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Abstract

In the current pandemic of coronavirus disease 2019 (COVID-19), antiviral drugs are at the center of attention because of
their critical role against severe acute respiratory disease syndrome coronavirus 2 (SARS-CoV-2). In addition to designing
new antivirals against SARS-COV-2, a drug repurposing strategy is a practical approach for treating COVID-19. A brief
insight about antivirals would help clinicians to choose the best medication for the treatment of COVID-19. In this review,

we discuss both novel and repurposed investigational antivirals, focusing on in vitro, in vivo, and clinical trial studies.

Introduction

The coronavirus disease 2019 (COVID-19) pandemic caused
by the novel severe acute respiratory disease syndrome coro-
navirus 2 (SARS-CoV-2) has become a health crisis with a
high rate of morbidity and mortality. Despite the fact that
numerous studies have been performed amid the pandemic,
management of the disease has remained a major challenge.
In addition to drug development projects, drug repurposing
is another effective strategy to identify new clinical applica-
tions for existing drugs [97].

Remdesivir, the first Food and Drug Administration
(FDA)-approved antiviral for treating COVID-19 patients,
was initially developed against Ebola virus disease in 2016.
Despite the early promising data from remdesivir trials, the
World Health Organization (WHO) did not judge remdesivir
to have a beneficial effect on survival rate [13, 34]. There-
fore, there is an urgent need to develop additional antiviral
drugs against COVID-19.

In this review, we discuss repurposed and investigational
antivirals, focusing on in vitro, in vivo, and clinical trial
studies (Tables 1, 2). To the best of our knowledge, this is
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the first review that categorizes these antivirals based on
their mechanisms of action (Fig. 1).

Virology

SARS-CoV-2 is an enveloped, positive-sense, single-
stranded ribonucleic acid (RNA) virus belonging to the
family Coronaviridae, subfamily Orthocoronavirinae, and
genus Betacoronavirus [126]. Open reading frames in the
RNA genome of SARS-CoV-2 encode viral structural and
non-structural proteins [126].

The process of viral infection is initiated by the binding
of the viral surface spike (S) protein to two entry factors
on the host cell: angiotensin-converting enzyme 2 (ACE2)
and transmembrane serine protease 2 (TMPRSS2) [99].
The viral S protein interacts separately with ACE2 and
TMPRSS?2 [99]. The expression levels of the viral S pro-
tein, ACE2, and TMPRSS?2 affect the severity of disease in
COVID-19 patients [99]. Moreover, the endosomal/lysoso-
mal cysteine proteases cathepsin B and L (CTSB and CTSL)
and furin protease are also involved in the viral entry [104].
After viral uncoating, viral replication, transcription, and
translation occur to produce viral proteins (structural and
non-structural). Finally, the assembled virus particles are
released from the infected host cell via exocytosis, attack-
ing the other cells and activating the innate immunity of the
host [99].

The replication of SARS-CoV-2 mostly depends on the
non-structural viral proteins, including the main protease
(Mpro), the RNA-dependent RNA polymerase (RdRp), and
the papain-like protease [8, 99]. Importantly, RdRp is a key
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Fig. 1 Investigational antivirals and their mechanism of action during the viral life cycle

target for newly discovered agents against SARS-CoV-2, intravascular coagulation (DIC), and acute respiratory dis-
since it is responsible for viral replication. tress syndrome (ARDS) [89].

SARS-CoV-2 infection promotes the production of pro- A brief insight into the SARS-CoV-2 cell cycle and
inflammatory cytokines and inhibits the production of inter- ~ pathogenesis would be helpful for drug discovery, as well
ferons (IFNs) [89]. Overproduction of pro-inflammatory  as for a better understanding of COVID-19 complications
cytokines and chemokines such as interleukin-6 (IL-6) and  [104]. Each step of virus trafficking and the immunologi-
tumor necrosis factor-alpha (TNF-a) leads to a cytokine  cal responses of the host could be considered a target for
storm, tissue injury, multiple organ failure, disseminated  antiviral agents [60].
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Investigational antivirals that block viral
entry

Nitric oxide (NO)

The SARS-CoV-2-related hypercoagulable state and vascu-
lar complications play a leading role in the pathogenesis
of ARDS [4]. Nitric oxide (NO) is a small multifunctional
signaling molecule that improves vascular function [92]. NO
is produced by the enzymatic conversion of L-arginine to
L-citrulline. It is catalyzed by inducible NO synthase (iNOS)
and requires O,, nicotinamide adenine dinucleotide phos-
phate (NADPH), calmodulin, and tetrahydrobiopterin as
cofactors [90]. Endothelium-derived NO plays an essential
role in vascular muscle relaxation, which results in vasodi-
lation, reduced blood pressure, and increased local blood
flow [52]. Moreover, NO prevents platelet aggregation, low-
density lipoprotein (LDL) and cholesterol oxidation, and
pro-inflammatory gene expression [81].

NO is a selective pulmonary vasodilator that has been
approved by the FDA for hypoxic newborns with persistent
pulmonary hypertension (at 10-80 ppm) [113]. Off-label
uses of NO include treatment of pulmonary hypertension
and ARDS [113]. In addition, NO is effective against several
bacteria, protozoa, and viruses [37]. Laboratory data have
indicated that NO has antiviral activity due to its ability to
induce IFN-gamma expression in macrophages [90]. NO
also regulates lymphocyte and monocyte function, providing
signal transduction between innate and acquired immunity
[81].

Akerstrom et al. reported that NO inhibits replication
of SARS-CoV by two distinct mechanisms: reducing viral
RNA replication and preventing S protein palmitoylation,
thereby inhibiting binding of the viral S protein to the host
ACE-2 receptor [2].

It is believed that NO may inhibit viral replication in the
early stages, prevent viral spread, and aid in viral clearance
and host recovery [90]. An in vitro study of SARS-CoV-
infected Vero E6 cell lines indicated that treatment with NO
donors increased the survival rate of the cells [64]. It has
also been shown that NO inhalation improves oxygenation in
patients with ARDS; however, it does not have a significant
effect on the mortality rate [44]. Likewise, inhalation of NO
at the dose of 20 ppm for 15-30 min significantly improves
arterial oxygenation in COVID-19-induced moderate-to-
severe ARDS [64, 74]. It also results in selective dilation
of pulmonary vessels, improved arterial oxygenation, and
reduced pulmonary hypertension. Ryan et al. have recom-
mended the use of NO for treatment of pulmonary arterial
hypertension in hospitalized patients with COVID-19 [37,
125].

A pilot study was carried out to determine the effective-
ness of inhaled NO in addition to antiviral therapy in the
treatment of patients with SARS-CoV. Of the 14 hospital-
ized intensive care unit (ICU) patients, six were assigned to
the inhaled NO group and eight were assigned to the placebo
group (age range: 19-63). There was no significant differ-
ence in the duration and severity of disease between the two
groups. All of the patients received oxygen therapy in addi-
tion to antiviral therapy, which included ribavirin (0.5-1 mg/
day) and methylprednisolone (40-160 mg/day). Patients in
the treatment group received inhaled NO for at least 3 days
with a dose of 30, 20, and 10 ppm on the first, second, and
third day, respectively. After the fourth day, the dose of the
inhaled NO was decreased gradually to O ppm. Data analy-
sis demonstrated that low-dose inhaled NO decreased the
mean oxygen delivery in patients from 6 to 2 L/min (p-value
<0.05) and increased the mean oxygen saturation (SpO,)
from 93% to 99% (p-value <0.05) in the treatment group;
leading to a reduction in demand for ventilatory support in
affected patients [23]. This study highlighted the vasodi-
latory effect of NO in addition to its effectiveness against
SARS-CoV, since NO improved arterial oxygenation. The
promising results with inhaled NO in patients infected by
SARS-CoV suggest that it could also be effective in patients
infected with SARS-CoV-2.

