ventilation. Among the 51 patients analyzed, 25 were treated with remdesivir. The
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findings from the study indicate that the mortality rate in COVID-19 patients under mechanical
ventilation is high and the use of remdesivir resulted in better survival in such patients [85].
Remdesivir has previously demonstrated clinical usefulness in severe COVID-19 patients [84,
86]. However, its efficacy has not been widely studied in patients with a moderate form of the
disease. Therefore, a randomized, open-label trial was conducted among the hospitalized patients
found SARS-CoV-2 positive and showing moderate COVID-19 pneumonia [87]. The patients
received either a 10-day course of intravenous remdesivir, a 5-day course of intravenous
remdesivir, or standard care. The 5-day course was associated with a significant difference in the
clinical profile than standard care. However, this difference was of insignificant clinical
importance [87]. At this stage, very limited information is available on the -clinical
pharmacokinetics and drug-drug interactions (DDIs) of remdesivir. The combination therapy
involving remdesivir and P-glycoprotein inhibitors such as azithromycin, hydroxychloroquine,
cyclosporine, and amiodarone leads to increased intrahepatocellular concentration resulting in
hepatocellular toxicity associated with DDIs [88].

A recent clinical evaluation study of COVID-19 patients used remdesivir at a dose of 200 mg
intravenous on day 1, following 100 mg for 9 days. Of the 53 patients, 36 (68%) showed clinical
improvement [89]. The antiviral efficacy and cardiotoxicity evaluation study revealed that
remdesivir exhibited almost 60-fold higher antiviral activity in cardiomyocytes-derived from
human pluripotent stem cells as compared to the Vero E6 cells while inducing moderate levels of
cardiotoxicity [90]. The study also identified a potential risk of QT prolongation with a higher
concentration of remdesivir compared to the estimated peak plasma concentration indicating a
potential for cardiotoxicity. A recently study showed that the early use of injectable remdesivir is
very effective to prevent hospitalizations [91].

Recently, remdesivir (Veklury®) is approved for the treatment of COVID-19 in adults and
pediatric patients by the US FDA [66].

Favipiravir
Favipiravir, a purine nucleoside, is a guanine analog that may exhibit potential activity against
SARS-CoV-2 through the inhibition of RdRp. It causes disturbance in viral RNA synthesis [80,
92]. Favipiravir acts as a chain terminator at the viral RNA incorporation site, thereby reducing
the viral load [93]. As a prodrug, favipiravir requires metabolic activation in the body via
ribosylation and phosphorylation and is then converted to the triphosphate form (favipiravir-
RTP) [94]. It is used against influenza A and B. In Japan, it has started to be used in trials on
COVID-19 [95]. In addition to the therapeutic use in influenza, favipiravir has revealed a broad
spectrum in vitro antiviral potential against life-threatening RNA viruses, like the rabies, Ebola,
and the Lassa virus [93]. It has also revealed in vitro antiviral activity for SARS-CoV-2 , however
requiring a slightly higher dose than the remdesivir and chloroquine [96]. In silico studies
conducted to throw light upon the underlying molecular interactions between favipiravir and the
RdRp of coronaviruses revealed that the active form of favipiravir, F-RTP binds the active sites of
coronavirus RdRp. In addition to that, F-RTP is also bound to the replicated RNA terminus
suggesting a distinct mechanism of action against coronaviruses as compared to influenza [97].

Cai et al. [98] evaluated favipiravir (initial dose 1600 mg orally twice daily, followed by 600
mg twice daily up to day 14) against lopinavir/ritonavir (400/100 mg twice daily for 14 days)
along with IFN-a by aerosol inhalation (5x106 U twice daily). Shorter viral clearance, better
resolution of lung pathology, and fewer side effects were noted in favipiravir treated patients than
those in other groups. Multiple clinical trials have already been registered in China for evaluating
the therapeutic potential of favipiravir alone and in combination with tocilizumab and
chloroquine in COVID-19 patients [94]. In a clinical trial of 200 patients conducted in China,
Watanabe et al. [99] found that COVID-19 patients who received favipiravir tested negative in a
relatively short period (4 days) compared with patients not receiving this drug (11 days). Hence,
favipiravir may be an ideal drug for compassionate use in COVID-19 patients because of its
potential to hinder the RARp of SARS-CoV-2 [94].

The comparative efficacy of favipiravir and hydroxychloroquine with(out) azithromycin was
studied in SARS-CoV-2-infected Syrian hamsters. Although, treatment with a low dose of
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favipiravir or hydroxychloroquine with(out) azithromycin was not associated with much
reduction in virus titers. However, high doses favipiravir therapy was associated with a reduction
in infectious virus titers in the lungs that improved lung histopathology findings [100]. Although
favipiravir demonstrated antiviral activity at non-toxic doses against SARS-CoV-2 in the small
animal models, further studies are warranted to confirm a similar efficacy in humans.

Ribavirin

Ribavirin is a guanosine analog that acts as an inhibitor of RNA synthesis [80]. It is an antiviral
drug that has been previously used for the treatment of several viruses, such as the respiratory
syncytial virus and hepatitis C virus [101]. Ribavirin binds to the SARS-CoV-2 RNA-dependent
RNA polymerase and may therefore be effective against COVID-19 [46]. It has been proven in
vitro anti-SARS-CoV-2 actions and was used in SARS and MERS [102]. It has been used in
combination with recombinant IFN, and with plasma or antibodies from convalescent patients
for treating COVID-19 patients [103].

In a retrospective cohort study, ribavirin therapy was compared with supportive therapy
alone in laboratory-confirmed COVID-19 patients. Among the 115 patients studied, 44 received
intravenous ribavirin, and 71 received only supportive therapy (control group). The findings from
the study indicate that treatment with ribavirin is not associated with improvement in mortality
rate as well as negative conversion time for SARS-CoV-2 test suggesting lack of clinical benefits
[104]. Ribavirin has also been studied as a combination therapy along with sofosbuvir and
daclatasvir in hospitalized adults suffering from moderate COVID-19. The intervention group in
this randomized controlled trial (IRCT20200328046886N1) was treated with a combination of
400 mg sofosbuvir, 60 mg daclatasvir, and 1200 mg ribavirin. Although the combination therapy
showed a better recovery rate and lower death rates, being a small trial with few patients (24
patients each), the authors have reported an imbalance in the baseline characteristics thereby
preventing us from reaching a conclusion [105].

In another clinical trial, ribavirin therapy was compared with the combination therapy with
sofosbuvir/daclatasvir in patients with severe COVID-19 illness. The result indicates that
combination therapy with sofosbuvir/daclatasvir was associated with a reduced duration of
hospital stay (5 days) as compared to ribavirin therapy (9 days). In addition to that, combination
therapy was associated with a reduced mortality rate (6%) as compared to ribavirin group (33%)
[106]. Therefore, the better recovery rate and lower death rates associated with
sofosbuvir/daclatasvir/ribavirin combination therapy can be attributed to the effect of
sofosbuvir/daclatasvir alone [105].

Arbidol

Arbidol is an indole-derivative developed by Russia to treat of respiratory viral infections such as
influenza [107]. Arbidol and its derivative, arbidol mesylate, may possess potential in vitro
antiviral activity against SARS-CoV given their direct antiviral activity in the early stages of viral
replication [108]. Arbidol hydrochloride was also found to be effective in treating influenza
infection owing to its ability to suppress viral propagation and to modulate inflammatory cytokine
expression in in vitro and in vivo studies [109]. The mechanism of action involves the inhibition
of virus-mediated fusion, which blocks the entry of the virus into target cells (Figure 1) [107].
Arbidol mesylate was found to possess almost five times stronger antiviral activity than its parent
compound in in vitro studies [108]. Arbidol has potential against SARS-CoV-2 as it can block
trimerization of the spike glycoprotein which is essential for binding, entry, and fusion of the virus
to host cell [110].

Although arbidol is widely used for treating patients with COVID-19 and was still used by
several countries, the desired recovery was not achieved [111]. It was believed that Arbidol inhibits
the S glycoprotein of SARS-CoV-2 due to the close similarity between hemagglutinin and spike
proteins [111]. Several analogues of arbidol that are designed by scaffold morphing and developed
using structure-based formulating approaches were found to possess a superior therapeutic
profile as compared to the parent compound [112]. However, not all the active compounds of
arbidol interact with the active sites in each protein and were inactive against spike glycoprotein
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[111]. This might be the reason why arbidol does not exhibit the desired activity during clinical
studies.

A preliminary study conducted in confirmed COVID-19 patients suggests that treatment
with arbidol improved the discharge rate and decreased the mortality rate compared with patients
that did not receive arbidol treatment [1]. In a retrospective cohort study conducted in patients
with laboratory-confirmed COVID-19, combination therapy using arbidol and lopinavir/ritonavir
treatment was found to be linked with favorable clinical responses compared with that after
treatment with lopinavir/ritonavir alone [113]. Both these studies had a limited sample size and
the findings require verification in a randomized controlled clinical trial.

Danoprevir

Danoprevir is an antiviral drug used in China for treating patients with chronic hepatitis C owing
to its ability to inhibit hepatitis C virus protease (HCV protease inhibitor/NS3/4A). Ritonavir, an
HIV protease (CYP3A4 inhibitor), enhances the plasma concentration of danoprevir. The
replication cycle of SARS-CoV-2 chymotrypsin-like protease exerts a critical role in both viral
transcription and replication. It is documented that the chymotrypsin-like protease (3CLpro)
associated with SARS-CoV-2 has some structural resemblance to HCV and HIV proteases and the
use of danoprevir as a protease inhibitor along with ritonavir may enhance the therapeutic activity
against COVID-19 (Figure 2). Studies using a combination of danoprevir and ritonavir, the
repurposed drug for treating COVID-19, showed a significant decrease in viral replication after
4-12 days, improved CT images by efficiently reducing the ground glass opacities (GGO) and
patchy lesions in the lungs, and causing a gradual reduction in the viral nucleic acid count as
shown by RT-PCR [114]. The findings suggested that this combination can be used as a safe, well-
tolerated, and efficient treatment protocol [115]. Recently a clinical trial conducted on the use of
danoprevir in COVID-19 cases showed its therapeutic potential. It helped in regaining normal
body temperature, improved respiratory symptoms, resolved lung lesions, and negative results
on two consecutive RT-PCRs [116]. Danoprevir is safe and well-tolerated in all patients [116]. The
therapeutic potential of danoprevir-ritonavir was evaluated in a small open-label study (100 mg
danoprevir with 100 mg ritonavir twice a day for up to 14 days) (NCT04291729). The available
data indicate that the combination of danoprevir-ritonavir is very much efficacious, safe, and
well-tolerated by patients with COVID-19. This combination has to be administered during the
early period of the viral infection to be effective for patients with milder symptoms [114].

Camostat mesylate and nafamostat mesylate

Serine protease inhibitors such as camostat mesylate target the fusion step of the viral entry into
host cells. Entry of SARS-CoV-2 into host cells is facilitated via ACE2 receptor and/or
transmembrane serine protease 2 (TMPRSS2) receptors. Camostat mesylate can function as a
TMPRSS2 inhibitor that blocks cell surface fusion by downregulating the expression of the spike
protein of SARS-CoV-2, thereby blocking the cellular entry of virus [117, 118]. In a previous study,
commercially available camostat mesylate was found to block SARS-CoV-2 entry into human
bronchial epithelial cells [119], and it has also been demonstrated that clinically proven protease
inhibitors, such as E-64d (a cysteine protease inhibitor) and camostat mesylate can proficiently
block SARS-CoV-2 from binding to TMPRSS2 [120, 121].

Nafamostat mesylate, another serine protease inhibitor, has been shown to have superior
inhibitory activity (15-fold higher than that of camostat mesylate) with respect to preventing
SARS-CoV-2 entry into host cells. Moreover, it has a better safety profile, and therefore, may be
a preferable alternative to camostat mesylate [120]. Nafamostat mesylate also has an additional
advantage in that it is used for treating disseminated intravascular coagulation (DIC), and hence
might prove useful for therapeutic purposes in COVID-19 patients who manifest DIC with
enhanced fibrinolysis [122].

Nafamostat mesylate has been used to treat critically ill COVID-19 patients in combination
with favipiravir. The results of the case series indicate that the combination therapy aided in
reducing the mortality rate [123]. Nafamostat mesylate when used in combination with
favipiravir may block virus entry as well as subsequent replication in the host cell. In addition to
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directly targeting the virus entry, nafamostat mesylate also inhibits intravascular coagulopathy,
therefore can be considered beneficial for COVID-19 patients [123]. However, serious adverse
events, such as CNS and bleeding complications that are associated with nafamostat mesylate
therapy and its combination with favipiravir require careful consideration in the case of COVID-
19 patients [124]. This is important as both the drugs (nafamostat mesylate and favipiravir) were
developed and used primarily in Japan.

Baricitinib
The entry of SARS-CoV-2 into the host cells is achieved via receptor-mediated endocytosis, a
phenomenon regulated by AP2-associated protein kinase 1 (AAK1). Accordingly, interference of
AAK1 has been found to inhibit viral entry, and the process of intracellular viral assembly [125].
Baricitinib is a Janus kinase inhibitor (JAK) that can inhibit AAK1 [126], and can thus be used for
blocking SARS-CoV-2 entry into a host cell. Moreover, it can inhibit the inflammatory response
associated with infection [126].

