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The development of therapies for SARS-CoV-2 infection, based on virus biology and pathology, and of large- and
small-scale randomized controlled trials, have brought forward several antiviral and immunomodulatory drugs
targeting the disease severity. Casirivimab/Imdevimab monoclonal antibodies and convalescent plasma to pre-
vent virus entry, Remdesivir, Molnupiravir, and Paxlovid nucleotide analogs to prevent viral replication, a va-
riety of repurposed JAK-STAT signaling pathway inhibitors, corticosteroids, and recombinant agonists/
antagonists of cytokine and interferons have been found to provide clinical benefits in terms of mortality and

hospitalization. However, current treatment options face multiple clinical needs, and therefore, in this review,
we provide an update on the challenges of the existing therapeutics and highlight drug development strategies
for COVID-19 therapy, based on ongoing clinical trials, meta-analyses, and clinical case reports.

1. Introduction

The COVID-19 pandemic led to the mortality of millions of people
worldwide and caused a major economic burden across the world.
Coronaviruses are single-stranded RNA viruses that can infect a wide
range of organisms [1] and have caused three massive outbreaks: (i)
severe acute respiratory syndrome (SARS) caused by severe acute res-
piratory syndrome coronavirus 1 (SARS-CoV-1) in 2003; (ii) Middle East
respiratory syndrome (MERS) caused by Middle East respiratory syn-
drome coronavirus (MERS-CoV) in 2012; (iii) COVID-19 caused by
SARS-CoV-2 starting from 2019 [2].

SARS-CoV-2 is an enveloped, single-stranded positive-sense RNA
virus [3]. The size of the genome of SARS-CoV-2 is around 30 kb,
comprising genes encoding spike (S), envelope (E), membrane (M), and
nucleocapsid (N) proteins, as well as other open reading frames regions

encoding nonstructural proteins. SARS-CoV-2, like other coronaviruses,
can infect animal cells because their S protein binds to
angiotensin-converting enzyme 2 (ACE2) as the cellular receptor, and
this virus-receptor interaction is a key factor that determines the range
and susceptibility of their hosts [4,5]. After binding ACE2, SARS-CoV-2
enters the target cells via endocytosis machinery, resulting in the
internalization and downregulation of ACE2 [6]. It is evident from
different studies the occurrence of a multistep SARS-CoV-2 entry process
[7] and that there is a large array of proteins apart from ACE2, which
play crucial roles in the SARS-CoV-2 tropism, often in synergistic and
complementary ways [8]. The COVID-19 viral tropism depends on the
susceptibility and permissiveness of a specific host cell. During the
epidemic, patients often presented with respiratory-like illnesses that
progressed to severe pneumonia, suggesting that the lung is the primary
tropism of SARS-CoV-2 [9].
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The main symptoms upon infection with COVID-19 include fever,
myalgia, cough, dyspnea, rhinorrhea, loss of smell/taste, sore throat,
headaches, nausea/vomiting, diarrhea, and chest pain that may lead to
multi-organ failure [10]. There are several potential treatment options
for COVID-19 patients, including supportive care, respiratory support,
antiviral treatment, therapeutic-specific antibodies, convalescent
plasma and immunomodulatory agents including biological treatment.
SARS-CoV-2 infection-induced over-activation of the immune system
can lead to a cytokine storm in the host [2,11]. Even with the above
treatments, acute respiratory distress syndrome (ARDS) caused by the
cytokine storm is the major cause of mortality in critically ill patients
[12,13]. Although a large number of anti-viral and immunomodulatory
drugs have been proposed to target the key processes of viral infection
and the advanced cytokine storm stage, only a few of them have shown
significant, potent therapeutic efficacy and safety and are used in
practice. Among the variety of COVID-19 clinical trials, the SOLIDARITY
[14] and RECOVERY [15,16] trials were pivotal in therapy guidelines
for the management of COVID-19 patients. The Infectious Disease So-
ciety of America (IDSA) and the USA National Institutes of Health (NIH)
[17] and World Health Organization (WHO) [18] have produced
comprehensive guidelines for the treatment and management of patients
with COVID-19. In applying these treatment recommendations to pa-
tients with COVID-19 it is crucial to classify the patient’s disease
severity, to target patients that will most benefit from the various drugs
for COVID-19 and to minimize adverse events.

In this review, we summarize the current clinical and investigational
therapeutic options for the management of patients with COVID-19
derived from the IDSA guidelines based on the patient’s current clin-
ical stage of disease, emphasizing agents that have efficacy, demon-
strated through well-designed randomized controlled clinical trials, and
highlight future directions for developing novel pharmacological ther-
apies as evident from ongoing different clinical trials and case reports.
Albeit, vaccines appear to be safe and effective tools to prevent severe
COVID-19 hospitalization and death against all virus variants of concern
[19-21], they are not included in the present survey.

2. Clinical presentation of SARS-CoV-2-induced pathology

Infection with SARS-CoV-2 causes severe “flu-like” symptoms,
indicative of interferon activation, that can progress to life-threatening
systemic inflammation and multi-organ dysfunction such as acute res-
piratory distress (ARDS), pneumonia, cardiogenic shock, renal failure,
and death [22]. The most abundant symptoms are fever, cough, and
dyspnea, accounting for 83%, 82%, and 31% of patients with COVID-19
[23]. The incubation period for COVID-19 is short, about 5-6 days. As
the pandemic progressed there is growing evidence that COVID-19 en-
compasses not only rapid respiratory/gastrointestinal illnesses, but can
also lead to myocardial inflammation [24] and neurological and
neuropsychiatric impairments [25]. Furthermore, severe COVID-19 is
not solely restricted to the aged population as initially reported, children
and young adults are also at risk [26]. Lymphocytopenia, neutrophilia,
elevated inflammation-related indices, and coagulation-related in-
dicators have been consistently reported in older (>65 years old) rela-
tive to young and middle-aged patients with COVID-19 [27]. At the
cellular level, a lower capacity of CD4" and CD8" T-cells to produce
IFN-y and IL-2, as well as an impairment in T-cell activation from den-
dritic cells (DCs) in patients with acute COVID-19 (>55 years old) could
compromise an optimal adaptive immune response [28]. High levels of
proinflammatory macrophages and neutrophils have been observed in
the bronchoalveolar lavage fluid of COVID-19 patients [29], explaining
the elevations of proinflammatory cytokines (e.g., IL-6 and IL-8) and
inflammatory chemokines (e.g., CCL2), relative to patients with
non-severe COVID-19 [29,30]. This inflammatory cytokine storm is the
primary determinant for the severe pathophysiological evolution pre-
sented in critically ill COVID-19 patients [31]. The proinflammatory
mediators elevated C-reactive protein (CRP) from the liver, signal
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transducer and activator of transcription 3 (STAT3)-IL-6 signaling [32]
eventually contributing to the lung disease. This increase in CRP directly
correlates with elevated serum IL-6 levels observed in patients with
COVID-19 [29]. The recruitment of activated neutrophils and mono-
cytes may be driven by pulmonary endothelial cell dysfunction through
vascular leakage, tissue edema, endothelitis, and disseminated intra-
vascular coagulation (DIC), expressed by elevated serum D-dimer and
prolonged prothrombin time. Therefore, it is reasonable to propose that
in this pathology, the SARS-CoV-2 direct insult and immune cell
recruitment promote vascular leakage, multi-organ failure, and cardio-
vascular collapse.