Akaberi et al. evaluated the in vitro antiviral effect of
the NO donor S-nitroso-N-acetylpenicillamine on SARS-
CoV-2 replication in Vero E6 cells. The results showed a
dose-dependent reduction of viral replication due to inhibi-
tion of the viral cysteine protease [1]. Moreover, an in vitro
study on human HCT-8 cells revealed a potential effect of
high-dose inhaled NO (150-250 ppm, 30-40 min cycles,
2-5 cycles a day) against human coronavirus OC43 given
either pre- or post-exposure [45]. In that study, infectivity
of the virus decreased by 50% and 100% after 4 and 8 h of
treatment, respectively [45].

A retrospective study was conducted to evaluate the effi-
cacy of high-dose inhaled NO as rescue therapy in COVID-
19 patients with respiratory distress. Five patients with
severe COVID-19 were enrolled in the study, which was
defined by an increased risk of acute hypoxemic respiratory
failure with worsening symptoms despite oxygen therapy.
All of the enrolled patients had comorbidities. Patients
received NO at a concentration of 160 ppm for 30 min twice
daily via a face mask. This study showed that NO therapy as
adjuvant rescue therapy reduced hypoxemia and respiratory
effort in severe COVID-19 patients. The median methemo-
globin of patients at baseline and after 30 min of NO ther-
apy was 0.3% (0.1-0.7%) and 2% (1.7-2.3%), respectively.
Mean arterial pressure (MAP) and heart rate (HR) were not
affected by the treatment. Moreover, the ratio of SpO,/FiO,
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(oxygenation) and respiratory rate (RR) were stable [113].
This study revealed that NO therapy is a promising option
for COVID-19 patients with respiratory failure. However,
this study had some limitations, such as a small sample size
and lack of a control group.

A monocentric pilot study was conducted by Bogate et al.
to evaluate the effects of NO rescue therapy and almitrine
in patients with COVID-19-related severe ARDS. Patients
with reverse transcription polymerase chain reaction (RT-
PCR)-confirmed COVID-19 with persistent severe hypox-
emia, defined by PaO,/FiO, < 150 mmHg, were enrolled
in the study. The study exclusion criteria were age less
than 18 years, acute cor pulmonale, pulmonary embolism,
hyperlactatemia, hepatic insufficiency, and having receiv-
ing extracorporeal membrane oxygenation (ECMO) support.
Ten patients with a median age of 60 years (52-72) were
entered the study. All patients received inhaled NO (10 ppm)
alone or NO plus almitrine (10 pg/kg/min) as a respiratory
stimulant for 30 min. The primary endpoint of the study was
variation in oxygenation, defined by an increase in the PaO,/
FiO, ratio of at least 20% or 20 mmHg from the baseline.
The results showed an improvement in arterial oxygena-
tion in 80% of the patients. The baseline median PaO,/FiO,
ratio when the patients were in a supine position was 102
(89-134), which was elevated to 124 (108-146) (p-value =
0.13) after treatment with NO and 180 (132-206) (p-value
<0.01) after treatment with NO plus almitrine. These results
show the beneficial effects of NO and almitrine combination
therapy in the treatment of severe COVID-19. No correla-
tion was observed between the success of NO plus almitrine
combination therapy and prone position in severe COVID-
19 patients [9].

At the time of writing of this manuscript, 15 ongoing
clinical trials were being carried out to evaluate the efficacy
of NO in COVID-19 patients. The studied dosage forms of
NO are inhalation, lozenges, and solution. The trials target
patients with mild-to-severe COVID-19 who need oxygen
therapy or have pneumonia or bacterial infection due to
COVID-19.

Preventive therapy with NO is also under investigation
in ongoing clinical trials investigating the effects of NO on
viral load, disease progression, mortality, respiratory failure,
methemoglobinemia, and arterial oxygenation. Safety and
adverse events of NO therapy are also being evaluated in
these trials, with sample sizes ranging from 20 to 600.

Generally, inhaled NO is safe; however, some adverse
events such as hemodynamic deterioration, methemo-
globinemia, and rebound pulmonary hypertension have been
reported, but these are reversible due to the short half-life
of NO. Administration of NO may have some limitations. It
needs active participation of patients during inhalation and
needs to be administered appropriately to provide optimal
efficacy [113].

@ Springer

NO seems to have the desired efficacy in patients with
COVID-19. Given the safety and efficacy of NO in patients
with COVID-19 and its availability and low cost, it is pre-
dicted to play an important role in managing COVID-19.
The FDA has granted emergency use authorization (EUA)
for NO therapy in COVID-19 patients.

Arbidol hydrochloride (umifenovir)

Arbidol, also known as umifenovir, is an indol-derived,
broad-spectrum oral antiviral that is effective against both
enveloped and non-enveloped viruses, including Ebola virus,
Zika virus, and poliovirus [87]. Arbidol was first licensed in
China and Russia to treat and prevent influenza A, influenza
B, and other respiratory viral infections [109, 121]. It can
also be used in the treatment of hepatitis C virus (HCV) [15,
87]. During the influenza pandemic, the prophylactic dose
of arbidol in health workers was 200 mg daily for 10-18
days [42]. The recommended dose of arbidol for the treat-
ment of influenza in Chinese guidelines is 200 mg, three
times a day. The suggested mechanism of arbidol is blocking
contact, adhesion, and fusion of the virus to the host cells
and interfering with intracellular vesicle trafficking [127].
Moreover, arbidol inhibits viral RNA replication and induces
an IFN/phagocyte-mediated immune response [55]. Arbidol
has anti-inflammatory properties through increasing the
IL-10 level and decreasing the levels of IL-1f, IL-6, IL-12,
and TNF-alpha [71]. Wang et al. evaluated the efficacy of
six anti-influenza agents against SARS-CoV-2 in Vero E6
cells. The results demonstrated that arbidol efficiently inhib-
its SARS-CoV-2 infection with a selectivity index of 7.73
[109].

An open-label randomized clinical trial (RCT) was car-
ried out in Iran to evaluate the efficacy of arbidol in COVID-
19 patients. A total of 100 COVID-19 patients older than 18
years were assigned to the intervention (n = 50) and control
(n = 50) groups. The study exclusion criteria were respira-
tory, renal, or hepatic failure, anemia, thrombocytopenia,
coagulation disorders, congenital heart failure, arrhythmia,
and immunosuppressant therapy within 3 months before
intervention. Patients in the intervention group received
hydroxychloroquine (400 mg on day 1), followed by lopina-
vir/ritonavir (400 mg, twice daily). In comparison, the con-
trol group received hydroxychloroquine (400 mg, twice daily
on day 1), followed by arbidol (200 mg, three times daily)
for 7-14 days. The mean age of patients in the arbidol and
lopinavir/ritonavir groups was 56.6 and 56.2 years, respec-
tively. A majority of the patients were male (66% in the
arbidol group and 54% in lopinavir/ritonavir group). As the
primary outcomes, the duration of hospitalization and clini-
cal improvement were evaluated after 7 days of treatment.
Clinical improvement was defined as recovery from cough,
dyspnea, and fever. Moreover, oxygen saturation, laboratory
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parameters, death rate, changes in CT scan after 30 days of
treatment, and need for mechanical ventilation during the
study were evaluated as secondary outcomes. The duration
of hospitalization in the arbidol group was significantly
shorter than in the lopinavir/ritonavir group (7.2 days vs.
9.6 days, p = 0.02). The oxygen saturation was significantly
improved in the arbidol group compared to the lopinavir/
ritonavir group (93.9% vs. 92%, p = 0.02). Of note, patients
with diabetes had a longer duration of hospitalization in this
study. No major adverse effects of drugs were observed; the
only adverse effect was nausea and vomiting (33% in arbidol
group vs. 58% in lopinavir/ritonavir group). The white blood
cell (WBC) count and erythrocyte sedimentation rate (ESR)
were significantly higher in the lopinavir/ritonavir group
after 7 days of treatment. Overall, patients in the arbidol
group had a better laboratory and clinical outcomes than
the lopinavir/ritonavir group [84]. The strengths of this trial
were evaluation of clinical outcomes in patients with dif-
ferent comorbidities and classification of patients as having
mild, moderate, and severe forms of the disease based on
chest X-ray and CT scan.