Baricitinib has been previously used in patients with rheumatoid arthritis, atopic dermatitis,
and active systemic lupus erythematosus with impressive efficacy and safety records [127].
Therefore, baricitinib can be used to block SARS-CoV-2 entry into the pneumocytes and to
prevent cytokine storm in SARS-CoV-2 patients [127, 128]. The role of baricitinib was assessed in
patients treated with high-dose corticosteroids using an observational study. The addition of
baricitinib into the treatment regime was found to improve pulmonary function in COVID-19
patients with moderate to severe pneumonia as compared to corticosteroids alone [128].
Furthermore, the immunologic and virologic efficacy of baricitinib was studied in SARS-CoV-2
non-primate model (rhesus macaque model). Treatment with baricitinib was found to be
associated with limited lung pathology, reduced immune activation, and decreased neutrophil
infiltration into the lungs. In addition to that, there was a suppression in the production of
cytokines and chemokines by alveolar macrophages indicating beneficial anti-inflammatory
activity that can be used for treating COVID-19 [129]. The use of baricitinib is also associated with
important adverse reactions such as abnormal blood routine and elevated liver enzymes [127].
However, it is currently unknown whether the adverse reactions will occur when used as a
therapeutic for COVID-19 due to the short course of treatment. Therefore, baricitinib should be
administered cautiously in patients with the above risk factors. Further investigations are needed
to assess the safety of baricitinib in pregnant women and patients with renal insufficiency [127].

Ruxolitinib and fedratinib, two other JAK inhibitors that are very much related to baricitinib,
inhibit clathrin-mediated endocytosis but only at higher doses, therefore may not be effectual at
tolerable doses [130]. JAK-STAT signal inhibition by baricitinib, a selective JAK1, and JAK2
inhibitor, results in impairment of IFN-mediated antiviral response, thus having prospects to
prevent SARS-CoV-2 infection [131]. However, one major factor that limits the use of baricitinib
in COVID-19 patients is the occurrence of adverse side effects, such as lymphocytopenia,
neutropenia, and viral reactivation. Its use would thus be detrimental for COVID-19 patients, who
already manifest lower absolute lymphocyte count, as it is likely to augment the incidence of co-
infection [132]. Further trials are therefore mandatory to establish whether baricitinib therapy
can have any clinical utility in the treatment of COVID-19. Synergistic potential has been noted
between remdesivir and baricitinib when used as combination therapy in COVID-19 patients
[130, 131].

Recently, baricitinib (Olumiant®) is approved for treatment of COVID-19 in hospitalized
adults patients [66].

Teicoplanin

Teicoplanin is a glycopeptide antibiotic that has been used routinely for treating bacterial
infections caused by staphylococci [133]. This compound was previously found to inhibit the
cellular entry of viruses such as Ebola, MERS-CoV, and SARS-CoV [134]. Teicoplanin specifically
inhibits the activity of cathepsin L and consequently blocks viral entry into cells. Hence, this
glycopeptide compound has potent inhibitory activity against cathepsin L-dependent viruses
[135]. Teicoplanin is found to be the most effective drug with an ICso value of approximately 1.5
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UM [136]. Studies have also identified a relatively high affinity between Teicoplanin and SARS-
CoV-2 3CLrro indicating good interaction. Teicoplanin possesses about 10-20-fold more protease
inhibition activity than drugs such as hydroxychloroquine, chloroquine, lopinavir, azithromycin,
and atazanavir making it a more promising therapeutic candidate for COVID-19 [136]. Treatment
with teicoplanin will therefore decrease the proteolytic activity of SARS-CoV-2 3CLrro. Since
3CLrro plays an irreplaceable function in the processing of viral polyproteins, it can be confirmed
that the anti-SARS-CoV-2 potential of teicoplanin is mediated via the inhibition of viral
replication.

Teicoplanin derivatives, such as telavancin, dalbavancin, and oritavancin, also possess
similar inhibitory activity against Ebola, MERS-CoV, and SARS-CoV viruses [134]. A preliminary
study on SARS-CoV-2 reflects that the compound may be effective against the virus by preventing
viral entry (Figure 1) [135]. Further investigations are required to evaluate the antiviral potential
of teicoplanin against SARS-CoV-2. It has been recommended in complicated infections of SARS-
CoV-2 including those with Staphylococcus aureus and has shown improvement in clinical cases
including in critical cases [137, 138].

Chloroquine and hydroxychloroquine

Chloroquine and hydroxychloroquine are two aminoquinoline drugs with similar modes of action
that are routinely used in treating malaria and autoimmune conditions. The two drugs differ
structurally in that hydroxychloroquine possesses a hydroxyl group at the end of a side chain in
which an N-ethyl group is substituted by a B-hydroxylated group [139]. Of the two,
hydroxychloroquine is generally more preferable, owing to its superior safety profile and lower
toxicity after long-term use [140]. Given its antiviral and anti-inflammatory activities,
chloroquine-based treatment is believed to offer a prospective strategy for managing COVID-19-
induced pneumonia [141]. It has been used in mild, moderate, and severe COVID-19 cases [48].
There are more than 80 trials registered trials with chloroquine and hydroxychloroquine-based
treatment in COVID-19 patients with some showing good results and some having raised
concerns [142, 143]. The pharmacological activities of chloroquine and hydroxychloroquine
against COVID-19 were recently evaluated in in vitro studies employing SARS-CoV-2-infected
Vero cells, the findings of which have indicated that hydroxychloroquine has a superior in vitro
inhibitory potential against SARS-CoV-2 [144]. Combination therapy has also been found useful
to reduce viral load in COVID-19 patients [145].

COVID-19 patients were administered 600 mg of hydroxychloroquine daily, which caused a
substantial reduction of viral load and eventually helped to gain complete recovery [145]. In order
to ensure more reliable results, it has been recommended to administer a loading dose of
hydroxychloroquine along with a maintenance dose [146]. However, the sample size upon which
these findings were based was notably very small, and thus the possibility of misinterpretation
cannot be discounted. Although hydroxychloroquine sulfate tablets are already registered by the
FDA for treating diseases such as malaria, rheumatoid arthritis, and lupus erythematosus [147],
hydroxychloroquine is yet to receive FDA approval for use as a therapeutic agent in managing
COVID-19. Nevertheless, it has also been found that the addition of azithromycin to the
hydroxychloroquine protocol has a reinforcing effect, which enhances the efficiency of viral
elimination [145]. The synergistic effect of hydroxychloroquine and azithromycin combination
against SARS-CoV-2 has been further validated based on in vitro evaluations [125]. Moreover,
the concentrations of hydroxychloroquine and azithromycin that are required when used in
combination to achieve in vitro viral inhibition can be replicated in vivo, both in serum and
pulmonary tissues [125]. The beneficial effects of azithromycin in COVID-19 patients are
suspected to be mediated via its interference with ligand-CD147 receptor interactions, thereby
reducing the viral load [40].

With respect to the efficacy of chloroquine, it is suspected that this drug may interfere with
ACE2 receptor glycosylation, thereby limiting the SARS-CoV-2 binding to target host cells. It is
also conceivable that chloroquine suppresses the biosynthesis of sialic acid receptors necessary
for the cell surface binding of SARS-CoV-2. If, however, some viral particles do succeed in
binding, chloroquine can modulate acidification of endosomes, thus inhibiting the development
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of autophagosomes (Figure 1). Furthermore, based on a reduction in cellular mitogen-activated
protein (MAP) kinase activation, it is conjectured that chloroquine might also inhibit viral
replication or can modify M protein maturation and hinder virion assembly and budding. Finally,
chloroquine may act indirectly via dropping the pro-inflammatory cytokines production and/or
by potentiating anti-SARS-CoV-2 CD8+ T-cells.

Recent reports have demonstrated that, along with remdesivir, chloroquine can be used for
inhibiting SARS-CoV-2 in vitro, thus the use of these drugs for treating COVID-19 patients has
accordingly been advocated [148, 149].

Overall, it appears that chloroquine functions as a hurdling molecule at various steps in the
life cycle of SARS-CoV-2. It is presumed that the drug initially prevents the binding of SARS-CoV-
2 to its target cells by hindering the glycosylation of the ACE2 receptor, and can further prevent
the biosynthesis of sialic acid receptors on the surface of cells that are required for the binding of
the SARS-CoV-2. If, however, the virus succeeds in breaching this first line of defense, and owing
to being bound to the cell surface gains access to the cell interior, then chloroquine may mobilize
a second line of defense by altering the acidification of endosomes, thereby contributing to the
inhibition of the autophagosome formation. Moreover, chloroquine can also affect virion
assembly and budding by modulating M protein maturation [139]. Despite these attributes,
however, studies have revealed that hydroxychloroquine is a more potent preventive and
therapeutic alternative as a repurposed drug. Nevertheless, compared to the spike protein of
SARS-CoV-2 , chloroquine, or preferably hydroxychloroquine, can bind with higher affinity to
gangliosides and sialic acids present on the surface of the host cell, thereby blocking potential
virus binding sites on cells of the upper and lower respiratory tract [150].

However, even though the initial results of treatment using chloroquine and
hydroxychloroquine appear promising, the scientific community has voiced several concerns
regarding the immediate implementation of these two drugs in the management of COVID-19
based solely on results obtained from the preliminary studies. Our understanding of COVID-19
pathogenesis is still rudimentary, and therefore at present, it cannot be confidently guaranteed
that administration of chloroquine/hydroxychloroquine to COVID-19 patients would not provoke
an adverse immune response [151]. Given that the recommended clinical dosage and course of
treatment using chloroquine phosphate in COVID-19 patients are larger than those used for the
treatment of malaria [152], close monitoring of patients who are under treatment with
chloroquine phosphate would be necessary to detect any signs of adverse reactions.

Despite the in vitro findings confirming the ability of chloroquine to inhibit SARS-CoV-2
replication [144, 153], and the fact that the drug has also shown significant in vitro activity against
several viruses, there is still limited evidence as to its benefits in animal models [153]. The in vivo
potential of chloroquine against SARS has previously been evaluated using a SARS-CoV-2
replication model in mice, but this failed to establish any inhibitory effect on viral replication
[154]. Hence, further large-scale clinical trials are required before including these drugs in the
therapeutic guidelines. Recently, the prophylactic role of chloroquine and hydroxychloroquine
has been demonstrated in the absence of any risk of resistance [155]. Thus, although chloroquine
and hydroxychloroquine are being enthusiastically promoted as two of the most promising drugs
for combatting COVID-19, there have been relatively few clinical trials conducted and recoveries
reported, and thus rigorous assessments of adverse effects, such as QT prolongation, ventricular
arrhythmias, and other cardiac toxicities, and well as deaths, are necessary before giving final
approval for their usage [156].

Both chloroquine and hydroxychloroquine can cause retinal toxicity in case of
prolonged use and this is well documented during the long-term management of lupus
erythematosus and other rheumatoid diseases [157, 158]. However, the proposed doses of
chloroquine and hydroxychloroquine for treating COVID-19 are 4-5 times higher, duration of
treatment is shot. Therefore, may not be a concern for the physician [158]. Further surveillance
is required to identify the gastrointestinal, cardiologic, and neuropsychiatric side-effects that
might be exhibited in COVID-19 patients treated with hydroxychloroquine. Considering this the
clinical trials should evaluate the long-term effects of chloroquine and hydroxychloroquine
treatment in COVID-19 patients, such as anxiety, sleeplessness, cardiomyopathy, muscle
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weakness, and gastrointestinal disorders [159]. Being a lysosomotropic agent, chloroquine and
hydroxychloroquine may also further worsen acute kidney injury and other organ failures owing
to their capability to elevate lysosomal pH and to inhibit autophagy. Therefore, chloroquine
should be considered as a double-edged sword that slows the infection in the early stages but may
potentiate tissue damage in the later stages by inhibiting autophagy [160]. Even though initial
evidence pointed towards the therapeutic use of hydroxychloroquine in COVID-19 patients,
current evidence are not supportive of this fact. In an observational study conducted on COVID-
19 patients who were hospitalized, administration of hydroxychloroquine was not found to be
associated with any clinical benefits [161]. However, this cannot be considered as conclusive
evidence and requires randomized, clinically controlled trials.

Though there have been quite progressive in understanding and evaluating the safety of
chloroquine and hydroxychloroquine in COVID-19 treatment with a rise in utilization and
increased global demand resulting in a shortage of supply on one hand however concerns
including increased mortality in some trials has resulted in the stoppage of trials halfway on the
other hand which need to be taken care of in future also [162]. Fatal cardiomyopathy, severe
hypoglycemia with loss of consciousness, QT interval prolongation, severe cutaneous reactions,
and irreversible retinal damage are some of the adverse toxic effects of these drugs.
Hydroxychloroquine has garnered great interest as a repurposed drug for treating COVID-19.
However, the extreme enthusiasm related to the use of hydroxychloroquine can be linked to
politicization rather than a science-based approach. This is the same enthusiasm that is
responsible for continuing scientific investigations surrounding the use of hydroxychloroquine in
COVID-19 patients [163]. Among the 300 hydroxychloroquine clinical trials registered, less than
50% have recruited any patients, and the majority of them failed to achieve the intended sample
size. Yet, the investigators failed to prove the therapeutic potential of hydroxychloroquine against
COVID-19 [163].

Ivermectin

Ivermectin is an endectocide antiparasitic drug that is routinely used in veterinary science.
Previous reports have found that ivermectin exhibits antiviral activities against influenza [164],
HIV [165], dengue viruses [166], West Nile virus [167], and Venezuelan equine encephalitis virus
[168]. The broad-spectrum antiviral activity exhibited by ivermectin against several animal and
human viruses are mediated via targeting major components/processes like importin a/p-
mediated nuclear transport, nuclear import of UL42, NS3 helicase, and nuclear localization
signal-mediated nuclear import of Cap [169]. Recently, the findings of an in vitro study, which
revealed that ivermectin reduced viral load by approximately 5000-fold in a cell culture system,
have indicated that this drug may also be useful antiviral for treating SARS-CoV-2 [170].

It has been demonstrated that ivermectin inhibits the nuclear import of host and viral
proteins [171], inhibits RNA viruses by inhibiting viral replication [170]. However, although the
nuclear transport inhibitory activity of ivermectin can prove effective against SARS-CoV-2 [170],
there are concerns that the in vitro inhibitory concentrations of ivermectin may not be
reproducible in humans [172], owing to the potential toxicity of this drug [173]. Ivermectin has
been revealed to be a potent SARS-CoV-2 inhibitor, with an ICs, value of approximately 2 pM
under in vitro conditions; however, achieving such a dose clinically in human beings is evidently
difficult [170, 174]. The ICso concentration of the ivermectin reported in the in vitro study is
almost >35x higher as compared to the maximum plasma concentration that can be achieved by
delivering an oral dose of ivermectin that is both approved and safe for human use [175].