3. Current pharmacological therapies against COVID-19

From a pharmacotherapy point of view, it is crucial to choose specific
drugs following the COVID-19 patient’s disease severity, considering
that subtle differences exist in the known benefits and adverse effects of
the various therapies. Fig. 1 presents the rational of initiating antiviral
and immunomodulatory drugs for COVID-19, according to timing and
immune response phases and the four categories of severity of the dis-
ease. Mild COVID-19 is characterized by clinical features suggestive of
upper respiratory tract involvement, without another organ involve-
ment. Moderate COVID-19 includes pulmonary involvement without
hypoxia. Most patients improve with supportive care at this stage, but
patients with risk factors can progress to a more severe or critical disease
and even death and hence, may benefit from pharmacotherapies. From a
pharmacological mechanistic perspective, early during the infection,
when SARS-CoV-2 viral load is high and the patient express mild or
moderate symptoms, drug treatments targeting viral replication can be
more effective since the adaptive immune system has not revealed yet an
adequate response. Antiviral drugs (e.g., Remdesivir, Molnupiravir,
Nirmatrelvir/Ritonavir) and neutralizing monoclonal antibody thera-
pies (Table 1, Supplementary Material-Data in Brief), the earlier pro-
vided, the more efficacious they likely would be. There are subgroups of
patients like immunocompromised patients, with high viral load even
later in the disease process, who may still benefit from antiviral treat-
ments, neutralizing monoclonal antibody therapies and convalescent
plasma. Patients with severe COVID-19 are those who have pulmonary
disease with hypoxia on room air needing treatment with low-flow ox-
ygen. Most existing diagnostic criteria for severe COVID-19, consider an
oxygen saturation level less than 93% and tachypnea (respiratory rate
>30) (Fig. 1). This severity of critically ill patients requires more
ventilator or oxygenation support, with either high-flow oxygen or
noninvasive ventilation. High-flow oxygen therapy involves delivery of
oxygen via special devices at rates up to 10-15 L/min. These patients are
susceptible to a secondary infection phase with increase adaptive im-
mune response. Azithromycin is a macrolide antimicrobial agent which
acts against a broad range of gram-positive and gram-negative bacteria
and plays an immunomodulatory role and has been widely used with
and without ceftriaxone for the treatment of secondary infections in
COVID-19 patients in moderate to severe phases, albeit his potential
cardiotoxicity [33]. However, recent clinical studies indicate that the
combination of Azithromycin and Hydroxychloroquine did not improve
survival or length of hospitalization in patients with COVID-19 [34].
Therapeutic anticoagulation often employed in hospitalized patients
resulted in a slight reduction in venous thromboembolism, but appears
to have no effect on mortality in COVID-19 patients [35].

Glucocorticoids are potent anti-inflammatory drugs that mitigate the
risk of ARDS in COVID-19 and other viral pneumonia, by inhibition of
the development of cytokine storm and multi-organ damage. Gluco-
corticoids are recommended for use in the severe and critically ill pa-
tients in the hyper-inflammatory systemic phase, because they have
shown the highest 28-day mortality benefit when used in these sub-
populations. Dexamethasone 6 mg daily for 10 days is preferred, but
doses up to 20 mg daily can also be applied [15]. Hydrocortisone 50 mg
administered intravenously every 6 h is an alternative regimen [36].
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Additional therapy — antibiotics, anticoagulation, physiotherapy

Immunomodulatory drugs

Glucocorticoids, JNK inhibitors, IL-1, IL-6 and GM-
CSF cytokine targeted therapy, IgG, plasma and
specific antibodies (Fig.2 and Table 2)

Drugs targeting the virus

Inhibitors of: S-protein, protease, ACE2,
ATR, endocytosis, replication, and
convalescent plasma (Fig.2 and Table 1)
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Fig. 1. Antiviral and immunotherapies
of COVID-19 are targeting the immune
response and disease severity. ACE2,
angiotensin-converting enzyme 2; ATR,
angiotensin-receptor; GM-CSF, granu
locyte-macrophage colony-stimulating
factor; JNK, c-Jun N-terminal kinases;
IL, interleukin, PAMP, pathogen-
associated molecular pattern inflamma-
tory signal molecule; DAMP, damage-
associated molecular pattern inflamma-
tory signal molecule; PCR, polymerase
chain reaction; PaO,/FiO,, the ratio of
arterial oxygen partial pressure (PaO, in

Innate immune response
(PAMP’s, IFN)

Adaptive immune response
(Ab, T-cell response, DAMPs)

mmHg) to fractional inspired oxygen
(FiO, expressed as a fraction), known as
the Horowitz index; ARDS/MIS A/C,

Cytokine response
(IL1, IL6, GM-CSF, etc.)

Patient inflammatory response
phase, cytokine storm

SARS CoV-2 tropism
viral response phase

| _Early inflammatory
phase (2™ week)

Early infection phase
(1** week)

Disease severity:

| Secondary infection
! phase (3™ week)

acute respiratory distress syndrome/
multisystem inflammatory syndrome
type A (fever, elevated inflammatory
markers, and multiple organ system
involvement) and type C (pediatric in-
flammatory multisystem syndrome
(PIMS)(; ECMO, extracorporeal mem-
brane oxygenation.

l Hyper-inflammatory
systemic phase (4™ week)