A single-center, retrospective clinical trial was carried
out to assess the efficacy of arbidol in preventing COVID-
19 in health professionals in China. A total of 164 indi-
viduals (63 male and 101 female) with a median age of
37 years were enrolled. Patients were assigned to infected
(n = 82) and uninfected (control) (n = 82) groups. A pro-
phylactic dose of oral arbidol (200 mg once daily) was
administered to 23.2% (n = 19) of infected and 58.5% (n =
48) of uninfected patients. There was a significant correla-
tion between SARS-CoV-2 infection and a prophylactic
dose of arbidol (23.2% vs. 58.5%; OR, 0.214; 95% CI,
0.109-0.420; p < 0.001), which indicates the promising
role of arbidol in preventing COVID-19 [121]. However,
there was no significant difference in hospitalization rate
and the duration of positivity of throat swab tests. Among
the patients who received prophylactic doses of arbidol,
the rate of infection was significantly lower (p <0.001). It
was concluded that a prophylactic dose of arbidol might
be a promising option for high-risk populations such as
health care professionals. This study had some limitations;
it was not a double-blinded study, and it was conducted at
a single-center.

A retrospective cohort study was carried out in two differ-
ent centers to assess the effectiveness of arbidol in COVID-
19 patients with pneumonia. Of 111 patients, 49 were
assigned to receive arbidol (200 mg three times daily) plus
empirical treatment, and 62 were assigned to receive only
empirical treatment, including INF-alpha, lopinavir/rito-
navir, favipiravir, darunavir/cobicistat, and ribavirin. There
was no significant difference in age, sex, or comorbidities
between the two groups (p > 0.05). Virologic conversion,
receiving oxygen therapy (high-flow nasal catheter), and

chest CT image were evaluated as the clinical outcomes. The
results showed that arbidol accelerates the viral clearance
process. The rate of stable virologic conversion was 46.9%
in the arbidol group and 30.6% in the control group (p =
0.079). The rate of improvement in radiologic findings was
higher in the arbidol group with 55.1% vs. 32.2% in the con-
trol group (p = 0.016). Moreover, oxygen requirement was
significantly reduced in the arbidol group compared to the
control group (6.1% vs. 29%; p = 0.002). This study showed
that clinical improvement due to arbidol therapy depends on
disease severity. Patients with mild COVID-19 benefit more
from arbidol treatment than patients with severe COVID-19
[117]. The only reported side effect of arbidol was bradycar-
dia in one patient. The limitations of this trial were the small
sample size and the fact that patients had not completed their
treatment by the end of the intervention.

A retrospective study was carried out on 504 hospitalized
patients with COVID-19 in China to assess the efficacy of
arbidol hydrochloride in reducing mortality. The mean age
+ SD of the patients was 59.5 + 14.9 years, and 52% of
the patients had comorbidities. All of the patients received
antiviral medications. Adjustments were made based on
age, sex, comorbidities, oxygen saturation, and lesion size.
Arbidol was administered to 257 patients (51%). As clinical
outcomes, mortality rate and lesion size (based on chest CT
scan) were evaluated. This cohort study showed a reduction
in the mortality rate in hospitalized patients treated with
arbidol (7% vs. 24.7%; OR, 0.330; 95% CI, 0.124-0.411)
[70]. After adjustment of antiviral medications, the odds
ratio for reduction of the mortality rate in the arbidol group
was 0.183; 95% CI, 0.075-0.446; p < 0.001. Moreover,
the average decrease in lesion size was 46.43 + 29% in
the arbidol group versus 36.8 + 24.95% in the non-arbidol
group. Given the fact that this trial did not consider oxygen
therapy in clinical outcomes, and because of sampling bias,
the results of this trial could not be generalized [70].

A retrospective study including 50 patients with reverse
transcription polymerase chain reaction (RT-PCR)-con-
firmed COVID-19 was conducted to compare the effec-
tiveness of arbidol and lopinavir/ritonavir. Patients were
assigned to the arbidol group (n = 16) with a median age of
26.5 (23.3-52.5) or the lopinavir/ritonavir group (n = 34)
with a median age of 40.5 (34.8-52.3). The dose of arbidol
was 200 mg, three times a day, and the dose of lopinavir/
ritonavir was 400/100 mg, twice daily for a week. Based
on data analysis, the patients treated with arbidol had better
clinical outcomes on day 14 after admission than those who
received lopinavir/ritonavir. The viral load in the arbidol
group was undetectable on day 14 after admission, whereas,
44.1% of the patients in the lopinavir/ritonavir group had a
detectable viral load [128]. No adverse effects were reported
in this trial. Although this study showed beneficial effects of
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arbidol in viral clearance, a limitation of the study was that
the clinical outcome of the patients was not reported.

A prospective, multicenter RCT was carried out in China
to compare the safety and efficacy of favipiravir and arbidol
in COVID-19 patients. A total of 236 patients with con-
firmed COVID-19 (based on Chinese guidelines) were ran-
domly divided into two groups: 120 in the arbidol group
and 116 in the favipiravir group. All of the patients received
conventional Chinese medications. Patients in the arbidol
group received 200 mg of arbidol three times a day for 10
days, and patients in the favipiravir group received 1600 mg
twice daily on the first day and 600 mg twice daily for the
remaining 9 days. The recovery rate within 7 days of treat-
ment was evaluated as the primary outcome. Recovery was
evaluated based on the following criteria for more than 72 h:
axillary temperature < 36.6 °C, RR < 24/min, oxygen satu-
ration > 98% without supplemental oxygen therapy, relief
of cough or presence of mild cough. A larger number of
patients with severe illness were observed in the favipiravir
group than in the arbidol group. However, after 7 days, no
difference was observed in the recovery rate of the patients
in the favipiravir and arbidol groups (61.21% and 51.67%,
respectively; difference in recovery rate, 0.0954; 95% CI,
0.0305-0.2213; p = 0.1396) [21]. Patients’ eligibility for
enrollment in this trial could be considered a limitation,
since the patients were diagnosed with COVID-19 based on
Chinese guidelines rather than an RT-PCR test.

Despite its potential benefit against COVID-19 in clinical
trials, several retrospective studies have failed to confirm
the beneficial effects of arbidol. This may have been due to
limitations such as small sample size or inadequate study
design [25, 56, 61, 68, 69, 118].

According to clinicaltrials.gov, two ongoing RCTs are
being carried out in Iran and China to evaluate the effective-
ness of arbidol in COVID-19 patients.

A systematic review and meta-analysis of 12 stud-
ies with a total of 1052 COVID-19 patients was done
by Huang et al. to assess the effectiveness and safety of
arbidol for COVID-19 treatment. All 12 studies (ten ret-
rospective studies and two RCTs) took place in China,
with minimum and maximum sample sizes of 32 and 236,
respectively. The main outcomes used to evaluate the
effectiveness of arbidol were a negative PCR result within
7 and 14 days of treatment as a primary outcome and relief
of fever and cough within 7 days of treatment as a second-
ary outcome. The data analysis showed that administra-
tion of arbidol had a significant correlation with nega-
tive RT-PCR results within 14 days after treatment (RR,
1.27;95% CI, 1.04—1.55; I?, 63%). However, there was no
correlation between administration of arbidol and nega-
tive RT-PCR results within 7 days after treatment (RR,
1.09: 95% CI, 0.91-1.31; I, 44%). Moreover, no correla-
tion was observed between arbidol and relief of fever and
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cough as secondary outcomes (RR, 1; 95% CI, 0.91-1.1;
I, 0% and RR, 1; 95% CI, 0.85-1.18; I?, 0%, respectively).
Arbidol was considered safe in this study (RR, 1.29; 95%
CI, 0.57-2.92; I?, 56%) [55].