The treatment of seriously ill COVID-19 patients with standard doses of ivermectin was not
associated with better clinical and microbiological outcomes than the patients receiving standard
care [176]. Therefore, further randomized trials should include a separate arm for high-dose
ivermectin therapy to assess the safety and efficacy of ivermectin against SARS-CoV-2. However,
studies conducted in patients with acute myeloid leukemia have reported that high doses of
ivermectin are safe when administered as a treatment regimen for refractory acute myeloid
leukemia for prolonged periods in pediatric patients [177].
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Accordingly, the in vivo potential of ivermectin, which is yet to be elucidated, may disclose
other facets of therapy based on this drug. A further major concern associated with ivermectin
therapy concerns its co-administration with lopinavir/ritonavir and darunavir/cobicistat, which
are considered to be potent inhibitors of cytochrome P450 3A4, a component of the main
metabolic pathway upon which ivermectin acts. Such co-administration would thus increase the
systemic concentrations of ivermectin, and thereby enhance the likelihood of toxicity [173].
Nevertheless, it has also been suggested that a therapy based on the combination of ivermectin
and hydroxychloroquine might have a beneficial synergistic result, given that
hydroxychloroquine would function as a first-level barrier that inhibits viral entry into the host
cell, whereas ivermectin would inhibit viral replication within the cell, thereby strengthening the
antiviral activity [178]. Considering the paucity of relevant data, however, it is at present too early
to enable an adequate assessment of the therapeutic efficacy of ivermectin against SARS-CoV-2
infection, and therefore further clinical trials are necessary to be conducted. In clinical trial
ivermectin and nitazoxanide were used in combination for treating COVID-19 patients
(NCT04360356).

Nitazoxanide

Nitazoxanide is an FDA-approved antiparasitic drug that possesses broad-spectrum antiviral
potential against as influenza, coronaviruses, hepatitis B virus, hepatitis C virus, and other viruses
[179]. The preliminary findings from the in vitro studies indicate that reported that nitazoxanide
inhibits SARS-CoV-2 (SARS-CoV-2/Wuhan/WIV04/20192) in Vero E6 cells at a low-micromolar
concentration indicating potent antiviral activity [180]. In addition to the direct antiviral action,
nitazoxanide can suppress the synthesis of pro-inflammatory cytokines, including IL-6, and thus
can be used for managing COVID-19-induced cytokine storm [179]. Nitazoxanide is presently
being assessed in a clinical trial (NCT04341493) as a combination therapy along with
hydroxychloroquine in COVID-19 patients with underlying risk conditions (hypertension,
diabetes mellitus, and morbid obesity) for poor prognosis [181]. The patients receiving
combination therapy will be given 500 mg nitazoxanide orally every 6 hours along with food, for
a period of seven days.

One of the major advantages of nitazoxanide as compared to other repurposed drugs is the
high ratio of maximum plasma concentration (Cmax) to the effective concentration to inhibit 50%
replication, roughly equal to 14:1 for SARS-CoV-2. This high ratio is attained after a single day
treatment with nitazoxanide (500 mg twice daily) [149]. In addition to that, physiologically-based
pharmacokinetic (PBPK) modelling was used to analyze the optimal nitazoxanide doses that are
sufficient for maintaining plasma and lung tizoxanide (a major circulating metabolite of
nitazoxanide) exposures beyond the reported 90% effective concentration (ECgyo) against SARS-
CoV-2 [182]. The findings indicate that it is possible to achieve effective concentrations of
tizoxanide in plasma and lungs using established safe doses of nitazoxanide and this drug can be
potentially used for treating COVID-19. Another important advantage of nitazoxanide therapy is
the low overall cost of treatment. It is estimated that nitazoxanide can be manufactured as a
generic drug at the cost of $1.41 for a 14-day treatment course given at a dose of 500 mg BD and
at a cost of $4.08 when given at a higher dose of 1100 mg three times daily [149]. Nitazoxanide
can also be applied in combination with azithromycin for the early management of COVID-19 and
can even replace hydroxychloroquine/azithromycin combination due to the superior safety
profile of this combination [183].

Molnupiravir

Molnupiravir is a nucleoside analog that inhibits the replication of SARS-CoV-2. It is lethally

mutagenic against RNA of SARS-CoV-2 [184]. Recently, molnupiravir (Lagevrio®) is EUA

approved for the treatment of COVID-19 in adults and pediatric patients by the US FDA [66].
The potential therapeutic drugs that might have anti-SARS-CoV-2 activity based on the

results obtained from in vitro studies, virtual screening, or in silico studies are presented in Table

1.
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Table 1. Compounds with possible anti-SARS-CoV-2 activity based on in vitro studies, virtual screening, or in silico studies

Drug Drug target/drug class Mechanism Reference(s)
Nelfinavir SARS-CoV-2 main protease (Mpro) Inhibition of the viral protease enzyme [185]
HTCC polymer @ Spike protein Blocks interaction of spike protein with cellular receptor [186]
Theaflavin Receptor binding domain (RBD) Binds to the RBD of spike protein preventing viral entry [187]
Dipyridamole SARS-CoV-2 Mpro Inhibitor of Mpro and NF-kB signaling pathway [188]
Niclosamide SKP2 Inhibition of SKP2 activity thereby enhancing autophagy and reduces replication  [189, 190]
Ciclesonide Viral riboendonuclease NSP15 Blocks replication of SARS-CoV-2 (direct-acting antiviral) and its anti- [190, 191]
inflammatory activity
EIDD-2801 % Ribonucleoside analog Lethal mutagenesis causes the accumulation of deleterious transition mutations [192, 193]
in the viral RNA
3’-fluoro-3’-deoxythymidine =~ RNA-dependent RNA polymerase Gets incorporated into SARS-CoV RdRp and terminates further polymerase [194]
triphosphate © (RdRp) extension.
3’-azido-3’-deoxythymidine RdRp Gets incorporated into SARS-CoV RdRp and terminates further polymerase [194]
triphosphate ¢ extension.
CVL218 N-terminal domain of nucleocapsid (N) protein Inhibits SARS-CoV-2 replication (antiviral) and suppress the CpG-induced IL-6 [195]
production (anti-inflammatory)
Atazanavir RdRp, Helicase, 3'-to-5' exonuclease Inhibits the subunits of SARS-CoV-2 replication complex thereby inhibiting viral  [196]
, 2'-O-ribose methyltransferase, and endoRNAse replication
Prulifloxacin Viral main protease (Mpro) Inhibits viral replication and proliferation [197]
Tegobuvir Viral main protease (Mpro) Inhibits viral replication and proliferation [197]
Bictegravir Viral main protease (Mpr) and 2’-O-ribose Inhibits viral replication and proliferation [36, 197]
methyltransferase (2’-O-MTase)
Sofosbuvir RNA-dependent RNA polymerase Binds to RdRp and inhibits further RNA chain extension thereby halting RNA [108]
(RdRp) replication.
Camostat mesylate Transmembrane serine protease family member  Blocks SARS-CoV-2 entry into the host cell [120]
II (TMPRSS2)
Velpatasvir 3C-like protease (3CLpr) Inhibits viral replication and proliferation [199]
Ledipasvir 3C-like protease (3CLrr) Inhibits viral replication and proliferation [199]
Colistin SARS-CoV-2 Mpro Inhibits SARS-CoV-2 replication [200]
Valrubicin SARS-CoV-2 Mpro Inhibits SARS-CoV-2 replication [200]
Icatibant SARS-CoV-2 Mpro Inhibits SARS-CoV-2 replication [200]
Bepotastine SARS-CoV-2 Mpro Inhibits SARS-CoV-2 replication [200]
Epirubicin SARS-CoV-2 Mpro Inhibits SARS-CoV-2 replication [200]
Epoprostenol SARS-CoV-2 Mpro Inhibits SARS-CoV-2 replication [200]
Vapreotide SARS-CoV-2 Mpro Inhibits SARS-CoV-2 replication [200]
Aprepitant SARS-CoV-2 Mpro Inhibits SARS-CoV-2 replication [200]
Caspofungin SARS-CoV-2 Mpro Inhibits SARS-CoV-2 replication [200]
Perphenazine SARS-CoV-2 Mpro Inhibits SARS-CoV-2 replication [200]
Selamectin Unknown Unknown [201]
Mefloquine hydrochloride Unknown Unknown [201]
Eravacycline SARS-CoV-2 protease Inhibits SARS-CoV-2 replication [202]
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Drug Drug target/drug class Mechanism Reference(s)
Valrubicin SARS-CoV-2 protease Inhibits SARS-CoV-2 replication [202]
Elbasvir SARS-CoV-2 protease Inhibits SARS-CoV-2 replication [202]
Ebselen SARS-CoV-2 Mpro Inhibits SARS-CoV-2 replication [203]
Saquinavir SARS-CoV-2 Mpro Inhibits SARS-CoV-2 replication [204]
Beclabuvir SARS-CoV-2 Mpro Inhibits SARS-CoV-2 replication [204]
Isoniazid pyruvate Spike protein-ACE2 receptor complex Limits binding of SARS-CoV-2 spike protein with ACE2 receptor [205]
Nitrofurantoin Spike protein-ACE2 receptor complex Limits binding of SARS-CoV-2 spike protein with ACE2 receptor [205]
Eriodictyol Spike protein-ACE2 receptor complex Limits binding of the SARS-CoV-2 spike protein with ACE2 receptor [205]
Cepharanthine Virus spike protein host recognition domain Disrupts the host-virus interactions [205]
Ergoloid Virus spike protein host recognition domain Disrupts the host-virus interactions [205]
Hypericin Virus spike protein host recognition domain Disrupts the host-virus interactions [205]
Carfilzomib SARS-CoV-2 3C-like proteinase (3CLp™) Inhibits SARS-CoV-2 replication [206]
Thymopentin SARS-CoV-2 3CLpro Inhibits SARS-CoV-2 replication [206]
Ivermectin Impa/p1 heterodimer Destabilizes Impa/[31 heterodimer and prevents its binding to the viral protein [170]
thereby preventing it from entering the nucleus leading to more efficient
antiviral response
Grazoprevir SARS-CoV-2 papain-like protease (PLpr) Inhibits SARS-CoV-2 replication [207]
Telaprevir SARS-CoV-2 PLpro Inhibits SARS-CoV-2 replication [207]
Boceprevir SARS-CoV-2 PLpro Inhibits SARS-CoV-2 replication [207]
Mycophenolic acid SARS-CoV-2 PLpro Inhibits SARS-CoV-2 replication [207]
Cyclosporin A Cyclophilin A (CypA) CypA inhibitor (CypA is essential for replication) [39]
Cefuroxime RdRp Inhibits SARS-CoV-2 RdRp [208]
Tenofovir RdRp Inhibits SARS-CoV-2 RdRp [208]
Setrobuvir RdRp Inhibits SARS-CoV-2 RdRp [208]
Andrographolide SARS-CoV-2 main protease (Mpro) Inhibits SARS-CoV-2 replication [209]
Dolutegravir 2’-0O-ribose methyltransferase (2’-O-MTase) Inhibits 2’-O-MTase (Inhibiting methylation of ribose 2’-O position of first and [36]
second nucleotide of viral mRNA, which sequesters it from host immune system)
Paritaprevir SARS-CoV-2 3CLpro Inhibits SARS-CoV-2 replication [36]
Raltegravir SARS-CoV-2 3CLpro Inhibits SARS-CoV-2 replication [36]
GC373 SARS-CoV-2 3CLpro Inhibits SARS-CoV-2 replication [210]
GC376 SARS-CoV-2 3CLpro Inhibits SARS-CoV-2 replication [210]
Boceprevir SARS-CoV-2 3CLpro Inhibits SARS-CoV-2 replication [211]
Tretinoin SARS-CoV-2 E protein ion channel Inhibitors of ion channels formed by SARS-CoV-2 E protein and virus assembly [212]
inhibitor
Sovaprevir SARS-CoV-2 receptor-binding domain (RBD) Binds to RBD of spike protein, prevents viral entry [213]
Elbasvir SARS-CoV-2 RBD Binds to RBD of spike protein, prevents viral entry [213]
Grazoprevir SARS-CoV-2 RBD Binds to RBD of spike protein, prevents viral entry [213]
Hesperidin SARS-CoV-2 RBD Binds to RBD of spike protein, prevents viral entry [213]
Pamaqueside SARS-CoV-2 RBD Binds to RBD of spike protein, prevents viral entry [213]
Diosmin SARS-CoV-2 RBD Binds to RBD of spike protein, prevents viral entry [213]
Sitogluside SARS-CoV-2 RBD Binds to RBD of spike protein, prevents viral entry [213]

aN-(2-hydroxypropyl)-3-trimethylammonium chitosan chloride, ®-d-N4-Hydroxycytidine (NHC), cActive triphosphate forms of alovudine, 4Active triphosphate forms of azidothymidine
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Immunotherapeutics and immunomodulatory

Convalescent plasma

Convalescent plasma (CP) is another antibody-based immunotherapeutic strategy with proven
safety records and is currently being used to manage the COVID-19 pandemic [214]. Although CP
is an ancient therapeutic technique, it can provide immediate protection and complete cure from
COVID-19 [215]. CP is collected from patients previously infected with SARS-CoV-2 and
recovered, resulting in the development of specific neutralizing antibodies [216]. Treatment with
CP can facilitate early recovery, reduce viral load, minimize disease severity, and mortality [214,
217]. However, plasma therapy might also be associated with complications, such as allergic
reactions, anaphylaxis, transfusion-induced acute lung injury, pulmonary oedema, hemolytic
transfusion reactions, and antibody-dependent enhancement (ADE) [214, 215].