Mild: Moderate: Severe: Critical:

e PCR positive for e Clinical and e Hypoxia and e ARDS/MIS A/C
SARS-CoV-2 imaging respiratory e Non-invasive or
Asymptomatic evidence of failure invasive
Constitutional COVID-19 e Respiratory mechanical
symptoms, pneumonia rate> 30 ventilation
fever, dry cough, e No oxygen times/min. e Multiorgan
myalgia, fatigue, support e Oxygen failure
rhinorrhea, saturation < e Hemodynamic
sensory loss of 93% instability -
smelling and e Pa0,/FiO, shock
taste, diarrhea. ratio <300 e Cardiac failure -

mmHg ECMO

Dexamethasone is known to suppress IL-1 signaling pathways, specif-
ically c-Jun N-terminal kinase (JNK)-p38 kinase, leading to suppression
of macrophage release of downstream cytokines, such as IL-6, IL-8, and
TNF [108]. Similarly, Hydrocortisone use in patients with severe sepsis
has been shown to significantly decrease IL-1p, interferon-y (IFN-y),
TNF-a, and IL-6 levels [109]. Methylprednisolone has been reported to
have some benefit in acute lung injury [110]. In addition, due to their
immunosuppressive activity, glucocorticoids could also delay virus
clearance in COVID-19 patients as they did in SASR and MERS patients
[111]. In addition to glucocorticoids, IL-6 inhibitors (Tocilizumab,
preferred over Sarilumab) or JAK inhibitors (Baricitinib, preferred over
Tofacitinib) are recommended for those patients who present with
elevated levels of inflammatory markers like C-reactive protein (CRP,
Table 2 Supplementary Material-Data in Brief, Fig. 2). However, the
clinical trials done so far, have not identified specific subpopulations of
critically ill patients already being treated with corticosteroids that
would benefit with additional treatment with IL-6 or JAK inhibitors. The
IDSA guidelines recommend Dexamethasone, in critically ill patients
with COVID-19 requiring invasive mechanical ventilation or extracor-
poreal membrane oxygenation (Fig. 1). Interestingly, the most recent
analysis of the pharmacological therapies in 737 unique clinical trials
indicated that the most commonly used interventions for COVID- 19
patients were drugs such as antiparasitics (62% of the trials), antivirals
(57%), antibiotics (31%), oxygen (17%), antithrombotics/
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anticoagulants (14%), vitamins (13%), immunomodulatory agents
(13%), glucocorticoids (12%), analgesics/antipyretics (12%). Moreover,
various combinations of those interventions were used, with up to seven
different types of combinations [37].

4. Antiviral selected drugs for COVID 19

SARS-CoV-2 infection is mediated by the binding of viral spike pro-
teins (S-protein) to human cells through a two-step process, which in-
volves angiotensin-converting enzyme-2 (ACE2) and angiotensin
receptors (ATR) and hijacking the androgen-receptor regulated, trans-
membrane serine protease (TMPRSS)— 2 for viral entry due to its pro-
teolytic cleavage of S-protein. The renin-angiotensin system (RAS) plays
an important role in the development of ARDS. ACE2 is one of the en-
zymes involved in the RAS cascade. Virus S-protein binds to ACE2 to
form a complex suitable for cellular endocytosis (Fig. 2). The down-
regulation of ACE2 results in the excessive accumulation of angiotensin
11, and it has been demonstrated that the stimulation of the angiotensin II
type la receptor (AT1R) increases pulmonary vascular permeability,
explaining the increased lung pathology when the activity of ACE2 is
decreased. Upon endocytosis of the virus in the host cell, it replicates
increasing the viral load. Antiviral drugs directed for the early infection
and inflammatory phases of the COVID-19 disease (Fig. 1), target these
essential steps of viral infection, including viral binding and attachment,
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ACE2 blockers
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X
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Molnupiravir o) ] o
Paxlovid

!

Recombinant Agonists

Antagonists

nhiFN-a Anakinra Sarilumab
nhiFN-B Canakinumab Tocilizumab
nhIFN-y

endocytosis, and replication in the host cell [38]. As of June 2022, about
688 investigational anti-viral clinical trials have been registered to
Clinicaltrial.gov and some selected main representatives according to
the mechanism of action are presented in Table 1 (Supplementary
Material-Data in Brief) and Fig. 2 and discussed below.

4.1. Pipeline and approved drugs targeting the SARS-CoV-2 virus spike
protein and host cell recognition receptors

The monoclonal neutralizing antibodies, anti-spike protein S1
subunit-receptor binding domain, such as Casirivimab/Imdevimab,
Bamlanivimab/Etesevimabd, Sotrovimab and Bebtelovimab that block
viral tropism, received FDA emergency use authorization for COVID-19
therapy (Table 1, Supplementary Material-Data in Brief). Among the
various therapeutic and prophylactic strategies developed to contain the
COVID-19 epidemic, immune-based SARS-CoV-2 elimination by passive
immunization with COVID-19 polyclonal convalescent plasma trans-
fusion has been also proven effective when administered in the early
phase of the disease (within 72 h from symptom onset) and with a high
titer ( >1:160) of anti-SARS-CoV-2 neutralizing antibodies. This passive
immunoglobulin therapy is one of the potential adjunctive therapies
now being used for COVID-19 patients [39,40]. The rationale for such
passive immunization is that plasma collected from patients after they
recovered from COVID-19 might contain antibodies (IgG, IgA, IgM, IgE,
and IgD) to SARS-CoV-2 and can be used to reduce the viremia and
disease mortality in patients with life-threatening SARS-CoV-2 in-
fections. However, larger clinical trials are required in order to further
consolidate this therapy [41]. High-dose intravenous immunoglobulin
(IVIG), based on clinical practical experience in autoimmune, inflam-
matory, and other infectious diseases, has been also been investigated,

Neutralizing antibodies
o Casirivimab/Imdevimab
Convalescent plasma

Antagonists
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Fig. 2. Therapeutic targets in SARS-
CoV-2 infection. Antiviral drugs target
the essential steps for viral infection.
ACE2 blockers, TMPRSS2 inhibitor, and
neutralizing antibodies disrupt the
binding of SARS-CoV-2 to ACE2 and
other protein acceptors. Chloroquine
and Hydroxychloroquine suppress the
endocytosis process. Remdesivir, Mol-
nupiravir and Paxlovid inhibit viral
replication. JAK-STAT signaling
pathway inhibitors, corticosteroids, and
recombinant agonists and antagonists of
cytokines and interferons serve as im-
munosuppressants to modulate the
cytokine storm induced by the hyper-
activation of the immune system.

Chloroquine/Hydrochloroquine

JAK-STAT signalling pathway inhibitors
Baricitinib

Tofacitinib

Imatinib

Corticosteriods
Dexamethasone
Hydrocortisone
Methylprednisolone

GM-CSF
L

Antagonists
Mavrilimumab
Otilimab

but the current evidence from the literature does not support the use of
IVIG in COVID-19 patients [42].