Overall, arbidol is well tolerated agent. The only
adverse effect was diarrhea, reported in 10% of the patients
enrolled in one clinical trial [121]. Moreover, a short dura-
tion of fever (less than 7 days) with arbidol was reported
in a retrospective study [128].

VIR-2703 (ALN-COV)

VIR-2703, an inhaled agent, is a likely candidate for the
prevention and treatment of COVID-19. VIR-2703 is an
investigational agent that functions by an RNA interfer-
ence (RNAi) mechanism in which small interfering RNA
(siRNA) causes gene silencing. There are two types of
RNAI targets against COVID-19: viral proteins that play a
role in viral replication, such as 3CL-protease and RdRp,
and host proteins that are involved in viral entry or traf-
ficking of the virus in the host cell, such as ACE2 [107].
VIR-2703 targets conserved regions in the SARS-CoV-2
genome to inhibit viral replication [3, 107]. Moreover,
VIR-2703 can also be used to control COVID-19-related
cytokine release syndrome [107]. At present, the safety
of the siRNA remains unclear; however, VIR-2703 is
delivered by inhalation to minimize adverse effects [107].
Akerstrom et al. expressed a specifically designed siRNA
in Vero E6 cells. This siRNA was designed to silence spe-
cific SARS-CoV proteins, including the 7a/7b, 3a/3b, and
S proteins. The study results showed that the 3a and 7a
proteins play pivotal roles in the replication of SARS-CoV
[3]. In studies using a live-virus model, VIR-2703 sig-
nificantly inhibited SARS-CoV-2 with EC5;, <100 pM and
ECys <1 nM. Some manufactures are planning to apply to
the FDA for starting a clinical trial.

Alpha-1 antitrypsin (A1AT)

Alpha-1 antitrypsin (A1AT) (also called alpha-1 proteinase
inhibitor) is a glycoprotein that is produced naturally in the
liver. It has been approved by the FDA for managing A1AT
deficiency in patients with emphysema, at a dose of 60 mg/
kg as weekly infusions [111, 122]. A1AT deficiency is cor-
related with an increased risk of emphysema and bronchiec-
tasis [33, 120]. Also, A1AT has been used to treat influenza
A and B [51]. This agent has antiviral and anti-inflamma-
tory properties and is able to inhibit IL-6, IL-8, TNF-alpha,
and neutrophil elastase [33, 122]. Furthermore, AIAT is a
TMPRSS2 inhibitor that plays a role in the entry of SARS-
CoV-2 into the host cell [121]. Although, intravenous (IV)
infusion of A1AT appears to be safe and well tolerated, some
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adverse effects such as flu-like symptoms, hypersensitivity,
the transmission of infectious agents, and potential volume
overload may occur. A1AT is contraindicated in patients
with immunoglobulin A (IgA) deficiency with antibodies
against IgA [36]. In vitro studies showed an inhibitory effect
of A1AT against SARS-CoV-2 in Caco2 and Vero cells [33].

Three ongoing clinical trials are being carried out to
evaluate the effectiveness of A1AT in COVID-19 patients.
These trials are RCTs based in Spain, the United States, and
Saudi Arabia. The study sample sizes range from 100 to 150
patients with a total sample size of 350. Two studies were
designed to enroll hospitalized COVID-19 patients to assess
the effect of 120 mg/kg of A1AT administered intravenously
on the first and eighth day of the intervention in addition
to standard-of-care medications. In addition, inhaled A1AT
will be evaluated in COVID-19 patients at a dose of 8§ mL
twice daily for 5 days. The mortality rate and requirement for
mechanical ventilation or ICU admission will be measured
in hospitalized COVID-19 patients as primary outcomes
within 15 days after initiation of treatment.

Bemcentinib

Bemcentinib inhibits AXL kinase, a protein with two mech-
anisms of action: blocking viral entry by acting as a co-
receptor for ACE2 and enhancing the type 1 IFN response
against the virus in the host. Considering the critical role of
AXL overexpression in the development of aggressive meta-
static cancers through drug resistance and immune escape,
numerous clinical trials are being carried out to evaluate the
efficacy of bemcentinib in hematological cancer and solid-
tumor treatment protocols. Bemcentinib plays a crucial role
in the treatment of various cancers by preventing immune
evasion, drug resistance, and metastasis [6, 28]. Studies have
been done on Vero E6 and human ACE2-expressing A549
lung cancer cell lines to evaluate the in vitro efficacy of bem-
centinib. It has been demonstrated that the AXL increases
the ability of SARS-CoV-2 to infect these cell lines. Bem-
centinib also reduces the viral load in cells by inhibiting
ACE2-mediated viral cell entry by receptor-mediated endo-
cytosis rather than direct fusion at the cell surface. Further-
more, bemcentinib has shown promising effects in infected
mice [80].

The ACCORD [Accelerating COVID-19 Research and
Development) study is a multicenter RCT designed in the
UK to evaluate the safety and efficacy of candidate agents
in addition to the standard of care in hospitalized COVID-
19 patients [114]. The candidate agents are bemcentinib,
MEDI3506, acalabrutinib, zilucoplan, and nebulized hepa-
rin. This study will be carried out in two stages, in which
stage 2 (with 126 individuals for each candidate) will be
adjusted based on the results of stage 1 (with 60 individu-
als for each candidate). It is estimated that a total of 1800

individuals will be enrolled. The treatment protocol includes
400 mg (4 capsules) of bemcentinib on the first 3 days, fol-
lowed by 200 mg for the next 12 days.

A phase 2 multicenter RCT with 120 patients has been
designed in India to evaluate the effectiveness of bemcen-
tinib for treatment of hospitalized COVID-19 patients. In
that study, 56 and 58 patients have been assigned to the bem-
centinib and the control group, respectively.

Apilimod dimesylate (LAM-002A)

Apilimod dimesylate is an oral selective phosphatidylinosi-
tol-3-phosphate 5 kinase (PIKfyve) inhibitor that blocks the
production of IL-12 and IL-23 and interferes with the entry
and trafficking of SARS-CoV-2 in host cells [43]. Notably,
apilimod is associated with severe immunosuppression in
COVID-19 patients by inhibiting the protease proteins of
the host cells and consequent inhibition of viral entry [11].
Clinical trials have shown apilimod to be a well-tolerated
drug. Mild to moderate adverse effects have been observed
with apilimod, including headache, fatigue, dizziness, and
nausea [43]. Apilimod is used in the treatment of B-cell
non-Hodgkin lymphoma (B-NHL) and could be used as
monotherapy or combination therapy with a full dose of
anti-CD20 (rituximab) or anti-programmed death-1 (PDL1)
(atezolizumab) antibodies [35, 43]. Based on the satisfactory
results of in vitro studies of apilimod against SARS-CoV-2
[62], a phase 2, double-blinded, placebo-controlled RCT is
being carried out to evaluate the effectiveness of apilimod
dimesylate for the prevention of progression of COVID-19
in out-patients. In total, 142 confirmed COVID-19 patients
will be randomly assigned to the intervention and the control
groups at a 1:1 ratio. Patients in the intervention group will
receive 125 mg apilimod dimesylate orally, twice daily for
10 days. Likewise, patients in the control group will receive
five capsules of a placebo, twice daily for 10 days. All of the
patients will receive standard-of-care therapy. The primary
outcome of this study will be changes in viral load, measured
by RT-PCR. Safety and tolerability of apilimod, alteration in
clinical status of patients, and clinical efficacy of apilimod
will be evaluated in this study as secondary outcomes.