CP is one of the passive immunization strategies used for managing COVID-19 long before
its efficacy was established using randomized clinical trials [216]. The CONFIDENT trial
(NCT04558476) is an -open-label two-arm randomized superiority trial conducted to determine
CP's effectiveness in mechanically ventilated patients. The study that is planned to include 500
adults will analyze CP's ability to reduce the mortality and viral load of SARS-CoV-2 in COVID-
19 patients [216]. Immunosuppressed patients are the major important patients that are highly
benefited by CP therapy. The patients with hematologic malignancy and those who have
undergone organ transplantation appear at higher risk for COVID-19 mortality. Therefore, CP
offers a passive immunization method that can prevent COVID-19 in immunocompromised
patients [218]. The presence of antibodies in convalescent plasma exhibits their therapeutic
potentialities via different mechanisms. In one pathway, binding of antibodies to viral pathogens
directly neutralizes its infectivity, whereas other antibody-assisted ways, including phagocytosis,
antibody-mediated cell cytotoxicity, and complement activation might also drive its therapeutic
effects [219]. Binding of non-neutralizing antibodies to the given pathogens without interfering
with their replication ability is also considered responsible for preventing and increasing recovery
[220, 221]. The administration of passive antibodies offers only a short-range approach to confer
instantaneous immune responses to vulnerable individuals, particularly in the case of emerging
disease, i.e., COVID-19. On the other hand, vaccination and recovered plasma products may
constitute a long-term therapeutic choice [222].

Several studies have revealed a shorter hospital stay along with a low mortality rate in
persons after treatment with convalescent plasma compared to non-treated patients [223-225].
In 2014, WHO has recommended using convalescent plasma as a realistic therapy for Ebola
disease recovered patients. In a non-randomized prospective study conducted in Kuwait that
involved 135 patients with moderate or severe COVID-19, treatment with CP was associated with
a higher rate of clinical improvement than the control group that received standard treatment
[226]. In another study, treatment with CP was found to reduce the intensive care unit (ICU) stay
and the requirement for mechanical ventilation support than the control group [227]. The
concentration of neutralizing antibodies varies among the convalescent patients. This difference
will impact the overall efficacy of CP transfusion and therefore requires quantification to
standardize the therapy [228]. It was found that women and younger donors have only
measurable quantities of neutralizing antibodies, while high antibody titers were observed in
older male donors recovered from previous SARS-CoV-2 infection [229]. Although the
neutralizing potential of human CP can be measured using different methods, surrogate virus
neutralization assay can be considered a better choice as it is a rapid technique that requires only
the lowest biosafety level. However, the surrogate virus neutralization assay sometimes over
valuates the low neutralizing plasma [228]. Many studies have demonstrated the use of
convalescent plasma in China's current pandemic for the treatment of COVID-19 patients [82,
219, 230-232]. In a pilot-scale study, Duan and coworkers collected convalescent plasma with a
titer of neutralizing antibodies at or above 1:640 dilution [233]. Administration of the collected
plasma showed no adverse consequences in the ten seriously ill COVID-19 patients. All the
recipients displayed a notable improvement in clinical symptoms, like fever, cough, chest pain,
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and short breath along with radiological pulmonic improvement in 1 to 3 days of administration.
The outcomes were also corroborated in another study, where transfusion of convalescent plasma
in five COVID-19 patients also showed improved clinical symptoms, like eliminating mechanical
aeration, reduced virus burden, clinical steadiness and increased oxygen concentration [82].
These results recommend the broader implementation of convalescent plasma as a safe therapy
for reducing viral load and improving clinical status [234]. However, the executions of additional
randomized trials are necessitated to substantiate the potential effectiveness and safety of
convalescent plasma [234, 235].

SARS-CoV-2-specific antibody titers were lower in asymptomatic patients and those patients
who were tested 60 days after the onset of symptoms. However, the hospitalized patients with
COVID-19 had high titers of neutralizing antibodies with a strong potential to neutralize the active
SARS-CoV-2 virus. Therefore, convalescent plasma donors should be screened to confirm high
RBD antibody titers [236]. The efficacy and clinical outcome of CP therapy is largely reported
based on observational data, and very limited data are available from adequately powered RCTs
[237]. A study reported the finding obtained from an RCT (NCT04383535) conducted to assess
the efficacy of CP therapy in hospitalized adults with severe COVID-19 pneumonia [237].
However, they could not identify any significant difference in clinical status or overall mortality
between CP treatment and placebo groups [237]. Although several RCTs are underway to
establish the efficacy of CP therapy in managing COVID-19, it is challenging to conclude soon.
This can be attributed to the high methodological variabilities in inclusion criteria, donor
selection, outcomes, times of transfusion, dosage, and the concentration of neutralizing
antibodies [238].

The safety of CP transfusion was evaluated in the sample containing 20,000 patients with
COVID-19. The study reported a very low incidence of serious adverse events, such as cardiac
events ~3%), thromboembolic or thrombotic events (<1%), and transfusion reactions (<1%)
[239]. Among the reported adverse effects, the vast majority was found unrelated to the CP
transfusion. The success of CP therapy depends on the availability and accessibility to suitable
plasma donors. However, for CP therapy to be successful, the ratio of recovered cases to plasma
donors should be enough to provide rapid accessibility [240]. The efficacy of CP therapy mainly
depends upon several factors, such as the volume of transfusion, time of administration, and
neutralizing antibody titers [241]. Transfusion with CP will be more beneficial, especially if
performed within the first 20 days of infection [227, 239]. However, the optimal dose must be
estimated that is both safe and efficient in patients with COVID-19 with well-designed
randomized clinical studies.

Natural killer (NK) cell-based therapy

NK cells are specialized large granular lymphocytes characterized by their unique ability to kill
tumor and virally infected cells and they express the CD56 molecule on the surface [242]. It is
different from the B cells and T cells of the adaptive immune system. Furthermore, NK cells
belong to the innate immune system which does not have the T cell receptor on the surface and
they can act without any MHC molecule mediated antigen recognition [243]. Due to their unique
ability to kill the virus infected cells, they are proposed as a possible therapeutic approach to
counter COVID-19. In COVID-19 patients, a reduction in the number of NK cells, impairment of
their functional activity such as IFN-y production, increased expression of inhibitory receptors
(e.g., NKG2A) have been observed, which resulted in decreased clearance of virus-infected cells
and excessive tissue-damaging inflammation. It has been suggested restoration of NK cell
function could bring a balance in the immune response for effective elimination of SARS-CoV-2
infection [244]. NK cell therapy is being tried for treating COVID-19 in many clinical trials. An
allogeneic, off-the-shelf, cryopreserved NK cell therapy made by Celularity (CYNK-001) is
approved by the FDA for clinical testing in COVID-19 patients. The phase-I trial (NCT04365101)
is aimed to evaluate the occurrence and severity of toxicity in mild, non-ICU COVID-19 patients
(n=14) following injection of NK cells. The phase-II trial (72 patients) is planned to understand
the efficacy of NK cell therapy compared with standard of care as a comparator at a 1:1 allocation

[33].
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A recent report displayed the strong activation of different subsets of NK cells in patients
with COVID-19 using 28-color flow cytometry [245]. The study revealed that specific NK cell
immunotypes can be linked with disease severity. Furthermore, the increased expression of
NKG2C, Ksp37, and perforin, indicates an increase in the number of adaptive NK cells that are
circulating in patients with severe disease [245]. Immunological characterization of 71 COVID-19
patients showed a sharp decrease in CD16+ CD56+* NK cells that are circulating in the peripheral
blood of all the infected patients, however, the decrease was highly significant in severely ill
patients [246]. The study also identified the major role played by CD16+ CD56+ NK cells in the
inflammation and cytokine storm. The dysregulated NK cells along with other immune cells lead
to the induction of inflammatory cascade which lead to exaggerated inflammation which is one
of the hall marks of COVID-19 severity. Ex vivo manipulated NK cells for the desired
immunomodulated function can be beneficial for managing COVID-19 patients. CAR-NK cell
therapy using off-the-shelf human umbilical cord blood derived NK cells expressing NKG2D and
ACE2 CARs (NCT04324996) is currently being tested as Phase I/1I study in early stage COVID-
19 patients who are within 14 days of acquiring infection. This trial is a complex five-arm study
compared the effectiveness of various CAR-NK products including NK cells, NKG2D CAR-NK
cells, NK cells secreting IL-15, NKG2D-ACE2 CAR-NK, and ACE2 CAR-NK cells to understand
the safety and efficacy [33].

In another study, the safety and efficacy of NK cells for treating patients with COVID-19 has
been evaluated in combination with standard therapy, which showed an improvement in the
clinical parameters and decreases in adverse events including a decrease in time of negative test,
improvement in CD4+/CD8+ counts, decrease in pathological lesions in lungs, and decrease in
mortality. Preliminary evidence suggested the modulation of NK cell activity can be beneficial for
managing COVID-19. The application of NK cells and the NK cell modulating therapeutic
compounds such as Imiquimod can use for managing COVID-19 following the clinical testing
through randomized control studies (NCT04280224) [32].

T cell-based therapy

The T cells are a major component of the adaptive immune system which recognizes the antigen
using the specific T cell receptor when presented through MHC molecules of antigen-presenting
cells. The T cells are comprised of two major populations: CD4 helper T cells and CD8 cytotoxic
T cells. T cell-based therapies have the potential to modulate the immune response against SARS-
CoV-2 and against the excessive immune response. T cell-based therapies using the regulatory T
cells (CD4+CD25*FoxP3) can balance the immune response in COVID-19 and avert the
pathological tissue damage associated with excessive immune activation and aggravated
inflammation [247]. The T cell therapies using activated T cells, tumor-infiltrating lymphocytes,
virus-specific T cells, regulatory T cells have been used in several clinical trials and their safety
and efficacy profile is also well understood [28, 248]. The virus-specific CD8 T cells (CD8) derived
from donors had shown good results in immune-compromised patients infected with the virus
[249, 250]. Adoptive T cell therapy using SARS-CoV-2-specific T cells is reported to have
beneficial effects in severely diseased patients with COVID-19 (NCT04351659) [250].

The SARS-CoV-2-specific and HLA-matched cytotoxic T cells isolated from recovering
COVID-19 patients can be used for treating severely ill patients [251]. The majority of the COVID-
19 positive convalescent patients have SARS-CoV-2-specific CD8 T cells in their body and the
proportion of SARS-CoV-2 S glycoprotein -reactive CD4+ T cells was found to be very high in
severe cases (83%) compared to asymptomatic cases (35%) [252]. It has been shown that HLA-
E-restricted CD8 T cell immunotherapy can benefit the COVID-19 patients by eliminating virus-
infected cells and hampering the spread to new cells. It can also reduce the excessive
inflammatory response and tissue damage caused by SARS-CoV-2 infection. These HLA E
restricted CD8 T cells are ideal for therapy as they will not be rejected by the recipient. This
approach can be very quick and cost effective if a large number of these cells could be recovered
from convalescent COVID-19 donors and then stored and used in severely affected individuals as
an off the shelf product [250].
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Chimeric antigen receptor (CAR) T cell therapy
Chimeric antigen receptor T-cell (CAR-T) based therapy is a novel mode of T cell therapy that
offers cure among patients suffering from relapsed/refractory (R/R) malignant diseases such as
acute lymphoid leukemia and diffuse large B cell lymphoma [253, 254]. Two CAR T-cell products
axicabtagene ciloleucel (Brand name: Yescarta) and tisagenlecleucel (Brand name: Kymriah)
were approved by US-FDA for treating patients with a specific type of cancer [28, 255]. In the
case of CART-cell therapy, the T cells are genetically engineered to provide antigen specificity
without any need for antigen-presenting cells. In this mode of therapy, the blood T cells are
recovered from a patient and manipulated in the laboratory to introduce the CAR gene which
provides a synthetic receptor for recognizing a specific antigen. CAR gene is a combination of the
single-chain fragment variable (ScFV) sequence of the monoclonal antibody, a transmembrane
domain, and the intracytoplasmic signaling domain of the CD3 zeta chain. The engineered CAR
T cells are transplanted to the patients through an intravenous infusion [256-258]. The CAR T
cell therapy has been found useful for treating chronic viral infections like hepatitis B and HIV
[259].

Researchers at Duke-NUS Medical School in Singapore have been exploring the use of CAR
T cells for treating patients with COVID-19 [260]. There is a need for the development of CAR T-
cell specific against the virus surface antigen and conduct validation studies before their use as a
potential therapeutic strategy for COVID-19 [261]. However, the CAR T-cell therapy may be
highly challenging during the COVID-19 pandemic given the highly complex manufacturing
process. Several clinical and technological factors such as the severity of the illness and
manufacturing timeline need to be taken into consideration before developing a CAR-T cell
therapy for COVID-19. The toxicity issues such as cytokine release syndrome, neurotoxicity, and
lymphopenia associated with CAR T cell need to be addressed, particularly while applying this
therapy for COVID-19 patients [28, 262-264].

Monoclonal antibodies-based immunotherapeutics
Monoclonal antibodies (mAbs) are specific and minimize adverse effects of convalescent plasma
or purified immunoglobulins [265]. mAbs are well proven biological molecules widely used for
treating cancers and immunological disorders, and their use for treating infectious diseases such
as COVID-19 is gaining importance [214, 265]. mAbs such as bevacizumab, sarilumab,
adalimumab, camrelizumab, eculizumab, mepolizumab, nivolimumab, and tocilizumab are being
evaluated for their application as a drug for treating COVID-19 [214]. The key molecule on SARS-
CoV-2 for targeting is the RBD of the S1 subunit in the spike glycoprotein. As the RBD binds to
the ACH2 receptor on the cells which mediate the virus entry into the host cell, blocking RBD
using mAbs will be highly specific and effective in neutralizing the virus and prevent it from
entering into the cell to establish the infection [266, 267].

mADbs can be used as a prophylactic drug to prevent the infection in high individuals such as
health care workers and contacts of laboratory-confirmed cases. It can also be used as a
therapeutic drug to shorten the course of infection and protect uninfected cells exposed to SARS-
CoV-2 [268]. Several SARS-CoV-specific mAbs have been developed and are in different stages
of validation [266, 269]. The fully human mAb 47D11 that binds to the conserved epitope on the
spike protein RBD is shown to cross-neutralize both SARS-CoV-2 and SARS-CoV [268, 269]. The
47D11 mAD neutralizes the SARS-CoV-2 by targeting the communal epitope on the spike protein,
which can be potentially used to prevent and treat COVID-19 [269]. Another human mAb CR3014
that binds to the S1 subunit of spike protein has been shown to prevent virus shedding as well as
the associated lung pathology in SARS-COV infected ferrets [270]. This mAb was able to
neutralize the SARS-CoV-2 at an effective concentration of 23.5 pg/ml and therefore can be
utilized as a potential therapeutic agent either as monotherapy or in combination with other
potent SARS-COV-specific neutralizing antibodies for treating COVID-19 [266]. A novel mAb,
CR3022, was found to neutralize the viruses that escape the CR3014 binding without any
competition [270].