Another preclinical therapeutic approach is based on strategies
aimed at blocking ACE2 with monoclonal antibodies (Table 1, Supple-
mentary Material-Data in Brief). Blockade of the ACE2 receptors could
be also achieved through rationally designed small molecules [43],
peptides [44], and exogenous administration of ACE2 [44]. The
administration of a large amount of soluble form of ACE2 could repre-
sent an intriguing opportunity, since excessive ACE2 may competitively
bind SARS-CoV-2 to neutralize or delay viral entry in the host cell
and/or rescue ACE2 activity, which negatively regulates RAS and
therefore, may confer a protective effect in lung injury. The safety and
efficiency of recombinant human ACE2 were tested in a small cohort of
healthy volunteers in phase 1 and in patients with ARDS in a phase 2
clinical study of COVID-19 patients [45]. However, the usage of ACE2
inhibitors to block the SARS-CoV-2 viral entry requires additional
studies as there are conflicting findings and severe health complications
reported for these inhibitors in COVID-19 patients. In preclinical
research, in silico screening identified several novel compounds that can
bind ACE2 or S-protein of SARS-CoV-2 and interfere with the interaction
between this virus and its receptors [46]. In another study, compounds
that can potentially inhibit the spike-ACE2 interaction were screened
from 2701 FDA-approved drugs by using drug screening and in silico
modeling. The findings indicated that the most potent effect of dis-
rupting the S protein-ACE2 interaction was Thiostrepton, Oxytocin,
Nilotinib, and Hydroxycamptothecin [47], calling for repurposing them
for COVID-19 by characterization of their efficacy in clinical trials. Be-
sides the in silico studies, the efficacy of potential drugs that can block
the interactions between the S protein and ACE2 was also supported by
in vitro and animal studies. For example, Ceftazidime and Dalbavancin
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effectively prevented SARS-CoV-2 infection in Vero E6 cells [48,49], and
Dalbavancin was active in mouse and rhesus macaque models [49].
However, although a large number of drugs have been identified by
computational studies, clinical studies are required to confirm their
safety and efficacy and ACE2-blocking monoclonal antibodies and in-
hibitors are not yet in clinical use.

Currently, available angiotensin receptor (ATR) antagonists such as
Telmisartan, Eprosartan, Losartan and Valsartan are used as antihy-
pertensive drugs in the clinic, by blocking the excessive angiotensin-
mediated AT1R activation, and upregulation of ACE2 were considered
for COVID-19 therapy (Table 1, Supplementary Material-Data in Brief).
Albeit the controversy over the efficacy of ATR antagonists in the
therapy of COVID-19 patients [50], they were found in clinical trials and
case studies to reduce morbidity and mortality in hospitalized patients
with pre-existing hypertension, by anti-inflammatory effects [51], but
they are not yet in clinical practice.

Targeting of serine protease TMPRSS2 (Transmembrane Serine
Protease-2) by either androgen blockade or direct inhibition is another
approach in preclinical research and clinical trials for therapy of early
SARS-CoV-2 infection. N-0385, a ketobenzothiazole-based peptidomi-
metic provided a high level of protection and a therapeutic benefit after
either single or multiple administrations in K18-hACE2 mice preclinical
model of COVID-19 disease (Table 1, Supplementary Material-Data in
Brief). Camostat mesylate is a TMPRSS2 inhibitor that has been shown to
inhibit SARS-CoV-2 viral entry and hence viral replication [52]. Both
Camostat and Nafamostat, approved drugs for the treatment of
pancreatitis, are under clinical trials as potential repurposing drug
candidates for COVID-19 therapy [53].

4.2. Chloroquine (CQ) and Hydroxychloroquine (HCQ): Drugs targeting
virus endocytosis

The cell entry of SARS-CoV-2 is mediated by endocytosis, which is
also a therapeutic target for the treatment of COVID-19. The most
extensively studied drugs that target the virus endocytic pathway are
chloroquine (CQ) and hydroxychloroquine (HCQ) [54] (Table 1, Sup-
plementary Material-Data in Brief, Fig. 2). FDA gave emergency
approval to CQ and HCQ in March 2020. It was reported that HCQ
treatment effectively reduced the mortality of critical COVID-19 patients
[55]. Although HCQ is considered to be safer than CQ, both drugs can
cause severe or even lethal adverse effects [56]. Due to these adverse
effects, on June 2020, these drugs were withdrawn by FDA for clinical
applications.

4.3. Remdesivir and Molnupiravir: Targeting the RNA-dependent RNA
polymerase (RdRp)

Remdesivir (GS-5734) is an adenosine analog that disrupts viral
replication by inhibiting the RNA-dependent RNA polymerase (RdRp)
[57] and acts as a terminator of RNA elongation. The clinical study
showed that Remdesivir effectively shortened the recovery time and
prevented the progression of respiratory disease in COVID-19 patients
(Table 1, Supplementary Material-Data in Brief). Remdesivir became the
first FDA-approved drug for treating COVID-19 [58]. The FDA issued an
emergency-use authorization on May 2020, considering the benefits of
the drug outweigh its risks in patients. Remdesivir is not recommended
unless the potential benefit outweighs the potential risk in adults and
pediatric patients (>28 days old) with an estimated glomerular filtration
rate (eGFR less than 30 mL per minute) or in full-term neonates (>7 days
and <28 days old) with serum creatinine > 1 mg/dL. Possible side ef-
fects of Remdesivir include elevated liver function tests, an indication of
inflammation or damage to the liver, and infusion-related reactions like
low blood pressure, nausea, vomiting, sweating, and shivering. It is
important to stress that besides its inhibitory effect on RdRp, recent
evidence indicate that Remdesivir is blocking different steps of viral
tropism. Remdesivir has a high affinity to the SARS-CoV-2 spike, ACE2,
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and TMPRSS2, proposing that it may also inhibit viral entry [59].
Remdesivir has a high affinity to the main proteases of SARS-CoV-2,
suggesting that it may disrupt viral endocytosis and/or replication
[60,61]. The effect was found to be more potent than that of Lopinavir
(ABT-378), another widely used viral protease inhibitor [59]. In addi-
tion, Remdesivir may also affect viral assembly as it showed a high af-
finity to SARS-CoV-2 M protein and 3-5' exoribonuclease (nsp14) [59].
Remdesivir is not recommended for treating mild or moderate
COVID-19 patients as it failed to show a significant therapeutic effect
[62]. The final results of the WHO Solidarity randomized trial and
updated meta-analyses indicate that Remdesivir has no significant effect
on patients with COVID-19 who are already being ventilated. However,
among other hospitalized patients, it presented a small positive effect
against death and/or progression to ventilation [63]. Nevertheless, its
efficacy in reducing mortality has not been clearly demonstrated. Mol-
nupiravir, the first oral antiviral for COVID-19 is another safe RdRp
inhibitor effective at reducing the risk of hospitalization and death in
people with COVID-19, who are at increased risk of developing the se-
vere disease (Table 1, Supplementary Material-Data in Brief). Molnu-
piravir has been authorized for use in people who have mild to moderate
COVID-19 and at least one risk factor for developing severe illness. Such
risk factors include obesity, older age (>60 years), diabetes mellitus, or
heart disease. Molnupiravir is effective mainly when used within 5-days
of the onset of symptoms. A 5-days course seems to be safe without any
obvious short-term side effects [64]. Additional drugs such as Favipir-
avir and Ribavirin target RARp and Galidesivir targets the RNA poly-
merase, inhibiting viral RNA synthesis and evaluated in different clinical
trials for COVID-19 [65].