ONO-5334

ONO-5334 is a cysteinyl cathepsin K inhibitor that inhib-
its SARS-CoV-2 replication in infected lung cells [93, 94].
ONO-5334 is a drug candidate for the treatment of osteopo-
rosis; however, the designed phase 2 clinical trial has been
discontinued. ONO-5334 is tolerable and safe up to a dose of
300 mg/day for a maximum of 12 months of treatment [93,
94]. In a study by Riva et al., ONO-5334 showed antiviral
effects against SARS-CoV-2 in various cell lines, includ-
ing Vero E6 (EC = 0.41 uM), HEK293T (EC5, = 0.042
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uM), and Huh-7 cells (EC5y = 0.078 uM), as well as primary
human cells [93, 94]. ONO-5334 reduced the viral load by
72% in primary human cells (p = 0.0171) [93, 94].

MDL-28170

MDL-28170 is an inhibitor of cysteinyl cathepsin B and cal-
pain 3 [66]. It blocks SARS-CoV-2 entry into human cells
by inhibiting proteolytic processing of the viral S protein.
In vivo studies have demonstrated the neuroprotective abil-
ity of MDL-28170 in a rat model with global brain ischemia
in which it was found that MDL-28170 is readily absorbed
through the blood-brain barrier (BBB) [66]. The in vitro
antiviral effect of MDL-28170 against SARS-CoV-2 has
been studied in Vero E6, Huh-7, and HEK293T cells, and
the reported ECs, values were 0.22, 0.086, and 0.021 puM,
respectively [93, 94]. MDL-28170 reduced the viral load by
65% in primary human cells (p < 0.0001) [93, 94].

Investigational antivirals with an inhibitory
effect on the viral RARp

Molnupiravir (MK-4482, EIDD-2801)

Molnupiravir (MK-4482; Merck) is a pro-drug of the nucle-
oside analogue N4-hydroxycytidine (NHC) with antiviral
activity against a broad range of RNA viruses, including
SARS-CoV, influenza virus, Ebola virus, and Venezuelan
equine encephalitis virus (VEEV) [30, 100]. Molnupiravir
is an RdRp inhibitor that binds to the enzyme’s active site
[101]. Moreover, it suppresses spread of the virus [30]. It is
believed that molnupiravir increases the viral mutation rate
beyond a biologically bearable threshold, leading to viral
extinction [85]. The antiviral mechanism of molnupiravir
was first demonstrated with Venezuelan equine encepha-
litis virus (VEEV) to occur through the accumulation of
destructive mutations in the viral RNA [100]. Molnupiravir
was developed to treat HCV infections in the early 2000s
[100], and it has also been used in the treatment of influenza.
The antiviral activity of NHC was assessed in human lung
epithelial (Calu 3) cells infected with Middle East respira-
tory syndrome coronavirus (MERS-CoV). Virus replication
in the cultures was measured for 48 h in this in vitro study.
The study showed a dose-dependent reduction in viral load
(half-maximal inhibitory concentration [ICs,] = 0.08 uM)
with no toxicity observed with the selected doses of the
drug [100]. The antiviral activity of molnupiravir was also
studied in Vero cells. Data analysis indicated that NHC is
an effective antiviral against SARS-CoV (IC5, = 0.3 uM)
[100]. Also, in human airway epithelial (HAE) cell culture,
a similar dose-dependent reduction with molnupiravir was
observed (> 3 logs at 10 uM) without any toxicity [100].
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Cox et al. investigated the efficacy of molnupiravir in a ferret
model, which simulated the spread of the virus in the human
population, since both transmit the virus with mild clini-
cal signs [30]. This study showed that molnupiravir taken
twice daily could significantly reduce the viral load in the
respiratory tract and suppress the chain of virus transmis-
sion [30]. Rosenke et al. evaluated the effect of MK-4482 in
a Syrian hamster model [96]. Another study revealed that
MK-4482 significantly decreases both the replication of
SARS-CoV-2 and pathologic changes in lung cells [100].
Merck has designed an in vivo study to assess the safety
profile of molnupiravir given at higher doses and for a longer
duration than in previous clinical trials; this study did not
find a mutagenic effect of molnupiravir in mammals.

Painter et al. designed a phase 1 RCT to evaluate the
safety, tolerability, and pharmacokinetics of a single dose
as well as increasing oral doses of molnupiravir in healthy
individuals. A total of 130 eligible individuals were ran-
domly assigned to the molnupiravir or placebo group at a
3:1 ratio. In the molnupiravir group, 64 subjects received
a single increasing dose of molnupiravir (50-1600 mg),
and 55 received multiple increasing doses of molnupiravir
(50-800 mg, twice daily for 5.5 days). In this trial, the effect
of food on molnupiravir was also evaluated, with 10 patients
receiving 200 mg of molnupiravir in the fed state and 200
mg of molnupiravir in the fasted state after a 14-day wash-
out period. The patients’ ages ranged from 19 to 60 (the
majority were male) with similar demographic character-
istics. Adverse effects were reported in 37.5% and 44.6%
of participants in the single- and multiple-increasing-dose
groups, respectively. The most common adverse effect in
those receiving a single increasing dose was headache (mod-
erate, grade 2) with a prevalence of 18.8% and 12.5% in the
placebo and molnupiravir group, respectively. No grade 3
adverse effects were reported in the single-increasing dose
group. The most common adverse effect in those receiving
a multiple increasing dose was diarrhea (mild, grade 1) with
a prevalence of 7.1% in both the placebo and molnupiravir
groups. One case of a moderate adverse effect was observed
in the multiple-increasing-dose group (pain in extremities
and oropharynx, flu-like symptoms). In this study group, one
participant who received molnupiravir 800 mg twice daily
was excluded due to a mild drug-related rash. There were no
dose-related changes in laboratory parameters, vital signs,
or electrocardiogram (ECG). The pharmacokinetic studies
revealed that absorption rate, time to maximum plasma con-
centration (7}, ), and maximum serum concentration (Cy,,,)
were lower in the fed state; however, the extent of absorption
was the same in the fed and fasted states [85].

A multi-center, phase 2a trial was designed with an
enrollment of 202 non-hospitalized COVID-19 patients
to evaluate the safety and tolerability of molnupiravir. RT-
PCR-confirmed COVID-19 patients who had the signs and
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symptoms of the disease within 7 days were enrolled in this
trial. As the primary outcome, the duration of the positive
PCR was evaluated in this study. Moreover, the duration of
the positive culture of the virus was measured as a secondary
outcome. Based on data analysis, a significant reduction in
positive cell culture was observed within 5 days after treat-
ment of molnupiravir compared to placebo (p = 0.001). No
serious adverse effect was reported in this trial. No more
data have been published from this trial so far.

At the time of writing this review, four ongoing clini-
cal trials are being carried out to evaluate the effectiveness,
safety, and pharmacokinetics of molnupiravir in COVID-19
patients. Both hospitalized (n = 304) and non-hospitalized
(n = 1850) COVID-19 patients will be studied in two differ-
ent multi-center trials. The treatment dosages of molnupira-
vir in designed trials are 200-400-800 mg, twice daily for 5
days. The study sample sizes ranged from 80 to 1450, with
a cumulative sample size of 3034. As primary outcomes,
adverse effects of molnupiravir, viral load, sustained recov-
ery (defined by ready-to-be discharged or non-hospitalized
patients), hospitalization rate, all-cause mortality, and the
WHO scale score will be evaluated in these trials.

Galidesivir (BCX4430) (immucillin-A)

Galidesivir is a broad-spectrum antiviral drug that was
initially developed for the treatment of Ebola [91]. It has
an inhibitory effect against a wide range of RNA viruses,
including coronaviruses, HCV, Ebola virus, and yellow fever
virus [75, 110]. Galidesivir is a nucleoside that inhibits the
viral RNA polymerase by causing RNA chain termination
[110]. According to a molecular docking study, galidesivir is
predicted to act as an inhibitor of the RdRp or SARS-CoV-2
[40]. It binds to the catalytic center of the RdARp and inhib-
its viral replication [75]. Galidesivir has shown inhibitory
activity against MERS-CoV in Vero E6 cell culture [67, 68].
In vivo studies in mice, rats, guinea pigs, and cynomolgus
macaques have demonstrated an inhibitory activity of galide-
sivir against SARS-CoV-2 virus [110].