The two neutralizing mAbs, COV2-2196 and COV2-2130 have shown to bind with the non-
overlapping sites of spike protein and neutralizes the SARS-CoV-2 virus. These two mAbs are also
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shown to act synergistically and their functional efficacy was proven in SARS-CoV-2 infection
using mouse models. Passive transfer of these antibodies either alone or in combination can
reduce the viral burden as well as the levels of lung inflammation in mice and protected the rhesus
macaques from SARS-CoV-2 infection [271].

A humanized anti-vascular endothelial growth factor (VEGF), Bevacizumab, has been shown
to benefit COVID-19 patients by reducing inflammation and edema (NCTo04275414;
NCT04305106). Sarilumab, a human mAb that can bind to the IL-6 receptor is currently being
evaluated for managing COVID-19 patients (NCT04315298; NCT04327388). The granulocyte
macrophage-colony stimulating factor (GM-CSF) targeting mAb Gimsilumab is also being
evaluated for the protective effect on hyper inflammation and lung injury [272]. There are some
limitations such as cost, the scale of production, duration of treatment, and side effects in
monoclonal antibody-based therapy [273]. However, novel methods of large-scale production in
transgenic plants and the animal can overcome some of these limitations [273]. Application of
nanobodies, which are antigen-binding domains, found in camelid species containing only heavy
chain and no light chain for their application in COVID-19 [274]. They have several advantages
such as compact structure, lower molecular weight, smallest active antigen-binding fragments,
better stability, and better penetration/bioavailability inside the cells [274].

US FDA has approved the use of some mAbs through an EUA regulation including
bebtelovimab, tixagevimab-cilgavimab combination (Evusheld®), casirivimab-imdevimab
(REGEN-COV), bamlanivimab-etesevimab combination and sotroviman [66]. However, recently
WHO advised against antibody treatments (casirivimab-imdevimab and sotroviman) for COVID-
19 patients [275].

Cytokine therapy
The cytokines play a major role in the pathobiology and pathogenesis of COVID-19, in the form
of cytokine storms that lead to excessive inflammation and tissue injury. Of the different
cytokines, some are beneficial, and some are harmful. In COVID-19, the cytokines such as type-I
INF, and IL-7 are beneficial, whereas other cytokines such as IL-1f, IL-6, and TNF-a are
detrimental, particularly during the cytokine storm. Two patterns of cytokine dysregulation are
reported in a severe form of COVID-19, which are the IL-1B-driven macrophage activation
syndrome and IL-6-driven immune dysregulation. Thus, the therapeutic approaches to stimulate
or suppress the immune response and use of cytokines or anti-cytokines are still unclear.
However, the inhibitors of IL-6 have been found useful for managing COVID-19 [276]. It is also
shown that patients requiring ICU admission had a very high level of certain cytokines than those
who did not require ICU admission [277]. Other studies also showed the proinflammatory
cytokines were increased in patients infected with a severe form of the disease and particularly,
the level of cytokines such as IL-6 and IL-8 correlated with the severity of COVID-19 [278, 279].
Corticosteroids can be used to suppress the cytokine storm by suppressing the immune
system. The use of corticosteroids has been incorporated in managing COVID-19 patients and it
also reduces the excessive inflammation and tissue damage mediated through the highly activated
immune system. The anti-IL6 receptor antibody, tocilizumab is also shown to be beneficial for
managing the overwhelming COVID-19 associated cytokine release syndrome by blocking the IL-
6 [280-282].

IL-6 receptor inhibitors

Tocilizumab is an anti-IL-6-receptor mAb that can inhibit the IL-6 signaling. It is currently used
for treating rheumatoid arthritis [283]. Tocilizumab can competitively bind to the membrane-
bound as well as the soluble IL-6 receptors, thereby preventing IL-6 from interacting with its
receptor [284]. It has been reported that this drug can improve clinical symptoms and inhibit the
progression of disease in patients with COVID-19 [285], and intravenously administered
tocilizumab is currently being evaluated as a therapeutic strategy for managing COVID-19.
Clinical trials testing a humanized monoclonal antibody that targets IL-6 have already been
initiated in China [80]. In addition, several clinical trials are currently assessing the efficacy of
tocilizumab against SARS-CoV-2 infection [286]. However, given that tocilizumab treatment may
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be correlated with medication-related osteonecrosis of the jaw, further investigations are
required to analyze the potential adverse effects of this treatment before considering to be used
for managing COVID-19 [287], including assessments of the risk of secondary bacterial infection
[288]. Besides minimizing inflammatory storms by blocking IL-6 receptors it also helps in
improving clinical conditions including body temperature and respiratory rate in patients with
COVID-19 [289].

Recently, tocilizumab (Actemra®) is approved for the treatment for hospitalized adult
patients with COVID-19 [66].

JAK2 inhibitors

Fedratinib is a specific JAK2 inhibitor already approved by the FDA for its use in treating
myeloproliferative neoplasms and shown to influence the TH17 cell cytokines production [290].
The pathogenesis of COVID-19 involves a hyperinflammatory stage/cytokine storm that is
characterized by an increase in the serum levels of cytokines and chemokines such as IL-1f3, IL-2,
IL-7, IL-8, IL-9, IL-10, IL-17, granulocyte macrophage-colony stimulating factor (GM-CSF),
granulocyte-colony stimulating factor (G-CSF), IFN-y, TNF-a, IFN-inducible protein 10 (IP10),
monocyte chemoattractant protein-1 (MCP-1), macrophage inflammatory protein 1 alpha (MIP-
1A), and macrophage inflammatory protein 1 beta (MIP-1B) (Figure 3) [291]. Given that some
of these cytokines are involved in TH17-type responses, a specific JAK2 inhibitor such as
fedratinib can be used to suppress the production of specific cytokines from TH17 cells [290].
Hence, this drug may prevent the deleterious effects of the cytokine storm in SARS-CoV-2
infected patients, and thus warrants further evaluation.

Interferons (IFNs)

The coronaviruses fail to induce strong type I IFN response in the infected host [292] and the bat
coronaviruses have adapted to replicate under poor IFN response in bats [293]. Thus, a strong
induction of a type I IFN response is a therapeutic strategy for treating COVID-19 patients.
Numerous clinical trials have been undertaken for investigating the use of type I IFNs [33].
Studies have demonstrated that high-dose IFN, either used as a monotherapy or in combination
with other agents, restricted the in vitro replication of both SARS-CoV and MERS-CoV [294-297]
and was associated with better disease outcome [298, 299]. Therefore, IFN therapy can be further
evaluated to be used in patients with COVID-19 [288]. Atomized inhalation of IFN-a along with
other antivirals has been recommended [300]. The recommended dose is 5x10° units in sterile
injection water per administration for adults, twice a day [301]. Two forms of IFN-a are in use,
nebulized IFN-a and IFN-a2b spray [302]. In combination with remdesivir, lopinavir-ritonavir
and IFN-a2b are indicated as a treatment for COVID-19 [303, 304].

A recently triple antiviral combination involving IFN beta-1b, ribavirin, and lopinavir-
ritonavir was used for treating patients with COVID-19. The combination was found to be safe
and has superior efficacy than the lopinavir-ritonavir therapy in circumventing symptoms and
reducing the viral shedding duration as well as the hospital stay in mild to moderate cases [305].
Type III IFNs such as IFN-A can be an alternative to type I IFNs, as they have low toxicity and less
vulnerable to mediate immunopathology and still have antiviral activity. IFN-A is also a potent
activator of NK cells and macrophages to bring antiviral activity indirectly [306].

Toll-like receptors (TLRs)-based therapy

In the search for new therapeutic molecules to tackle SARS-CoV-2, TLRs are gaining interest.
TLRs are a family of thirteen conserved transmembrane receptors (immune sensor proteins)
expressed on the surface of cells like dendritic cells, monocytes, respiratory epithelium cells, and
pneumonocytes [307, 308]. Viral genome and proteins in form of TLRs ligands stimulate the
maturation of dendritic cells to activate adaptive immune responses to trigger the release of
cytokines and chemokines.

TLR signaling is an important connecting link between innate and adaptive immunity as
various TLRs play diverse roles [309]. TLR 2 is essential for the recognition of structural and
non-structural viral proteins to induce inflammatory cytokines. Similarly, TLR -3, TLR-4, and
TLR7/8 are responsible for the detection of viral nucleic acid to stimulate signaling via the release
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of cytokines to obtain optimum antiviral immune response [310]. Toll-like receptors in the form
of pattern recognition receptors (PRRs) actively identify viral RNA to trigger the innate immune
response in the early phase of infection [311, 312]. These TLRs act as PRRs can recognize specific
PAMPs present in the SARS-CoV-2 virus. As a result of PRR-PAMP interaction and in response
to this recognition, TLR elicits innate and acquired immune response in the early phase of
respiratory infection by modulating the release of cytokines. Hence, TLRs should be explored as
a therapeutic molecule or as an adjuvant in vaccine development to confer protective immunity
against respiratory infections like SARS-CoV-2 [313].

A marked decrease in a number of B cells, T cells, and NK cells has been reported in patients
with COVID-19. Similarly, immune dysfunction is also observed as lymphopenia, the elevated
profile of inflammatory cytokines like TNF-a, IL-2R, and IL-6. Uncontrolled immune response
in form of cytokine storm/hyper inflammation is the main factor that contributes to the
immunopathogenesis of COVID-19. This is characterized by systemic inflammation and marked
pulmonary immunopathological syndrome including pneumonia, pulmonary fibrosis, acute lung
injury, multiple organ failure, heart tissue damage, acute kidney dysfunction, atrophy of the
spleen, lymph node atrophy, and ARDS [314-316]. SARS-CoV-2 strikes the innate immune
system of the body to cause infection via TLRs such as TLRs 3, 7, and 8 [317, 318]. Also, as soon
as SARS-CoV-2 enters into the lungs, TLRs 3, 4, 7, 8, 9 recognize viral RNA and bind to the viral
PAMPs to produce and release the signals to promote a molecular cascade of innate immune
responses and to activate acquired immunity [319-321].

By active immunomodulation, TLR-5 acts as an effective therapeutic molecule to activate an
innate immune response against SARS-CoV-2 and as an adjuvant in SARS-CoV-2 vaccines [322].
Targeting TLR-5 can be an innovative therapeutic strategy and through immunomodulation.
TLR5 may reduce the occurrence of cytokine storm to prevent acute tissue damage in patients
with COVID-19 [323, 324]. Bioinformatics encouraged the practice of docking in the development
of the SARS-CoV-2 vaccine. Docking is an in-silico procedure to predict the probability of binding
of SARS-CoV-2 specific vaccine candidates to TLRs under in vivo conditions. Studies
demonstrated that an epitope-based peptide vaccine against SARS-CoV-2 was docked effectively
with TLR5 and it enhanced the binding affinity. TLR2, TLR3, TLR4, and TLR9 were tested by
molecular docking with the help of the ClusPro 2.0 protein-protein docking server [325, 326]. In
another study, TLR5-coronavirus spike protein S1 subunit was used to make recombinant subunit
vaccines against SARS-CoV-2 [313, 327]. TLR7 distinguishes single-stranded viral RNA and
hence can play an important role against SARS-CoV-2 [31]. Likewise, the activation and
contribution of TLR9 in COVID-19 immunopathology is also investigated. TLR-9 is generally
expressed over nasal mucosa, dendritic cells, B cells, T lymphocytes, NK cells, monocytes,
macrophages, bone marrow, neutrophils, alveolar epithelial cells in the lungs, megakaryocytes,
and platelets [328]. A higher level of TLR-9 expression and its ligands are potential biomarkers
in predicting the severe outcome COVID-19 in patients.