4.4. Nirmatrelvir plus Ritonavir: targeting SARS-CoV-2 main protease in
combination with a Cytochrome P450 inhibitor

Nirmatrelvir plus Ritonavir (Paxlovid™; Pfizer) is a co-package
combination of Nirmatrelvir and Ritonavir tablets, intended for co-
administration and developed for the treatment and post-exposure
prophylaxis of COVID-19. Nirmatrelvir, is a potent peptidomimetic se-
lective and reversible inhibitor of SARS-CoV-2 Mpro main protease (3 C-
like or nsp5 protease), while Ritonavir is a human immunodeficiency
virus type 1 (HIV-1) protease inhibitor and Cytochrome P450, family 3,
subfamily A (CYP3A) inhibitor. As a result of this inhibition viral
replication is prevented. Ritonavir acts as a pharmacokinetic enhancer,
increasing the systemic exposure of Nirmatrelvir and decreasing its
metabolism, and prolonging its half-life when the drugs are adminis-
tered together. Nirmatrelvir plus Ritonavir received its first conditional
authorization in December 2021 in the United Kingdom, for the treat-
ment of COVID-19 in adults who do not require supplemental oxygen,
and who are at increased risk for progression to severe COVID-19 [66].
January 2022, Nirmatrelvir plus Ritonavir (Paxlovid) received autho-
rization in the EU for use in the same indication and is authorized by
FDA for emergency use in the USA for the treatment of mild-to-moderate
COVID-19 in adults and pediatric patients (> 12 years of age and
weighing > 40 kg) at increased risk for progression to severe COVID-19.
Treatment of symptomatic COVID-19 with Paxlovid resulted in a
reduced risk of progression to severe COVID — 19 by 89% lower than the
risk with a placebo, without evidence of severe safety concerns (Table 1,
Supplementary Material-Data in Brief). Additional drug combinations
such as Darunavir (protease inhibitor) and Cobicistat (pharmacokinetic
enhancer) or Danoprevir (protease inhibitor) is registered in clinical
trials for COVID-19.

Other anti-viral drugs such as Clevudine, a synthetic pyrimidine
analog that targets DNA polymerase and reverse-transcriptase enzyme,
Oseltamivir, a neuraminidase inhibitor, and Umifenovir, a fusion in-
hibitor blocking the viral entry and replication, are being evaluated in
investigational clinical trials for COVID-19. All these different ap-
proaches of anti-viral pharmacological therapy for COVID-19, early
eliminate and inactivate the SARS-CoV-2 virus to prevent or limit the
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immune dysregulation of the host and therefore the severity of the
disease.

5. Immunotherapy selected drugs for COVID-19

From the very beginning of the COVID-19 pandemic, it became clear
that dysregulation of immune responses against SARS-CoV-2 is one of
the main features of disease pathogenesis, especially in patients with
severe disease, and studies aimed at rebalancing the immune response
by different modulators initiated early on. SARS-CoV-2 infection-
induced hyper-inflammation (cytokine storm) is a major cause of death
[2,67]. In addition to the anti-viral therapies, immunotherapies that
broadly or specifically target the immune response have been approved
or are considered in different investigational clinical trials for COVID-19
[68]. Table 2 (Supplementary Material-Data in Brief) and Fig. 2 present
approved and selected investigational clinical trials on immunotherapy
based on glucocorticoids, pan-immune suppressors of inflammation,
protein tyrosine-kinase inhibitors of the JAK-STAT signaling pathway,
anti-IL-1, 6 and GM-CSF cytokines and interferons, stimulators of
anti-viral defense.

5.1. Glucocorticoids

A variety of glucocorticoids, including Dexamethasone, Hydrocorti-
sone, Methylprednisolone, etc., have been evaluated in clinical trials
(Table 1, Supplementary Material-Data in Brief). The largest study,
conducted by the RECOVERY collaborative group, resulted in the reg-
ulatory approval of Dexamethasone as the standard of care for patients
with SARS-CoV-2 requiring oxygen therapy. Dexamethasone and
Methylprednisolone are effective in reducing the severity of COVID-19
and associated comorbidities such as chronic obstructive pulmonary
diseases [69]. Although acute glucocorticoid treatment is still consid-
ered to be the best therapy for severe COVID-19, chronic glucocorticoid
treatment could cause the occurrence of a variety of adverse diseases
such as arteriosclerosis, hypertension, diabetes, etc. Albeit glucocorti-
coid treatment is essential for critically ill patients experiencing ARDS
[70], glucocorticoid drugs represent a double-edged sword in COVID-19
therapy [71,72]. Attention should be given to their profound adverse
effects, especially for those with comorbid conditions [73].