A phase 1b, placebo-controlled, double-blinded, range-
dosing RCT has been designed to evaluate the pharmacoki-
netic properties, safety, and efficacy of galidesivir in hospi-
talized patients in Brazil with yellow fever or COVID-19.
The optimum dose of galidesivir will be assessed before
the study by evaluating three cohorts (eight patients in
each cohort randomized in a 3:1 ratio) with different doses.
Patients in each group will receive 10 mg/kg loading dose
followed by 2 mg/kg, 10 mg/kg followed by 5 mg/kg, and 20
mg/kg followed by 5 mg/kg in cohorts 1, 2, and, 3, respec-
tively. After obtaining the optimum treatment dose, 42
patients with COVID-19 will be randomly divided in a 2:1
ratio to receive galidesivir or placebo. Patients will receive

galidesivir or placebo via IV infusion twice daily for 7 days.
As primary outcomes, adverse effects, changes in labora-
tory data, and concentration of galidesivir in plasma will be
measured in this trial. Patients will be followed up within 56
days after intervention.

Investigational antivirals blocking viral
replication

Emetine

Emetine is an isoquinoline alkaloid derived from ipecac
root that has been approved by the FDA for the treatment of
amebiasis with a dosage of 1 mg/kg/day [65]. Emetine has
anti-malaria and anti-inflammatory properties. Moreover, it
has shown antiviral activity against various DNA and RNA
viruses such as Zika virus and Ebola virus [14, 27, 50, 108,
123]. Previous in vitro studies have demonstrated the inhibi-
tory activity of emetine against MERS-CoV and SARS-CoV
[38, 101]. The suggested mechanism of emetine is decreas-
ing viral RNA and protein synthesis by blocking the interac-
tion of SARS-CoV-2 RNA and eukaryotic translation initia-
tion factor 4E (eIF4E) [65]. eIF4E plays an essential role in
viral protein translation, leading to viral replication.

Emetine can also decrease the lipopolysaccharide-
mediated IL-6 level and moderately reduce the level of
TNF-alpha in M1-polarized THP-1 macrophages. Due to
the central role of inflammation in the pathophysiology of
COVID-19, emetine could be a potential therapeutic candi-
date. The maximum daily dose of emetine is 60 mg, with a
maximum tolerated dose of 10 mg/kg [108].

An in vitro study confirmed the anti-SARS-CoV-2
activity of emetine in Vero cells, with an estimated 50%
effective concentration (ECs,) of 0.46 uM for reducing the
titer of infectious virus and 0.5 pM for reducing the RNA
copy number. This study also showed a synergistic effect
of emetine and remdesivir, which could decrease the effec-
tive concentration of each compound to below the maximum
beneficial plasma concentration [27]. Another in vitro study
indicated a potent antiviral activity of low-dose emetine in
Vero cells, with an ECs;, of 0.007 pM, making it approxi-
mately 30-fold more potent than remdesivir. Also, an in vivo
pharmacokinetic analysis showed high emetine concentra-
tions in the lung tissue that were 200 times higher than the
ECs, or emetine [108].

Fan et al., in a multi-center RCT, evaluated the efficacy
of low-dose emetine in 63 patients with RT-PCR-confirmed
COVID-19 in hospitals in Wuhan and Anhui provinces of
China. Patients aged 18—-80 years with symptoms of mild
or moderate COVID-19 and hospitalization due to the fever
(axillary temperature of 36.7 °C or more), RR more than
24 per minute, or cough were excluded. Patients in the
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treatment arm (n = 37) received 3.6 mg of emetine per os,
three times a day for 10 days in addition to the standard
antiviral therapy (arbidol 200 mg per os, three times in a
day for 10 days), whereas patients in the control group (n =
26) only received the standard antiviral therapy. No signifi-
cant differences were observed in baseline characteristics of
patients except for age, HR, and RR in the Anhui province
hospitals. Patients in the emetine group in the Anhui hospi-
tals were significantly younger (p = 0.03) with a higher HR
(» =0.01) and RR (p < 0.01). As a primary outcome, the
comparison of the time required for negative seroconver-
sion and the rate of negative results on day 10 showed no
significant differences between the two groups (p > 0.05).
A comparison of axillary temperature, oxygen saturation,
and RR on days 1, 3, 5, 7, and 10 after treatment showed no
significant difference between the study groups except for
oxygen saturation on day 1, which was significantly higher
in the emetine group (97.83 + 1.13 vs. 97.00 + 0.85; p =
0.03). Moreover, no adverse effects were noted in the eme-
tine group during the study [108]. Given the small sample
size, lack of data, and different baseline characteristics of the
patients, the results should be interpreted with caution. Also,
severe cases of COVID-19 were not included in this study.
Therefore, well-designed RCTs should be carried out for
further evaluation of emetine under different clinical condi-
tions. Finally, an important advantage of emetine is that high
concentrations can be achieved in target tissues such as lung,
kidney, and liver [108].

Plitidepsin

Plitidepsin (Aplidin; PharmaMar) (dehydrodidemnin B) is
a natural agent isolated from a Caribbean marine organ-
ism (Aplidium albicans). It is an inhibitor of eukaryotic
translation elongation factor 1 alpha (eEF1A), a factor
responsible for the enzymatic delivery of transfer RNA
(tRNA) to the ribosome in the translation process [112].
Notably, eEF1A is an essential host factor for replication
of various viruses, including influenza virus, respiratory
syncytial virus (RSV), and SARS-CoV [78, 112]. White
et al. showed that plitidepsin could inhibit SARS-CoV-2
replication using engineered cells that expressed a mutated
version of the eEF1A protein (eEF1A-A399v) [112]. Of
note, Reuschl et al. demonstrated the antiviral activity of
plitidepsin against the B.1.1.7 variant in human gastroin-
testinal and lung epithelial cell lines, a variant that was
discovered recently in the UK. Generally, since there is
less likelihood of mutation of human proteins than of viral
proteins, using plitidepsin as a host-targeted antiviral can
prevent future viral resistance. Plitidepsin may cause tox-
icity by altering multiple pathways, including causing cell
cycle arrest, inhibiting cell growth, and inducing apopto-
sis. Of note, the manufacturer claims that the doses used in
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COVID-109 trials are well tolerated in humans. Plitidepsin
has clinical approval in Australia for the treatment of mul-
tiple myeloma (MM), the suggested mechanism of which
is blocking a protein that also plays a key role in the patho-
genesis of SARS-CoV-2 [7, 112]. Several clinical trials
have already been carried out to evaluate the effects of
plitidepsin on lymphoma, MM, liposarcoma, and prostate
cancer [39]. The development of this drug has been ended
due to the development of competitive agents and the lack
of large clinical trials [39]. Plitidepsin is administered at
5 mg/m? every 2 weeks in patients with relapsed/refrac-
tory MM, and it can be used in combination with immu-
nomodulators in a multidrug regimen [39].