Imiquimod, commonly referred to as IQ is a member of the imidazoquinolines family. IQ is
an immune-stimulator activating TLR 7 and can be utilized to augment both the innate and
adaptive arms of immunity, specifically cell-mediated immunity, and has been clinically approved
to be a therapeutic option for managing COVID 19 [317, 329]. IQ showed antiviral properties by
modulating the expression and production of various cytokines. Researchers through various
preclinical and clinical trials have confirmed strong antiviral and antitumor properties of IQ by
inducing the expression of several cytokines such as IFN-a, IL-6, IL-12, TNF-q, and nitric oxide
to further stimulate T-lymphocytes, B-lymphocytes, macrophages, NK-cells, and Langerhans
cells to enhance the antigen presentation to T-lymphocytes. IQ indirectly activates the production
of cytokine IFN-y and T-helper type 1 (Th1) cells while hampers the expression of Th2 cytokines
such as IL4 and IL5. Literature reported the therapeutic potential of IQ against COVID-19
especially in the early phase of infection and hence can be tested, validated, and used as a SARS-
CoV-2-specific drug [32, 330].
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Other therapeutic strategies

ACEz2 inhibitors/angiotensin receptor blockers
Researchers have demonstrated that for its attachment and entry into cells, the SARS-CoV-2 virus
has to bind with the host cell surface ACE2 receptors via the S1 domain of its spike protein
(Figure 1), and these observations have prompted investigations designed to identify alternative
antiviral therapies. Biologically, ACE2 is a mono-carboxypeptidase that is present in two forms,
one of which is the rarely detected free circulatory form, and the other is the more commonly
encountered cell-anchored ACE2, which is expressed over the entire surfaces of cells in the
gastrointestinal tract and kidneys, and occasionally lung cells such as type 2 pneumocytes [331].
The two types of ACE2 differ structurally with respect to the presence of a transmembrane
domain in the cell-anchored ACE2 that is absent in free circulatory ACE2. Thus, while the SARS-
CoV-2 is unable to bind to the soluble ACE2, by specifically binding to the extracellular domain
of the cell-anchored ACE2 receptor, the virus can enter the host cell by traversing the plasma
membrane. The results of in vitro studies performed on monkey kidney and Vero-E6 cell lines
have accordingly indicated that competitive use of the soluble form of ACE2 can serve to inhibit
SARS-CoV-2 replication. Furthermore, it has been demonstrated in vitro that the use of
recombinant human soluble ACE2 protein (ACE2 fused with the Fc portion of immunoglobulin)
facilitated neutralization of the SARS-CoV-2 virus. Consequently, exploiting the recombinant
soluble ACE2 protein may represent a viable therapeutic option that could be used to limit SARS-
CoV-2 infections, and accordingly should be further examined, standardized, and validated [332].
ACE2 inhibitors (ACEIs) and ACE-R blockers (ARBs) may have a biphasic effect for treating
patients with COVID-19 [333]. In a Chinese study involving 1,099 patients with COVID-19 who
were co-affected with single/multiple conditions (coronary artery disease, hypertension, chronic
renal disease, or diabetes), and who were provided with intravenous mixtures of ACEIs and ARBs,
found that these drugs promoted an indirect increase in the numbers of ACE2 receptors in the
circulation. Hence, given that SARS-CoV-2 spike proteins utilize host cell ACE2 receptors for
cellular binding if treated with such drugs, elderly people with an existing underlying condition
would have a heightened risk of getting infected with SARS-CoV-2. Accordingly, patients with
pre-existing disorders should take appropriate preventive measures and avoid any situation
where they are liable to encounter COVID-19 patients or become infected with SARS-CoV-2 [334,

335].

Corticosteroid therapy
A proportion of the individuals suffering from COVID-19 progress to more fatal forms of the
disease characterized by the sudden development of ARDS [336, 3371, which is associated with a
cytokine storm, accompanied by an exaggerated inflammatory response and cytokine-related
lung injury that finally results in the rapid progression of pneumonia (Figure 3) [44, 338]. The
use of corticosteroids for ARDS is still a matter of contention, and hence caution should be
exercised if systemic glucocorticoids are to be administered for treating COVID-19 [339].
Corticosteroids have been the most commonly used drugs in COVID-19 patients [48]. The current
guidelines recommend the use of methylprednisolone in those patients with COVID-19 having a
severe illness or rapid disease progression [301]. The existing literature suggests that even though
significant improvement is not observed in critically ill COVID-19 patients treated with
corticosteroids, patients might gain certain benefits from a low-dose corticosteroid treatment
based on clinical experience [339]. The dose of methylprednisolone that can be used daily varies
depending on the disease severity, but should not exceed 2 mg/kg/day [301]. According to the
recent guidelines, glucocorticoid use in patients with COVID-19 pneumonia should be
undertaken with extreme caution and dosages has to be determined on a case-by-case basis [339].
The high mortality and morbidity rates associated with COVID-19 can be attributed due to
the autoimmune destruction of lungs following the release of a storm of pro-inflammatory
cytokines. Dexamethasone is an FDA-approved synthetic corticosteroid with broad-spectrum
immunosuppression activity and has a longer duration of action than cortisone [340].
Dexamethasone has been identified as the first drug to save lives from COVID-19 [10, 24]. The
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preliminary findings from the RECOVERY clinical trial are promising. The findings indicate that
the use of dexamethasone in critically ill patients could enhance the rate of survival [341]. The
RECOVERY clinical trial is an open-label trial that compares several potential therapeutic agents
in hospitalized COVID-19 patients. One of the arms in this trial involves the treatment with oral
or intravenous dexamethasone (6 mg once daily) for a maximum period of 10 days. The findings
from this trial that studied 2104 patients who received dexamethasone indicate that the treatment
with dexamethasone lowered 28-day mortality in patients who received either oxygen alone or
invasive mechanical ventilation as compared to the patients receiving usual care [342]. Although
dexamethasone has several physiological pathways, the benefits of this wonder drug in COVID-
19 are likely due to the potent immunosuppressive properties [341]. In addition to the
suppression of pro-inflammatory cytokine production, dexamethasone might also inhibit the
protective function of T cells and B cells mediated antibody production that leads to increased
plasma viral load. Therefore, the use of dexamethasone during the recovery phase will result in
the persistence of the virus and further prevents the body from generating protective antibodies
[340].

In a retrospective investigation, it was found that the use of corticosteroids in both critical
and severe patients with COVID-19 results in lower mortality. However, the use of corticosteroids
may result in side effects that require careful monitoring [343]. Some scientists continue to
oppose the use of corticosteroids/dexamethasone in the clinical management of COVID-19, which
may be attributable to the fact that both acute lung injury and ARDS are essentially caused by
host immune responses. Hence, the use of corticosteroids not only suppresses inflammation in
the lung but also suppresses the host immune response thereby affecting pathogen clearance
[344]. It has also been pointed out that clinical data supporting the benefits of corticosteroid use
in treating respiratory viral infections are conspicuously lacking [344]. However, this claim has
been rejected because these inferences have been made based on observational studies, and that
inconclusive clinical evidence should not be considered as a reason for excluding corticosteroids
from the treatment guidelines for COVID-19 [338]. A previous study conducted on critically ill
patients with COVID-19 has proven that the appropriate corticosteroid use can shorten the
hospitalization period and reduce the mortality rate without causing any secondary infection
[115]. Hence, it can be concluded that a low dose of corticosteroids administered for a short period
(not more than 7 days), in conjunction with the monitoring of adverse drug reactions, could be
helpful for treating critically ill patients with COVID-19 [339].

Stem cell therapy
Mesenchymal stem cells (MSCs) have an immunomodulatory activity that can be utilized to treat
SARS-CoV-2 infected patients [92, 345]. Hence, MSCs therapy has the potential to preventing the
cytokine storm associated with COVID-19 infection, thereby reducing the mortality and morbidity
of person with this disease (Figure 3). Among the different types of MSCs that are widely used,
umbilical cord MSCs are believed to have considerable potential to be used as a therapeutic agent
for managing critically ill patients with COVID-19 [345]. Stem cell therapy can be considered an
effective and safe therapeutic option that can be used to reduce the severity of critical illnesses.
The use of these cells represents an entirely different biological approach to traditional drug-
based therapies that has a wide application for treating COVID-19-induced pneumonia [92].
Since the stem cells are injected via an intravenous route, they can be targeted to sites in the lungs,
thereby maximizing the therapeutic effect against COVID-19 [345]. The Celltex Therapeutics
Corporation (CELLTEX) has already begun preliminary discussions with the FDA regarding the
possibility of using MSCs as a therapeutic agent against COVID-19 [346]. Findings from
preliminary studies indicate that the intravenous implantation of MSCs is associated with
significant improvements in the clinical symptoms, as well as pulmonary function in patients with
COVID-19 [347]. Hence, further evaluations are warranted to gain a clearer indication of the
benefits associated with the intravenous transplantation of MSCs in seriously ill COVID-19
patients with pneumonia.

Stem cell therapy is associated with certain limitations such as patient biocompatibility and
the possibility of cross-infection. Such limitations can be eliminated by modulated the stem cells
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with nanoconjugates. Therefore, stem cell-based nanoconjugates will offer a great therapeutic
strategy to manage COVID-19 and related diseases such as virus-induced pneumonia [348].
MSCs therapy will help to ameliorate the cytokine release syndrome (cytokine storm) and thereby
protect the alveolar epithelial cells. The therapeutic activity of MSCs is mediated via secreting
several factors that have a broad activity spectrum [349].

MSCs can be used to suppress overactive immune responses and can also promote
tissue repair and regeneration. MSCs also have immune-modulatory potential by influencing
various immune effector cells, such as dendritic cells, T cells, and NK cells in the body. They are
also hypoimmunogenic as they lack MHC-II molecules and co-stimulatory molecules on the
surface. These characteristics allows the use of allogenic MSC safely for treating various disease
conditions [350]. This feature also allows the use of MSC as off shelf product. MSCs were used
for treating various disease conditions, such as osteoarthritis, multiple sclerosis, and graft versus
host disease in different clinical studies [351], The immunomodulatory potential of MSCs might
be highly beneficial for a patient exhibiting severe forms of SARS-CoV-2 infection mainly because
of the impaired adaptive immune system and excessive inflammation.

Currently, there are around 27 clinical trials are ongoing worldwide testing the use of MSC
and their derivative for treating COVID-19 [17, 352]. A clinical study was conducted to understand
the use of MSC for the treatment of COVID-19 patients. In this study, seven patients with COVID-
19 pneumonia were enrolled and the clinical outcomes were assessed for 14 days after MSC
injection. The results showed a significant improvement of cure of all the seven patients without
exhibiting any adverse effects. The clinical condition of all patients was markedly improved within
2 days following MSC transplantation and all of them were discharged within 10 days after
treatment. The treatment also increased the peripheral lymphocytes count while decreasing the
over-activated cytokine-secreting immune cells T cells and NK cells and increasing the regulatory
DC. The treatment also decreased the C-reactive protein and the level of TNF-a and increased the
IL-10 in the MSC treatment group than the placebo control group. This showed that the
intravenous administration of MSC in COVID-19 patients with severe pneumonia was safe and
effective [353].

A systematic review to explore the use of cell therapy for treating COVID-19 patients
identified a relevant study in which 117 patients were administered with allogeneic MSC either
intravenously or intratracheally and followed for 14 days to 5 years [354]. Though the outcome
showed a favorable trend but did not reach statistical significance. There were no adverse events
in these studies, however, the observed mild adverse events resolved spontaneously and the other
observed findings include improved radiographic findings, inflammatory biomarker levels, and
pulmonary function [354]. that there were it can attenuative the respiratory failure by shifting the
immune response from a Thi to a Th2 type, reducing inflammatory cytokines, and cellular
activities. However, there was no statistically significant benefit have been observed in these
studies and it could be due to the highly variable patient selection criteria [355]. Being a host-
directed therapeutic strategy, mesenchymal stem cells may offer therapeutic benefits in COVID-
19 patients and can be also evaluated for treating severe cases of MERS-CoV infection that
exhibits higher mortality rates of up to 34 % in humans [356]. Extracellular vesicles including the
exosomes from mesenchymal stromal cells might be used in the treatments of COVID-19 patients
and requires further evaluation and validation. This mode of therapy can be used for reducing
cytokine storm as well as to exert regenerative effects [357]. The usefulness of mesenchymal stem
cells protecting patients against severe COVID-19 pneumonia-induced acute lung injury or acute
respiratory disease syndrome by preventing the overactivation of immune system and promoting
regeneration in the lung microenvironment have been confirmed [345, 358]. However, variation
in the route and dose of administration, characterization and source of MSC and limited patient
population are limitations of these studies that need to be addressed in future clinical studies.
The data presented in many of these studies were also either anecdotal or from incomplete, poorly
controlled investigations and the MSC based treatment approach need to be investigated further
in rationally designed and controlled clinical studies [17].
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Traditional Chinese medicine

Traditional Chinese medicine (TCM) is a branch of medicine that originated in China and is
anticipated to play a prominent role in COVID-19 management [359]. Evaluations of the antiviral
and anti-inflammatory activities of the traditional medicinal formula Lianhuagingwen (Figure
3) in Vero E6 cells have identified potent in vitro inhibitory activity against SARS-CoV-2
replication. The formula has also been found to reduce pro-inflammatory cytokines' production,
indicating its potent anti-inflammatory activity [360]. A study has identified that the constituent
components such as rhein, forsythoside A, forsythoside I, and neochlorogenic acid present in the
Lianhuaqingwen capsule contribute to the clinical activity via an inhibitory effect on ACE2 [361].
It has also been established those early interventions using traditional Chinese medicines in
clinical cases can improve the cure rate, delay disease progression, reduce mortality, and shortens
the course of the disease [359]. Given these promising observations, further investigations using
randomized trials are required to evaluate the therapeutic potential of traditional Chinese
medicine for managing COVID-19.

Combining Western and TCM is another promising therapeutic strategy that has already
been applied for treating COVID-19 [362]. Chinese traditional medicine has been popularized as
a cure for SARS-CoV, including SARS-CoV-2. Some patented herbal drugs, including Huoxiang
Zhengqi capsules, Lianhua Qingwen capsules, and Radix isatidis granula have been
recommended as therapeutic options [363]. Two TCM ‘Yu Ping Feng San’ and ‘Sang Ju Yin’have
been used to investigate their effects on the defense system of host cells. They appear to improve
the host defense ability by altering T cells [364]. In another report, supplementary therapy TCM
conferred significant effects in symptom appearance, thus shortening viral infection duration
[365]. These favorable impacts of TCM were also substantiated by laboratory-based in-vitro
experiments [366]. Though the actual mechanisms of these herbals are not known, future use
involves discovering specific, and active components optimizing its structure and function and
evolving in vitro and in vivo functions [363, 367].

The orally administered liquid Shuanghuanglian is a patented TCM that has the potential to
cure patients with COVID-19 when used as an adjunct to western medicines [362]. Some of these
traditional Chinese medicinal preparations are based on herbal plants [180, 368] and have
previously been used in more than 50% of SARS cases [368], improving body temperature, cough,
and dyspnea, resolving pulmonary infiltration, and improving the quality of life of SARS patients
[368]. TCMs have an antiviral, anti-inflammatory, and immunoregulatory activity mediated by
multiple components via multiple pathways. Some major active constituents such as kaempferol,
baicalein, luteolin, Quercetin, isorhamnetin, wogonin, and naringenin present in the Chinese
medicine targets ACE2 and 3CL protein thereby producing therapeutic effects in patients with
COVID-19 [369]. Hence, Chinese authorities are actively encouraging the integration of Chinese
traditional medicine with conventional therapies for the treatment of SARS and SARS-like
diseases. Generally, over 30 different TCM formulations have been utilized in Wuhan to combat
the COVID-19. About 121 registered TCM protocols for COVID-19 have been recognized from the
Chinese Clinical Trial Registry. All these TCM formulations are utilized according to the extent of
infection [370]. Traditional Indian medicine has also prospected for curing COVID-19 [13].
Medicinal plants having antiviral activities have been enumerated and suggested as a possible
cure for COVID-19 [13].