5.2. JAK-STAT signaling pathway inhibitors

The JAK-signal transducer and activator of transcription (JAK-STAT)
signaling pathway mediates extracellular interleukins and interferons
signal by membrane receptor activation and is a key inflammatory
pathway that regulates the production of pro-inflammatory cytokines
[74,75]. Over-activation of the JAK-STAT pathway could lead to a
cytokine storm in critically ill patients [76]. JAK inhibitors have been
clinically used for the treatment of several inflammatory and autoim-
mune diseases, [77,78]. For this reason, JAK inhibitors have been
repurposed as pharmacological therapies for COVID-19 (Table 2, Sup-
plementary Material-Data in Brief). The STOP-COVID clinical trial
investigated the efficacy of the JAK inhibitor Tofacitinib, in 289 hospi-
talized patients with mild to moderate disease. Patients were random-
ized to receive oral Tofacitinib 10 mg twice a day, for 14 days, versus a
placebo. At day 28, the composite outcome of death or respiratory
failure was lower in the Tofacitinib group compared to the placebo.
Beginning of 2020, it was predicted by studies of artificial intelligence
that the JAK inhibitor Baricitinib could potentially inhibit cell entry and
of SARS-CoV-2 [79]. This hypothesis was subsequently further sup-
ported by mechanistic studies [80]. In a meta-analysis study of eleven
reports on the safety and efficacy of JAK-inhibitors Ruxolitinib and
Baricitinib in COVID-19 patients, it was found that Baricitinib therapy
caused a lower risk of death [81]. In COV-BARRIER, ACTT-2, and other
clinical trials, systemic Baricitinib treatment revealed quite confidently
that it decreased all-cause mortality in hospitalized individuals with
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moderate to severe COVID-19. Moderate-certainty evidence indicated
that systemic JAK inhibitors probably decreased the risk of worsening
clinical status and make little or no difference in the rate of adverse
events of any grade, whilst they probably decrease the occurrence of
serious adverse events (Table 2, Supplementary Material-Data in Brief).
Because of its potent anti-inflammatory properties, Baricitinib was rec-
ommended by WHO for the treatment of patients with severe or critical
COVID-19 on January 2022 [82]. Imatinib, another JAK inhibitor was
tested in COUNTER-COVID and INVENT-COVID clinical trials and
conferred clinical benefits in hospitalized patients with COVID-19, but
further studies are required to validate these findings. Given the key role
of the JAK-STAT pathway in immune responses, the use of JAK in-
hibitors may result in broad adverse effects. For example, the use of
Baricitinib may delay viral clearance and increase the risk of secondary
infections such as the herpes virus, due to its immunosuppressive ac-
tivity and carries the risk of increased thromboembolic events [83].
Many lines of evidence suggest that SARS-CoV-2 infection may result in
the down-regulation of JAK signaling in certain cell lines, and inhibition
of JAK may promote viral infection [84]. In addition, a recent study
showed that patients who have previously received treatment of JAK
inhibitors Baricitinib, Tofacitinib, and Upadacitinib may show dimin-
ished responsiveness to COVID-19 vaccination [85]. Among the studied
cases with different ages and different drug pre-treatments, older pa-
tients or patients treated with Upadacitinib tend to have higher
non-response rates [85]. Although this aspect still requires further
investigation, it raises an important concern that the use of immuno-
suppressive drugs may weaken the protection by vaccination. In sum-
mary, oral treatment with 4 mg/day up to 14 days of JAK inhibitors is
effective in preventing SARS-CoV-2 progression and has the potential to
decrease mortality in patients requiring low-flow oxygen but not in
those with severe symptoms. JAK inhibitors are in general used in
hospitals concomitantly with systemic delivered glucocorticoids.

5.3. Anti-cytokine therapy

To find safe and effective drugs to mitigate the cytokine storm,
repurpose of the interleukin (IL) — 1 blockade agents is one of the safest
ways to stop this innate immune response and may offer an important
therapeutic option in the hyper-inflammatory phase of COVID-19 [86].
Therefore, drugs that block the IL-1 receptor, such as Anakinra, or drugs
that block IL-1 signaling, such as Canakinumab, can potentially inter-
rupt the vicious hyper-inflammatory loop. These drugs have been
investigated in clinical trials as potential therapies for COVID-19
(Table 2, Supplementary Material-Data in Brief). Anakinra is a recom-
binant human IL-1 receptor antagonist. It is approved by the FDA to treat
rheumatoid arthritis and neonatal-onset multisystem inflammatory
disease. It is used “off-label” to treat severe chimeric antigen receptor T
cell-mediated cytokine release syndrome and macrophage activation
syndrome (MAS)/secondary hemophagocytic lymphohistiocytosis.
Canakinumab is a human monoclonal antibody that targets the p-sub-
unit of IL-1 and is approved by the FDA for the treatment of systemic
juvenile idiopathic arthritis and Still’s diseases. In the SAVE and
SAVE-MORE trials, hospitalized patients who had moderate or severe
COVID-19 pneumonia and plasma-soluble urokinase plasminogen acti-
vator receptor (suPAR) levels > 6 ng/mL were randomized to receive
either Anakinra or placebo. The studies found that patients who received
Anakinra had a lower risk of clinical progression of COVID-19,
compared to those who received a placebo. CORIMUNO-ANA-1, a ran-
domized controlled trial that compared the use of Anakinra to usual care
in 116 hospitalized patients who were hypoxemic but did not require
high-flow oxygen or ventilation, did not improve outcomes in patients
with mild-to-moderate COVID-19 pneumonia [87]. Administration of
Anakinra may be beneficial for treating severe COVID-19 patients with
secondary hemophagocytic lymphohistocytosis (sHLH), but larger clin-
ical studies are required to validate this concept [88]. After reviewing
the results of the clinical trials and taking into consideration the fact that
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suPAR assays are not widely available to guide the use of Anakinra, FDA
concluded that there is insufficient evidence to recommend either for or
against the use of Anakinra for the treatment of COVID-19 in hospital-
ized patients.

CAN-COVID, a randomized controlled trial that evaluated Canaki-
numab in hospitalized patients with COVID-19 who were hypoxemic but
did not require ventilator support, reported that the use of Canakinumab
did not improve the likelihood of survival without invasive mechanical
ventilation. Because of these results, FDA does not recommend Cana-
kinumab for the treatment of COVID-19, except in a clinical trial (Blla)
(Table 2, Supplementary Material-Data in Brief).