White et al. evaluated the cytotoxic profile and antiviral
properties of plitidepsin against SARS-CoV-2 under ex vivo
and in vivo conditions. The antiviral effect of plitidepsin
was studied in Vero E6, hACE2-HEK?293T, and pneumo-
cyte-like cells, with ICy, values of 1.76, 0.88, and 3.14 nM,
respectively. Moreover, the cytotoxic concentration (CCs)
was 1.99, >200, and 65.43 nM, respectively. The results
of ex vivo studies in Vero E6 and hACE2-HEK?293T cells
revealed that plitidepsin is more potent and more toxic than
remdesivir. The ICy, of remdesivir in Vero E6 and hACE2-
HEK?293T cells is 2.25 and 24.20 uM, respectively, and its
CCs; is >20 pM and >2000 nM, respectively. The in vivo
efficacy of prophylactic plitidepsin was tested in two ani-
mal models (wild-type BALB/c mice and K18-hACE2 mice)
infected with SARS-CoV-2. These mice received a prophy-
lactic dose of plitidepsin, either 0.3 mg/kg/day for 2 days
(first group), or a single dose of 1 mg/kg (second group).
The mice were infected with 1 x 10* pfu of SARS-CoV-2
2 h after the dose of plitidepsin. The results showed a 2-log
reduction in the respiratory viral load in the first group and
a 1.5-log reduction in the second group. The toxicity of
plitidepsin was proposed to be due to body weight loss in the
first group of mice [112]. Moreover, plitidepsin alleviated
lung inflammation in mice at 3 days postinfection compared
to the control mice or the mice treated with remdesivir [112].

PharmaMar is a proof-of-concept, multi-center, rand-
omized trial was designed to evaluate the safety, toxicity, and
recommended dose of plitidepsin in hospitalized patients
in Spain with RT-PCR-confirmed COVID-19. A total num-
ber of 46 patients were divided into three groups receiving
plitidepsin 1.5, 2, and 2.5 mg per day, which was admin-
istered by IV infusion over 1.5 h for 3 days. The primary
outcomes of the study included neutropenia, thrombocyto-
penia, anemia, lymphopenia, elevation of alanine transami-
nase (ALT) or aspartate transaminase (AST), neurotoxic-
ity, QT prolongation, and adverse effects > grade 3. This
study revealed a viral load reduction in patients between
days 4 and 7 after initiation of the intervention. A viral
load reduction of 50% and 70% was documented on days 7
and 15, respectively. Finally, 38.2% and 80.7% of patients



Investigational antiviral drugs for COVID-19

797

were discharged within 7 and 15 days after hospitalization,
respectively.

An ongoing multi-center, open-label, phase 3 RCT is
being carried out in Spain to assess the safety and efficacy of
plitidepsin in moderate COVID-19 patients, which is defined
by the requirement for hospitalization and oxygen therapy.
A total of 609 patients were randomly divided in a 1:1:1
ratio to receive 1.5 mg plitidepsin, 2.5 mg plitidepsin, or a
placebo. Patients will receive IV plitidepsin in combination
with 8 mg of IV dexamethasone per day, for 3 days, followed
by 6 mg/day IV or oral for next 7 days. Patients in the control
group will receive dexamethasone with the same dosages
in addition to 5 mL of remdesivir (100 mg/20 mL vial).
As the primary outcome, clinical recovery will be evalu-
ated in patients within 31 days. Clinical recovery is defined
as reaching to the WHO scale of 0-2, no re-hospitalization
within 31 days after the intervention, or Barthel index >
90/100 at the time of discharge.

Trabedersen (OT-101/AP 12009)

Trabedersen (OT-101/AP 12009) is an antisense oligonucle-
otide that blocks the mRNA of human transforming growth
factor beta 2 (TGF-p2), a protein that is required for viral
replication. Xiong et al. showed that high TGF-f levels in
patients with COVID-19 could lead to ARDS and Kawasaki
syndrome [105, 106, 116]. Considering the pivotal role of
TGF-p in the immunopathology of COVID-19, trabedersen
seems to be helpful in SARS-CoV-2-related immune dys-
regulation [105]. Furthermore, trabedersen is a candidate
adjuvant for a second generation of COVID-19 vaccines
for stimulating an immune response. Most of the adverse
effects observed during the treatment with trabedersen have
been attributed to underlying diseases in the patients, except
thrombocytopenia, which might be related to trabedersen
[18]. Other related or possibly related adverse effects of the
drug include a rise in ALT and gamma-glutamyl transferase
(GQGT) levels, decreased hemoglobin, maculopapular rash,
gastrointestinal hemorrhage, fatigue, nausea, headache, vom-
iting, dyspnea, pyrexia, asthenia, constipation, decreased
appetite, diarrhea, general physical health deterioration, pain
in extremities, pruritus, chills, metastasis, and skin inflam-
mation [18]. Trabedersen is an antineoplastic agent, since
overexpression of TGF-f is associated with proliferation,
metastasis, angiogenesis, and immunosuppression of tumors
[57]. Potential benefits of trabedersen have been observed
in patients with pancreatic cancer, glioblastoma, melanoma,
and high-grade glioma. In addition, D’Cruz et al. reported
a synergistic effect of trabedersen with chemotherapy in
treatment of tumors [32]. The Ministry of Food and Drug
Safety of Korea has approved the combination of OT101/
IL-2 (trabedersen/I-2) for the treatment of patients with solid

cancer. The FDA has also approved OT101 for diffuse intrin-
sic pontine glioma (DIPG).

A phase 2, double-blinded, placebo-controlled RCT is
being carried out in Brazil to evaluate the efficacy and safety
of trabedersen in addition to the standard of care in hospital-
ized patients with severe COVID-19. Eighteen participants
with PCR-confirmed COVID-19 will be randomly assigned
to the intervention (trabedersen) or placebo group in a 2:1
ratio. The regimen of artemisinin will be 140 mg/m?/day, IV
infusion for 7 days. Severe COVID-19 is defined as criteria 5
or 6 in the ordinal scale of criteria of the WHO. The clinical
improvement score will be measured as a primary outcome
in this study within 7, 21, and 28 days after starting the drug.

AT-527 (RO7496998)

AT-527 is an oral guanosine nucleotide prodrug with direct
activity against SARS-CoV-2. AT-527 is a possible can-
didate for use in pre- and post-exposure prophylaxis of
COVID-19. The suggested mechanism for At-527 is inhib-
iting SARS-CoV-2 replication by blocking viral RNA poly-
merase [48].

A clinical trial including patients with HCV infection
showed that 550 mg of AT-527 once daily for 7 days is
highly effective and well tolerated [46, 47]. Based on an
in vitro study, AT-511 (the free base of AT-527) potentially
inhibits SARS-CoV-2 in human airway epithelial (Huh-7)
cells [48], and no cytotoxicity was observed at concentra-
tions up to 100 uM. Moreover, in a study of SARS-CoV-
2-infected Vero 76 cells, the average ECy, was 0.55 uM [46,
47].

Two ongoing phase 2 RCTs are being carried out in
the United States to assess the effectiveness of AT-527 in
COVID-19 patients. In both studies, the dosage of AT-527
in the treatment arm is 550 mg, twice daily. Changes in viral
load, adverse effects of the drug, time to relief of the symp-
toms, and percentage of respiratory insufficiency will be
evaluated in these trials as primary outcomes.

Nitazoxanide (NTZ)