TCM can be administered by several routes. Some of which include external fumigation,
wearing of the sachet, and use of moxibustion. The volatile components of TCM can help to
prevent and treat COVID-19 [367]. Keguan-1 is a new TCM-based drug derived from three
different formulae, Sangju drink, Yinqiao powder, and Sanren Decoction [371]. Keguan-1 was
developed explicitly for suppressing and treating COVID-19 induced ARDS by targeting the host.
RCT was conducted to evaluate the therapeutic potential of Keguan-1 in managing ARDS
associated with COVID-19 (NCT 04251871). The trials' findings suggest that Keguan-1-based
TCM therapy is a safe and superior method to suppress the growth of ARDS in patients with
COVID-19 compared to the standard treatment [371].

However, further multi-center, large scale randomized controlled trials can help confirm the
clinical efficacy and safety of TCM. The effectiveness of TCM as an auxiliary therapeutic strategy
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for managing COVID-19 was evaluated through a systematic analysis of RCTs. The systematic
review could identify ten RCTs that contain a total of 1,285 patients and found that TCM can help
reduce disease progression and improve the symptoms in patients with COVID-19 [372].
Although TCM along with Iranian and Indian medicine suggest the utilization of some herbs for
rehabilitation, and treatment of COVID-19, the adverse effects, safety and clinical investigations
of these medicines remain unknown and should be observed in more detail [373, 374].

Herbs and plant metabolites

Herbal medicine is another therapeutic option for managing COVID-19 [375-378]. Herbs and
plant metabolites have shown a promising role in treating and preventing COVID-19 (Figure 6)
[379-382]. However, it is important to research and screen valuable medicinal products on the
clinical efficacy and safety for COVID-19 treatment [383-385]. They may contain ingredients
(e.g., lycorine, psoralidin, quercetin, silvestrol, caffeic acid, isobavachalcone, tryptanthrin,
ouabain, scutellarein, myricetin, homoharringtonine, tylophorine, saikosaponin B2, and 7-
methoxycryptopleurine) having inhibitory effects on coronaviruses including SARS-CoV-2 [379,
386-388]. They may affect any of the above-discussed mechanisms. Chloroquine phosphate, a
drug that has been widely studied for treating COVID-19 is the structural analogue of quinine that
is extracted from the cinchona tree bark [389]. Besides antiviral effects, it also modulates immune
response [363]. Diammonium glycyrrhizinate, an extract of liquorice (Glycyrrhiza glabra) roots
has also shown a potential cure for COVID-19 in association with vitamin C
(ChiCTR2000029768). Curcumin inhibits proteases in viruses and has prospects for use against
SARS-CoV-2 [386].

Purified compounds or crude extract from various herbs or medicinal plants, such as
Astragalus membranaceus, Agastache rugosa, Artemisia annua, Cassia alata, Ecklonia cava,
Gymnema sylvestre, Mollugo cerviana, Houttuynia cordata, Glycyrrhizae uralensis, Lycoris
radiata, Lindera aggregate, Pyrrosia lingua, Polygonum multiflorum, Tinospora cordifolia,
Saposhnikoviae divaricate and others have displayed potential to inhibit SARS-CoV Mero [390-
392]. Almost 13 compounds have been found potentially effective against SARS-CoV-2, and 125
Chinese herbs have been found to contain two or more of these compounds [380]. Kaempferol,
luteolin-7-glucoside, quercetin, dimethoxy curcumin, apigenin-7-glucoside, naringenin,
oleuropein, catechin, curcumin, and epicatechin-gallate containing plants have shown better Mepro
inhibitory potential [392].

Terpenoids and cannabinoids have also shown anti-SARS-CoV-2 potential on molecular
docking [393]. Curcumin and terpenoids can also inhibit members of the SARS family [394].
Terpenoids (from neem plant, Azadirachta indica) and curcumin have effectively regulated
ARDS in experimental animals through inhibition of the NFxB and related pathways [395, 396].
On analyzing antiviral activity of plant secondary metabolites, a study reported eight active
metabolites with curcumin being the most potent [386]. However, the medicinal use of these
phytoconstituents needs to be evaluated. Herbal medicines lack adverse effects and are safe [375,
376] and they could augment the chemical therapeutics when used in combination therapy [375,
376]. Traditional medicines have also been tried in curing COVID-19 [21, 397].

The naturally occurring bioactive molecules present in the herbs and vegetables possess
potent antiviral properties with minimal side effects that require further investigation [398-401].
These compounds can act on different targets of coronavirus, such as spike protein (baicalin,
emodin), viral replicating enzymes, such as RdRp (sotetsuflavone), PLrro (cryptotanshinone),
3CLrro (iguesterin), and helicase (silvestrol). It is reported that various kinds of terpenoids exhibit
marked inhibitory effects in viral replication. Likewise, alkaloid compounds, including emetine,
lycorine, and homoharringtonine have demonstrated potent anti-coronavirus properties [402].

The dietary flavonols have the ability to target 3CLero, RdRp, PLrro, and spike protein of
SARS-CoV-2 and can also inhibit the interaction between ACE2 receptor and spike protein
thereby affecting the viral entry [399, 403]. Similarly, benzisothiazolinones and synthetic
flavonoids are also screened to identify potential inhibitors of SARS-CoV-2 Mprre using in silico
methods. Among the short-listed compounds, TF-9, a thioflavonol compound, was identified as
the potent inhibitor of SARS-CoV-2 [398]. The flavonoid-based biomedicines include linebacker
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equivir, caflanone, myricetin, and hesperetin [404]. Recently, a study examined a flavonoid
compound library to securitize their inhibitory activities against SARS-CoV 3CLr [405]. Among
the compounds, pectolinarin, herbacetin, and rhoifolin displayed significant inhibition potential
against 3CLpro with ICso values of 37.78 uM, 33.17 uM, and 27.45 uM, respectively. Moreover, the
compounds helichrysetin, isobavachalcone, herbacetin, and quercetin-3-b-D-glucoside were also
capable of inhibiting MERS-CoV 3CLrre with ICso values of 67.04 uM, 35.85 uM, 40.59 uM, and
37.03 UM, respectively [405]. Therefore, the synthetic flavonoid analogues such as thioflavonols
might have the potential to inhibit SARS-CoV-2 replication.
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Figure 6. The major natural constituents present in herbal plants that can target and inhibit
pathways and proteins of SARS-CoV-2 such as spike protein, RARp, 3CLrro, PLrro, and helicase.
inhibit pathways and proteins of SARS-CoV-2 such as spike protein, RdRp, 3CLpro, PLrro, and
helicase.

Herbal medicine can be used during the various phases of COVID-19 disease, including
before and aftercare [375, 376, 383, 384]. Over-the-counter herbal medicines are often prescribed
for patients with COVID-19 having mild clinical symptoms. Therefore, herbal formulae
consumption can be recommended during the medical observation period of COVID-19 [375,
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376]. Herbal medicine has broad utility in managing COVID-19 to improve the immune response
[402]. Several medicinal plants such as licorice (Glycyrrhiza glabra), ginger (Zingiber
officinale), garlic (Allium sativum), green tea (Camellia sinensis), black cumin (Nigella sativa),
Hypericum perforatum, and Scutellaria baicalensis have beneficial effects. The natural
constituents present in these medicinal plants such as terpenoids can inhibit viral replication. In
addition to that, alkaloids such as lycorine, homoharringtonine, and emetine possess a strong
anti-coronavirus activity [402].

The recent trends suggest that plant-based substances possess broad-spectrum therapeutic
potential that can be harnessed for managing COVID-19. Traditional medicinal plants have
several advantages, one being less toxic and is always associated with minimal side effects. Several
phytochemicals such as lycorine, hypericin, silvestrol, myricetin, emodin, tylophorine,
mycophenolate mofetil, ouabain, and scutellarein have exhibited inhibitory activity against
human coronaviruses and therefore can be beneficial against SARS-CoV-2 [366]. The extracts
from eggplant skin (Solanum melongena L.) have exhibited antiviral, anti-inflammatory, and
antioxidant activity. Similarly, white mulberry bark (Morus alba) has therapeutic benefits and
can be used for managing pulmonary fever, cough, and oedema associated with respiratory virus
infection [385]. Molecular docking studies have also suggested that the plants such as Curcuma
Longa, Piper longum, Phaseolus vulgaris, Ocimum gratissimum, Artemisia absinthium,
Syzygium aromaticum, and Inula helenium contain phytochemical compounds that could
effectively bind to Mrre and ACE2 and therefore act as inhibitors [406].

Licorice plant (Glycyrrhiza glabra)

Glycyrrhizin also called glycyrrhizic acid (GLR) is the natural product that is extracted from the
root of licorice plant (Glycyrrhiza glabra). It is a drug that has been previously used for treating
liver diseases, including viral hepatitis and other inflammatory diseases like atopic dermatitis
[382]. GLR has potent immuno-active and anti-inflammatory activity. The anti-inflammatory
activity of GLR is mediated via TLR4 antagonism [407]. In addition to that, GLR has also
exhibited potent antiviral activities against a number of viruses during the in vitro studies. It has
shown antiviral activity against human immunodeficiency virus (HIV-1), hepatitis viruses A, B,
and C[382, 408, 409].

Glycyrrhetinic acid is the primary active metabolite of GLR. GLR can prevent the entry of
CoV into the host cell by inducing cholesterol-dependent disorganization of the lipid rafts [382].
GLR or its active metabolite glycyrrhetinic acid might also act directly by reducing the TMPRSS2
expression that has an important role in the virus uptake thereby affecting SARS-CoV-2
transmission [407]. In addition to that, GLR can also trap the high mobility group box 1 (HMGB1)
protein thereby blocking the functions of alarmin [382]. Therefore, GLR possesses the potential
to reduce the severity of COVID-19 infection mainly via a two stages process; by blocking the viral
entry into the host cell and exhibits an ACE2 independent anti-inflammatory activity [407]. Other
pharmacological activities of GLR, including the binding with ACE2, inhibiting intracellular ROS
accumulation, downregulating proinflammatory cytokines, inhibiting thrombin, and inducing
endogenous IFN might enhance the overall therapeutic utility in patients with COVID-19 [410].

Therefore, GLR requires further evaluation as a candidate therapeutic for SARS-CoV-2 and
can be used as a monotherapy or in combination with other drugs. As an early effort, the in-silico
approach was used to identify the active molecule of licorice with activity against the different
SARS-CoV-2 protein targets (spike protein and non-structural protein 15 - Nsp15) [409]. Based
on the observed binding energy and interactions, GLR was found to bind the spike glycoprotein,
thereby blocking SARS-CoV-2 from entering the host cell while glyasperin A exhibited affinity
towards Nsp15 endoribonuclease. Therefore, both glyasperin A and GLR could be considered
useful against COVID-19. A novel combination was proposed that contains vitamin C, curcumin,
and GLR for managing CoV infection. System biology tools were used to analyze and evaluate the
potential of this combination to modulate immune and inflammatory pathways [361]. The result
indicates that the combination of vitamin C, curcumin, and GLR can act on several targets
associated with immune and inflammatory responses indicating the therapeutic potential for
managing the cytokine storm of COVID-19.
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Garlic (Allium sativum)

The compounds derived from garlic (Allium sativum) possess the potential to decrease
proinflammatory cytokine expression in addition to the immunomodulatory activity [411] It can
be used to reverse the majority of the immune system dysfunctions that are predominantly
observed in COVID-19 patients. Therefore, A. sativum might have a beneficial effect that can be
used for managing COVID-19 as supportive therapy and preventive measure by boosting the
immune system cells [412]. The active substances present in the garlic essential oil, mainly
organosulfur compounds, were evaluated for their ability to inhibit host ACE2 using molecular
docking techniques [413]. These organosulfur compounds that constitute 99.4% of the garlic
essential oil were found to interact with ACE2 protein and the SARS-CoV-2 Mepro (PDB6LU?7). The
findings indicate that garlic essential oil is a storehouse of antiviral compounds that can prevent
the entry of CoVs into the human body [413].

Guduchi (Tinospora cordifolia)

The SARS-CoV Mprre (also called 3CLrr) plays an important role in disease progression that is
mediated by processing the polyproteins that are required for viral replication [414]. The
phytochemical constituents of Guduchi (Tinospora cordifolia) were screened for their affinity to
target the active site of SARS-CoV-2 3CLrro using in silico analysis. Among the compounds
screened, xanosporic acid, tinosponone, tembetarine, cardiofolioside B, and berberine had
significant docking scores. The further evaluation confirmed tinosponone as a potent inhibitor of
SARS-CoV-2 3CLrre [414]. However, in vitro and in vivo studies are warranted to confirm the
therapeutic utility in COVID-19.

Ashwagandha (Withania somnifera)

Similarly, another widely used medicinal plant is Ashwagandha (Withania somnifera) and the
constituents of this plant, withanolides were screened for its potential to target SARS-CoV-2
3CLrro [415]. Among the evaluated constituents, withanoside II, withanoside IV, withanoside V,
and witoindoside IX exhibited the highest docking energy. Further analysis identified
withanoside V as a potential inhibitor of SARS-CoV-2 Mrre and can be further used to combat
COVID-19 [415]. The herbal constituents of Ashwagandha possess potent antiviral, antioxidant,
anti-inflammatory, and immunomodulatory activity. Molecular docking studies have identified
withanoside X and quercetin glucoside as the major constituents of W. somnifera that can
interact with SARS-CoV-2 proteins and can act as S and N protein inhibitor [416].