IL-6 is a key cytokine in the pathogenesis of severe to critical SARS-
CoV-2 infection and excessive IL-6 levels may lead to an imbalance in
innate and adaptive immunity [89]. Therefore, IL-6 antagonism has an
important role in the management of severe and critical phases of
COVID-19. Sarilumab and Tocilizumab are human monoclonal anti-
bodies binding and antagonizing soluble as well as membrane-bound
interleukin-6  receptors, hindering I[L-6 from exerting its
pro-inflammatory effects. Multiple studies have examined the thera-
peutic efficacy of a single dose of 400 mg of Tocilizumab (8 mg/kg), or
Sarilumab at 400 mg, delivered intravenously, in hospitalized patients
with SARS-CoV-2, resulting in variable findings due to the administra-
tion of the drug at different stages of the disease process and variable
severity of the disease. In CORIMUNO, REMAP-CAP, RECOVERY, and
other clinical trials, Tocilizumab improved survival and other clinical
outcomes in hospitalized COVID-19 patients with hypoxia and systemic
inflammation. These benefits were seen regardless of the amount of
respiratory support and were added to the benefits of systemic cortico-
steroids. Tocilizumab reduced all-cause mortality in all studies and
reduced mechanical ventilation and length of stay in randomized
controlled trials in hospitalized COVID-19 patients. Based on these
findings it received approval from EUA FDA on June 2021 for therapy of
COVID-19 (Table 2, Supplementary Material-Data in Brief). In
REMAP-CAP, SARICOR, PROSPERO, Sarilumab improved outcomes,
including survival in critically ill patients with COVID-19 receiving
organ support in intensive care units. Meta-analysis of clinical trials of
patients hospitalized for COVID-19 indicated that administration of IL-6
antagonists, compared with usual care or a placebo, was associated with
lower 28-day all-cause mortality. COVID-19 guidelines recommend its
use intravenously as an alternative to Tocilizumab. In conclusion, early
use of IL-6 antagonists is beneficial for hypoxemic patients with
COVID-19 requiring oxygen. The use of IL-6 receptor inhibitor therapy
in patients on mechanical ventilation is most probably too late and
unlikely to improve outcomes. IL-6 antagonists are used in hospitals in
conjunction with corticosteroids.

Besides IL-1 and IL-6, other proinflammatory cytokines are involved
in COVID-19-mediated cytokine storms and inflammation. An inter-
esting investigational approach was to inhibit neutrophil recruitment to
the lung by blocking the granulocyte- macrophage colony-stimulating
factor (GM-CSF). Otilimab is an IgG1 monoclonal antibody that binds
to GM-CSF and hinders its interaction with its receptor GM-CSFRa.
Mavrilimumab is an IgG4 human monoclonal antibody targeting GM-
CSF receptor-a and antagonizing its interaction with GM-CSF. In the
double-blind randomized clinical trial OSCAR, the benefit-risk of a sin-
gle infusion of Otilimab was investigated in the treatment of hospital-
ized participants with severe COVID-19 related pulmonary disease with
new onset hypoxia requiring significant oxygen support or early inva-
sive mechanical ventilation. A significant rate of survival without pro-
gression to respiratory failure at day 28 was recorded, in particular in
patients aged 70 years or older compared to placebo (Table 2, Supple-
mentary Material-Data in Brief). In several other clinical trials, Mavri-
limumab treatment was associated with improved clinical outcomes
compared with standard care in non-mechanically ventilated patients
with severe COVID-19 pneumonia and systemic hyper-inflammation.
However, the benefits for those patients remained uncertain, given the
insufficient controlled studies and the small sample size. These studies
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call for additional clinical trials since the GM-CSF blockade strategy may
have broad immunomodulatory effects given that it could affect the
secretion of multiple pro-inflammatory cytokines and chemokines by
myeloid cells. The GM-CSF-based therapies are worthwhile to be further
pursued but in the design of the clinical trials care should be taken
concerning dose, delivery route, timing of administration, and disease
severity for each therapeutic approach [90].

Tumor necrosis factor a (TNFa), one of the pro-inflammatory cyto-
kines commonly upregulated in acute lung injury, triggers cytokine
storm and facilitates SARS-CoV-2 interaction with ACE2. TNF-a in-
hibitors, therefore, may serve as an effective therapeutic strategy for
attenuating disease progression in severe SARS-CoV-2 infection [91].
These TNFa blocking agents have long been used in the clinical setting to
treat inflammatory and autoimmune diseases and therefore, TNFo
blockade can be achieved by monoclonal antibodies (such as Infliximab,
Adalimumab, etc.), fusion proteins (Etanercept) and dominant negative
proteins (INB03). Indeed several clinical trials are ongoing in patients
with rheumatoid arthritis and intestinal bowel disorders with pulmo-
nary complications due to COVID-19 infection. From the preliminary
results, it appears that therapy with TNF-a inhibitors is associated with a
lower probability of hospitalization and severe COVID-19 when
compared to other treatments for an underlying inflammatory disease
[92]. Allocetra-OTS is a cell-based therapeutic composed of donor early
apoptotic cells, comprising allogeneic mononuclear enriched cell sus-
pension with at least 40% early apoptotic cells that markedly improved
the cytokine and chemokine storm and restored the impaired mito-
chondrial and glycolytic function in white blood cells leading to
increased survival [93]. Definitely, cytokine-targeted therapy for
COVID-19 represents an investigational attractive pharmacological
approach that may further succeed by enrolling stratified patients based
on the establishment of defined biomarkers for different phases of the
disease.

5.4. Stimulation of antiviral defense by Interferons

Interferons are divided into type I (IFN-a and IFN-B), type II (IFN-y),
and type III (IFN-A) and have a fundamental role in the innate immune
system, being part of the first line of defense against viral infections.
Differential induction of type I and III interferon genes in the upper
respiratory tract of patients with COVID-19 were reported [94]. Therapy
in clinical trials with recombinant super-compound interferon was
associated with a shorter time of clinical improvement than IFN-«a in the
treatment of moderate-to-severe COVID-19 when combined with base-
line antiviral agents. Treatment with IFN-a2b significantly reduced the
duration of detectable virus in the upper respiratory tract and parallel
reduced the duration of elevated blood levels for the inflammatory
markers, and the average days of hospitalization were found lower
(Table 2, Supplementary Material-Data in Brief). Early intervention with
IFN-a, either within five days from the onset of symptoms or at hospital
admission, confers better clinical outcomes [95]. Emerging data suggest
that IFN-I-mediated boosting of patients’ immunity, achieved directly
through the exogenous administration of IFN-p early post- viral infec-
tion, might play a therapeutic role against SARS-CoV-2 [96]. In SGO16,
UW-20-074, and other clinical trials, IFN-B does not appear to provide
an increased survival benefit in hospitalized patients with COVID-19 but
may help reduce the risk of intensive care admission. The addition of
interferon-f to the standard of care resulted in a significant reduction in
time to clinical improvement but no significant benefit in terms of
reduction in mortality and length of hospital stay in moderate-to-severe
cases of COVID-19. In several clinical case studies, a positive effect of
IFNy was noted on the rate of clinical stabilization and recovery of pa-
tients with community-acquired pneumonia and viral infections. IFNy
may be considered potential booster-adjuvant immunotherapy in a
subset of immunocompromised COVID-19 patients, and concomitant
IFNy therapy may support antibiotic strategies. Presently, according to
the COVID-19 treatment guidelines, based on the results from the
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present clinical trials, and concerning the lack of thorough evidence on
the occurrence of adverse effects, the FDA recommends against the
administration of interferons (a, P, and A) in hospitalized and
non-hospitalized patients, unless in the setting of a clinical trial.

6. Resistance to current pharmacological therapies in new
SARS-CoV-2 variants

Since the beginning of the SARS-CoV-2 outbreak, the virus has been
continuously adapting to its hosts and efforts have been made to
continuously map its genome and to identify possible mutations that
may offer the virus a selective advantage. The newly emerged strains can
rapidly become the dominant variant all over the world due to their
higher transmissibility and enhanced replication in human airway
epithelial cells [97]. For example, the 501Y.V1 (B.1.1.7), 501Y.V2
(B.1.351) and the P.1 variants carry an N501Y mutation in the RBD of
the spike protein that increases their binding affinity to ACE2 receptor,
potentiating the virus transmission [98,99]. The 501Y.V2 and P.1 var-
iants have two additional mutations in the spike protein (E484K and
K417N/P) that may not only further enhance binding affinity but also
help the virus escape recognition affecting their neutralization by anti-
bodies [99,100]. The nearest emerged variant, Omicron, has 37 muta-
tions on the spike gene, endowing it with much higher infectivity [101].
These changes indicate their ability to evade immunity generated in
response to a previous infection or vaccination. Moreover, mutations on
viral proteins that serve as key drug targets may lead to the loss of po-
tency of current anti-viral therapies. It was reported that both mono-
clonal antibodies and convalescent sera showed low or no neutralizing
activity against the Omicron variant. [102]. A Pfizer booster dose could
successfully elicit neutralization activity against the omicron variant,
though the neutralization efficiency is much lower than that against the
D614G and Delta variants [102]. A recent study tested the efficiency of
several monoclonal antibodies and antiviral drugs on the omicron
variant as well as a number of other earlier variants. Among the tested
monoclonal antibodies, Casirivimab, Tixagevimab, Cilgavimab, and
Sotrovimab showed remarkably reduced neutralizing activity against
the Omicron variant, characterized by much higher FRNT50 values
[103]. Strikingly, the Omicron variant was almost completely resistant
to neutralization by Etesevimab, Bamlanivimab, and Imdevimab.
Cochrane COVID-19 study register reviewed the randomized controlled
trials that evaluated SARS-CoV-2-neutralizing monoclonal antibodies,
including fragments, alone or combined, versus an active comparator,
placebo, or no intervention, for pre-exposure prophylaxis (PrEP) and
post-exposure prophylaxis (PEP) of COVID-19 [104]. For PrEP, there is a
decrease in the development of clinical COVID-19 symptoms (high
certainty), infection with SARS-CoV-2 (moderate certainty), and
admission to the hospital (low certainty) with Tixagevimab/Cilgavimab.
There is low certainty of a decrease in infection with SARS-CoV-2, and
development of clinical COVID-19 symptoms, and a higher rate for
all-grade adverse effects with Casirivimab/Imdevimab. The Omicron
variant also carries mutations on RdRp and the main protease of
SARS-CoV-2, indicating that it may escape from current antiviral treat-
ments [105]. To test this possibility, Takashita et al. tested Remdesivir,
Molnupiravir, and PF-07304814 on the Omicron variant and found that
in vitro the inhibitory concentration of 50% values of these three com-
pounds against the Omicron variant were similar to those against the
early strains, indicating that they may still be effective [103]. However,
the effectiveness has not yet been verified by clinical studies. Also, the
current anti-viral therapies are still at risk of losing potency as the vi-
ruses are continuously mutating.

7. Prospective of drug development against COVID-19
COVID-19 has already resulted in millions of deaths worldwide, and

it is essential to develop efficient therapies as quickly as possible. Rapid
progress has been made to understand the precise machinery of viral
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infection and immune responses. The SARS-CoV-2 infection leads to
dysregulation of immune pathways. Therapies focusing on suppressing
cytokine activity demonstrate some success in clinical trials and case
reports. Current evidence supports the use of Dexamethasone in hospi-
talized patients requiring oxygen. Early use of IL-6 inhibitors is benefi-
cial in hypoxemic patients and CRP level can serve to identify patients
who may benefit from IL-6 inhibitors. JAK inhibition in combination
with glucocorticoids is emerging as a potential therapeutic option for
patients with moderate to severe symptoms. However, antiviral therapy
is not effective in hospitalized patients with severe symptoms. The
clinical data on Anakinra, hyperimmune immunoglobulin/convalescent
plasma are yet limited and inconclusive. Although more mechanistic
studies are still needed to identify potential therapeutic targets, devel-
oping new drugs based on existing knowledge should be a promising
solution at the current stage. Conventional methods include structure-
based drug design, which is a highly validated method that has been
previously used in developing anti-viral drugs against HIV-1 and MERS-
CoV [106,107]. Artificial intelligence-based drug design is a newly
emerged approach that has been recently used to discover novel drugs
based on machine and deep and reinforcement learning algorithms
[108,109]. Combining these drug design approaches with virtual drug
screening and high-throughput screening approaches could greatly aid
in the process of developing novel lead compounds for COVID-19 ther-
apy [110]. Nevertheless, developing a new drug could take years, and
quicker approaches must be taken to combat this devastating pandemic.
Repurposing pre-existing drugs is a quick solution to this developing
demand, as their dosage, safety, and mechanism of action are already
well established. Drug repurposing against COVID-19 has been suc-
cessful by using cell-based or computational screening. For example,
Remdesivir is a repurposed anti-viral drug and has become an
FDA-approved drug for treating COVID-19 [111]. However, most of the
drug repurposing is still at the computational level, lacking experi-
mental validation and requiring investigational clinical trials [112]. As
the lethal cytokine storm may occur in advanced-stage COVID-19 pa-
tients, early detection of viral infection, the establishment of valid
clinical biomarkers, and treatment with anti-viral drugs are essential.
However, anti-viral therapies are at risk of losing potency because the
targeted viral proteins are continuously mutating. A combination of
anti-viral therapies with a different mechanism of action is a solution to
the possible occurrence of strains resistant to the certain anti-viral drugs.
In addition, developing broad-spectrum antiviral drugs is crucial for not
only controlling the ongoing COVID-19 pandemic but also the possible
outbreak of new viruses in the future. Inmunotherapy in COVID-19
needs to be further progressed by clinical trials to establish solid
knowledge and clinical experience and to determine the optimal
patient-directed strategy based on validated biomarkers of the different
phases of disease severity. The development of immunotherapies ap-
proaches must take into consideration the immune heterogeneity of
clinically-similar COVID-19 patients and their incorporation in the clinic
will help both in therapy decisions as well for application in other severe
viral infections.
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