Green tea (Camellia sinensis L.)

The polyphenols obtained from green tea (Camellia sinensis L.) have already exhibited antiviral
activity against several RNA viruses. Among the eight polyphenols evaluated, epicatechin gallate,
epigallocatechin gallate, and gallocatechin-3-gallate were found to strongly interact with catalytic
residues of SARS-CoV-2 Mrro [417]. Therefore, these three polyphenols can be used as SARS-CoV-
2 Mprro inhibitors and will act as promising drug candidates for treating patients with COVID-19.

Turmeric (Curcuma longa L.)
Turmeric (Curcuma longa L.) is a widely used herb in Ayurveda, Unani, Siddha, and other
traditional medicine systems owing to its broad-spectrum medicinal properties. Curcumin is the
major curcumoid present in turmeric that possess antimicrobial, anti-inflammatory, antioxidant,
hypoglycaemic, chemosensitizing, and chemopreventive properties [361]. Turmeric derivatives
have exhibited therapeutic benefits in Influenza A infection by regulating the immune response
[418]. Therefore, further studies can be taken up to evaluate the efficacy of turmeric derivatives
in managing SARS-CoV-2 infection. A study reported the inhibitory activities of Curcuma and
Citrus spp. on the growth and proliferation of infection [419]. Therefore, isolation of hesperidin
from these plants might be utilized to develop anti-SARS-CoV-2 drugs as a potential remedy for
COVID- 19.

In silico screening was performed to identify the potent herbal compounds present in C.
longa that can inhibit the SARS-CoV-2 Mrro [420]. The two compounds, C1 (1E,6E)-1,2,6,7-
tetrahydroxy-1,7-bis(4-hydroxy-3-methoxyphenyl)hepta-1,6-diene-3,5-dione) and C2 (4Z,6E)-
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1,5-dihydroxy-1,7-bis(4-hydroxyphenyl)hepta-4,6-dien-3-one exhibited strong binding with the
catalytic site of SARS-CoV-2 Mprre indicating potential inhibitory activity [420]. The two
polyphenols, Catechin and Curcumin, were found to possess dual binding affinity (binds to SARS-
CoV-2 spike protein and ACE2). Although catechin binds with a greater affinity, curcumin can
bind directly to the RBD of SARS-CoV-2 spike protein [421]. The findings from the computational
study indicate the therapeutic potential of the above two polyphenols for managing COVID-19.
The bioavailability of curcumin and other herbal constituents obtained from medicinal plants can
be further enhanced using advanced technologies such as liposomes, nanoparticles, micelles,
phospholipid complexes, and other adjuvants [422].

Nutritional and dietary approach

Nutrition plays a significant role in the treatment and prevention of numerous diseases [421, 423-
426]. Plant-derived foods augmented the number of beneficial bacteria in the intestine, which are
highly useful and constitute 85% of the immune system. Using abundant water, micronutrients,
minerals (zinc and magnesium), vitamins C, D, and E rich food, omega-3 fatty acids,
docosahexaenoic acid, herbs, a healthier lifestyle can strengthen the health status and might
overcome the SARS-CoV-2 infection [427]. Several reports have documented the preventive
effects of bioflavonoid quercetin and antioxidant glutathione against COVID-19 [428, 429]. In
COVID-19 also recommendations have been put forward regarding the quality and quantity of
food. WHO recommends eating fresh and unprocessed foods, drinking enough water every day,
eating moderate amounts of fat and oil, eating less salt and sugar, and avoiding eating out [430].
UNICEF has also provided healthy tips and hygienic recommendations including keeping up fruit
and vegetable intake, swapping in healthy dried or canned alternatives when fresh produce is not
available, limiting high processed foods, and doing the cooking and eating fun and meaningful
part of your family routine [431]. Hygienic guidelines include washing hands, using separate
chopping boards, proper cooking, avoiding expiry of perishable items, proper disposal, and using
clean utensils.

There are nutritional recommendations for people under quarantine [432]. Carbohydrate-
rich foods like banana, almonds, cherries, and oats contain melatonin and serotonin help in
lowering stress. Similarly, protein-rich foods like milk and milk products containing sleep-
inducing amino acid tryptophan lowering stress besides regulating satiety and calorie centre
[432]. Macronutrients and micronutrients (vitamin E, C, A, D) help maintain immunity and
prevent oxidative stress [432]. Foods, fruits, and vegetables rich in these nutrients can prove
beneficial in preventing and curing COVID-19. Diets containing minerals, including zinc, are vital
for health and immunity and inhibit the synthesis of viral genetic material [432]. Our normal diet
contains several natural antioxidants that are required for the growth and proper functioning of
the body. These natural antioxidants include capsaicin, sesamin, ellagic acid, epicatechin, and
galangin. In silico analysis has identified that these natural antioxidants have the potential to bind
to the catalytic site of Mpro enzyme. Therefore, the natural antioxidants present in our diet can act
as potential candidate drugs for treating COVID-19 [433].

Zinc is a vital micronutrient involved in the synthesis of DNA and cell replication. It also
regulates adaptive and innate immune responses, cell-cell communication, and synthesis of
immune cells [434, 435]. The in vitro inhibitory potential exhibited by zinc (Zn) is mediated by
different mechanisms. Zn deficiency will be associated with an increased risk for severe SARS-
CoV-2 infection in the susceptible population. Therefore, the potential utility of Zn
supplementation (combined with an ionophore) has to be further studied using RCT in patients
with COVID-19 [436]. Magnesium is also an essential mineral and electrolyte that build up our
immune system by increasing lymphocytes and NK cells. It contributes to the hemoglobin for
carrying oxygen from the lungs to the whole body, thus helping to COVID-19-infected individuals.
Moreover, magnesium is a vital energy source for the proper functioning of our body’s cells [437].

Vitamin C (ascorbic acid) has a vital role in regulating the function of the immune system.
In addition to that, vitamin C also modulates stress response and has exhibited promising results
in critically ill patients [438-442]. Intravenous vitamin C therapy is considered an alternative
therapeutic strategy for managing COVID-19 due to the direct antiviral activity, antioxidant
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properties, and immunomodulatory potential [442]. Therefore, intravenous vitamin C therapy
might be beneficial in managing cytokine storm associated with ARDS in COVID-19. Quercetin,
a flavonoid that possesses antiviral properties, has been widely studied [441]. Therefore, the
combination of quercetin and vitamin C might produce a synergistic antiviral action due to the
overlapping antiviral mechanism that can be utilized for managing COVID-19 [441, 443].

Similarly, vitamin D supplementation at high-doses might impart potential benefits in the
susceptible population, decreasing the severity of COVID-19 and risk of mortality [444, 445].
Vitamin D can reduce pro-inflammatory cytokine concentration and lower the rate of viral
replication via inducing defensins and -cathelicidins [445]. Reports evidenced that the
supplementation of vitamin D reduced the COVID-19 risk in winter when 25-hydroxyvitamin D
(25(0OH)D) level is decreased. Therefore, intaking vitamin D might decrease COVID-19 and other
related infectious diseases [26, 445, 446].

D receptors are expressed in many immune cells, which affect their function through ligand
binding. Notably, vitamin D, as such, dramatically influences immune responses. For instance, it
differentiates monocytes from macrophages, improving their killing ability, stimulates cytokines
production; and is involved in antigen presentation. Moreover, vitamin D metabolites play a role
in regulating the synthesis of specific antimicrobial peptides that directly destroy pathogenic
microorganisms and halt infection [447, 448]. Consumption of vitamin D at larger doses for a
week followed by a smaller dose will ensure rapid restoration of vitamin D levels [444, 445]. The
consumption of vitamin D as adjuvant therapy is believed to improve the clinical status as well as
prognosis of patients with COVID-19 [444, 445]. Thus, it is reasonable to suggest vitamin D
supplementation in subpopulations with unfavorable COVID-19 outcomes and vitamin D
deficiency, as well as, in SARS-CoV-2-infected individuals to supply the optimal concentrations
of 25(0OH)D3 as rapidly as possible [449].

Considering the food security during the COVID-19 pandemic, UNSCN has initiated a
resource list on food systems and nutrition responses [450]. A study has also provided measures
for ensuring nutritional safety during the COVID-19 pandemic [424]. Better nutrition can help in
minimizing severity and mortality [424]. It improves the quality of life, boosts immunity,
prevents infection, or minimizes severity, and helps in post-infection recovery [424, 451].
Nutritional deficiency can predispose to COVID-19 by lowering immunity, increasing the risk of
infection to SARS-CoV-2, and aggravate severity or complications [452]. Malnutrition weakens
the patient already in the deprived state and significantly lengthens recovery times [453].

Conclusion and future prospects

COVID-19 has spread across the globe at a rapid pace overthrowing our control and preventive
strategies due to efficient human-to-human transmission. This extremely high transmission rate
along with different types of disease manifestation such as asymptomatic, mild, and severe forms
have not been observed in our previous interaction with novel coronaviruses such as SARS-CoV
and MERS-CoV. Considering the present situation, the only way by which we can slow down the
spread of this virus is through global vaccination programs or by the natural development of herd
immunity. However, both of these scenarios seem to be farfetched and are not achievable in the
near future. Therefore, we have to direct our efforts to identify and repurpose drugs that are
having already established safety profile. At the time of writing this manuscript, several
preclinical and clinical studies of potential antiviral and immunomodulatory drugs are being
conducted to identify an efficacious and safe therapeutic agent that can be used to manage the
ongoing pandemic. At present, most reports that suggest therapeutic efficacy are single-group
intervention studies and lack a control group. Though the randomized control studies are a
globally accepted standard for testing any novel therapeutic drug, it is time-consuming and
requires ethical consideration to exclude patients receiving a lifesaving drug by enrolling in the
control group. At the same time, in the absence of a control group, it is very difficult to reach a
conclusion regarding the therapeutic efficacy of the administered drug. The differentiation of
drug-associated adverse effects from the disease manifestations is also more challenging and
often may lead to misinterpretation.
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Immunotherapies are a novel mode of antiviral treatment. Although adoptive T cell,
modified CAR T cells, and NK cell-based therapies have been found safe and effective in cancer
patients, their true anti-viral potential need to be fully understood through large randomized
controlled studies. Some factors such as cost, time, and prevention of excessive immune
activation also need to be considered. Type-1 and III IFN are attractive antiviral agents that can
be combined with other antiviral drugs to achieve the synergistic effect. CAR T cell therapy studies
in cancer patients are shown to induce cytokine release syndrome similar to SARS-CoV-2
infection. Mesenchymal stem cell-based immunomodulatory therapy also showed a benefit to the
COVID-19 patient. Other modes of immunotherapies include cytokines, TRL agonists, and
monoclonal antibodies. At present, the therapeutic monoclonal antibodies with virus-
neutralizing potential are the most promising practical approach that can be produced on a large
scale, and their application for treating COVID-19 patients can be scaled up for treating a large
number of patients during the ongoing pandemic situation. While applying these therapies for
treating COVID-19 patients, excessive caution needs to be implemented. The main aim of
immunotherapeutic treatments for COVID-19 patients should avoid the risk of excessive
activation and inflammation that could damage host tissues and aggravate the SARS-CoV-2
mediated pathology.

Over the past several months, several therapeutic agents such as oseltamivir, remdesivir,
ribavirin, favipiravir, danoprevir, teicoplanin, arbidol, chloroquine, hydroxychloroquine,
ivermectin, baricitinib, camostat mesylate, nafamostat mesylate, nitazoxanide, lopinavir,
ritonavir, and several others have been evaluated for treating COVID-19 patients. The approaches
used to evaluate the efficacy and safety of drugs under the current clinical scenario varied from
case reports to randomized control trials. To evaluate a therapeutic drug against SARS-CoV-2,
randomized multi-center clinical trials should be conducted in a large population. Several
therapeutic drug candidates have exhibited potential anti-SARS-CoV-2 activity in both in silico
analyses and in vitro studies. However, this does not guarantee that such agents can be used as a
sole therapeutic agent to treat COVID-19.

Supportive therapy also plays a major role in deciding the outcome of COVID-19 treatment.
The inclusion of suitable supportive therapies can further improve the chance of patient survival
thereby reducing the mortality rate. Preliminary reports suggest that supportive therapeutic
strategies such as corticosteroid therapy, traditional Chinese medicine, immunomodulatory
agents, stem cell therapy, JAK2 inhibitors, IL-6 receptor inhibitors, and nutritional therapy can
further improve the clinical outcome COVID-19. However, further systematic studies are
warranted before jumping to conclusions. The findings obtained from the largest randomized
control trial conducted in the UK is a promising one since the therapeutic use of dexamethasone
has been found to reduce COVID-19—associated death. Immune dysregulation and hyper
inflammation phase contribute to a greater part of the pathogenesis associated with SARS-CoV-
2 infection. Therefore, attaining a deeper understanding of the cellular, and molecular factors
that contribute to the high virulence capacity of SARS-CoV-2 will help us to target key
components of replication and infection process through the development of therapeutic drugs
against it. The important role of herbal products with broad-spectrum anti-viral, anti-
inflammatory, and immune system boosting activities has also been revealed during the ongoing
SARS-CoV-2 infection. This approach also requires further understanding of the mechanism of
action, standard dosage, frequency of administration, quality assurance, safety, and efficacy
through randomized control studies. This will have a huge impact on low- and middle-income
countries as a cost-effective prevention and control measure that can be scaled up easily.

Currently, our understanding of the molecular mechanism and pathogenesis involved in
COVID-19 infection is limited and lacks clarity. Thus, unexpected interactions may be overlooked
in the haste to develop therapeutic modalities against COVID-19. Hence, a thorough analysis of
scientific evidence must be required to avoid any unnecessary misinterpretation of data to avoid
any premature conclusions that may have serious long-term consequences. It is necessary to
evaluate all drug candidates at our disposal through a series of rigorous in vivo and in vitro
preclinical studies, as well as large-scale randomized controlled clinical trials before their
inclusion into therapeutic recommendations, guidelines, and standard operating procedures.
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