Nitazoxanide (NT-300; Romark Laboratories) is a low-cost
and well-tolerated FDA-approved antiprotozoal drug with
potential effects against COVID-19 [72, 95]. Nitazoxa-
nide has shown a broad-spectrum in vitro antiviral effect
against several viruses, including coronaviruses, influenza
viruses, and hepatitis B and C viruses [95]. Nitazoxanide
is a pro-drug that is rapidly deacetylated to its active form,
tizoxanide [2-hydroxy-N-(5-nitro-2thiazolyl) benzamide]
(TIZ) [72]. Nitazoxanide has dose-dependent therapeutic
efficacy due to its low aqueous solubility and high per-
meability [72]. It has an oral bioavailability about 30%,
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which can increase to 50% when taken with food [72].
The FDA has approved nitazoxanide for the treatment of
infectious diarrhea and enteritis caused by parasites [79].
A high dose of nitazoxanide (1 g twice daily) is indicated
for AIDS-related diarrhea [72]. Moreover, nitazoxanide
is approved for the treatment of diarrhea due to infection
with Cryptosporidium or Giardia protozoa in immuno-
compromised adults and children [72]. Some clinical trials
have suggested the promise of nitazoxanide for treatment
of gastroenteritis, hepatitis, and influenza [72]. The dos-
age of nitazoxanide in intestinal parasitosis is 500 mg,
twice daily for 3 days. The suggested antiviral mechanism
of nitazoxanide is depletion of ATP-sensitive intracellu-
lar Ca®* stores, which leads to phosphorylation of pro-
tein kinase R (PKR) and eukaryotic translation initiation
factor 2 (elF2), downregulation of cellular translation,
and blocking of viral spread and reproduction [79]. It has
been shown that nitazoxanide can balance the pro-inflam-
matory and anti-inflammatory responses of the host and
suppresses the COVID-19-induced cytokine storm [72,
79]. Furthermore, nitazoxanide can potentiate innate host
immunity and antiviral mechanisms against this virus,
suggesting a lower probability of developing antiviral
resistance against the drug [72]. Nitazoxanide hampers
replication of SARS-CoV-2 at low concentrations in Vero
CCLS8I cells [95]. Moreover, it has been found to signifi-
cantly reduce the viral load in Vero E6 cells (ATCC-1586)
48 h after infection [72, 95]. The effect of nitazoxanide in
lowering the viral load has also been confirmed in SARS-
CoV-2-infected HEK 293T and Calu-3 cells, without a
loss in cell viability [95]. A physiologically-based phar-
macokinetic (PBPK) modeling study has indicated that the
proper doses of nitazoxanide are 1200 mg QID, 1600 mg
TDS, 2900 mg BID in the fasted state and 700 mg QID,
900 mg TDS, and 1400 mg BID in the fed state to achieve
effective plasma and lung concentrations against SARS-
CoV-2 [72]. The maximum tolerable dose of nitazoxanide
is 4 g daily [72].

Several clinical trials have been designed to evaluate the
safety and effectiveness of nitazoxanide, either alone or in
combination with other agents, such as hydroxychloroquine,
ivermectin, or ribavirin. Moreover, combination therapy
with nitazoxanide and azithromycin has been proposed [63].

A phase 2, multicenter, double-blind, placebo-controlled
RCT was designed to assess the efficacy of early administra-
tion of nitazoxanide in 392 patients with mild COVID-19.
Patients with dry cough, fever, and/or fatigue within 3 days
of onset were selected randomly in a 1:1 ratio to receive 500
mg of nitazoxanide three times a day for 5 days or placebo.
Relief of symptoms was evaluated in this trial as the pri-
mary outcome. Moreover, viral load, laboratory parameters,
serum biomarkers, possible adverse effects, and hospitaliza-
tion rate were evaluated as secondary outcomes. The results
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showed no significant difference regarding symptom relief
in patients with mild COVID-19, while the viral load was
lower in the intervention group than in the placebo group
(p = 0.006). There was no significant difference in other
outcomes between the two groups. Moreover, no serious
adverse effects were observed in this trial [95]. The limita-
tions of this study were short-term follow-up and including
only a few symptoms for screening of COVID-19.

At the time of writing of this manuscript, 13 ongoing
RCTs were being carried out to evaluate nitazoxanide as
a treatment or for prevention of COVID-19. Six of these
trials evaluate a combination of nitazoxanide with various
drugs, such as ivermectin, hydroxychloroquine, atazanavir/
ritonavir, ribavirin, and vitamin B-complex. Ongoing clini-
cal trials include patients with mild to severe COVID-19.
Moreover, prophylactic nitazoxanide will be studied pre- and
post-exposure in healthcare workers or high-risk groups. The
sample sizes of the studies range from 40 to 1407, with a
total sample size of 4996. The dose of nitazoxanide varies
in different trials (300, 500, 600, 1000 mg twice daily, 500
and 600 mg three times a day, and 500 mg four times a day).

Brequinar (BQR)

Brequinar is an antimetabolite that non-competitively and
reversibly inhibits dihydroorotate dehydrogenase (DHODH)
[88]. DHODH converts dihydroorotate to orotate in the path-
way of pyrimidine biosynthesis, which is necessary for the
production of nucleotides for RNA and DNA synthesis [16,
88]. Initially, brequinar was developed as an anti-neoplastic
agent [7]. In vivo studies have shown that brequinar and
other DHODH inhibitors are effective in the treatment of
cancer and auto-immune diseases [73]. Moreover, it is used
in transplantation procedures (mostly in combination with
cyclosporine) to prevent and manage graft rejection [86]. It
also has immunosuppressive activity because it interferes
with lymphoid cell proliferation [76]. Likely side effects
of brequinar include bone marrow suppression, leukocyte
reduction, thrombocytopenia, and gastrointestinal disorders
due to the antimetabolite activity of the drug [86]. Brequi-
nar has a mutation-resistant antiviral effect against various
RNA viruses, including SARS-CoV-2, influenza A virus,
Zika virus, and Ebola virus [115, 119].

Based on the promising results obtained with brequinar
against SARS-CoV-2 in Vero E6 cells, two RCTs have been
designed so far [115]. In both trials, patients are given 100
mg of brequinar capsules for 5 days. The CRISIS study is
a phase 1, multi-center, open-label RCT on 23 hospitalized
patients with COVID-19. The second study, CRISIS2, is
a phase 2, multi-center, placebo-controlled RCT on 115
outpatients with COVID-19. The safety and tolerability of
brequinar will also be evaluated in these studies.
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Investigational antivirals
with immunological activity

Brilacidin (PMX-30063)

Brilacidin received a fast-track designation by the FDA in
January 2021 due to its potential for treatment of COVID-
19. It has been approved for starting phase 2 clinical tri-
als for the treatment of hospitalized COVID-19 patients. In
addition to promising results in pre-clinical studies, brilaci-
din has been predicted to be active against SARS-CoV-2 in
in silico studies [20, 77]. It has already been tested in a phase
2 clinical trial for the treatment of acute bacterial skin and
skin structure infections (ABSSSI) and ulcerative proctitis.
Brilacidin is a synthetic, nonpeptidic, host defense protein/
peptide (HDP) mimetic with antiviral, anti-inflammatory,
and antibacterial activity. HDPs, which are components of
the innate immune response, are integral proteins that inter-
act specifically with pathogens and facilitate their proteoly-
sis and degradation [10, 98]. Suppression of defensins and
human cathelicidin (as HDPs) has been observed in cells
infected with SARS-CoV-2 [31, 59]. However, in vitro stud-
ies have suggested that brilacidin interferes with the virus
prior to infection, disrupting its structure and blocking entry
[10]. Pre-clinical and clinical studies indicate that brilaci-
din inhibits the activity of IL-6, IL-1f, TNF-alpha, and
other pro-inflammatory cytokines and chemokines, which
are strongly associated with poor prognosis in hospitalized
patients with COVID-19.

Bakovic et al. evaluated the activity of brilacidin in
Calu-3 and Vero cells [10] and found that it has a potent,
dose-dependent inhibitory effect on multiple strains of
SARS-CoV-2. Moreover, a synergistic effect of brilacidin
in combination with remdesivir was observed. The reported
selectivity index for brilacidin was 426, which suggests its
clinical applicability [10].

A phase 2, multi-center, double-blinded, placebo-con-
trolled RCT is being carried out to evaluate the efficacy and
safety of brilacidin in 120 hospitalized patients with moder-
ate to severe COVID-19. Moderate COVID-19 is defined as
oxygen saturation greater than 93% or RR between 20 and 30
per minute. Severe COVID-19 is defined as oxygen satura-
tion <93%, oxygenation ratio <300 mmHg, or RR >30 per
minute. Patients in the intervention arm will receive brilaci-
din IV for 3-5 days in addition to the standard of care. The
primary outcome of this study will be the day of clinical
recovery based on the ordinal scale.

Rintatolimod (ampligen)

Rintatolimod is an antiviral drug with immunomodula-
tory properties that is predicted to play a significant role

in the treatment of acute COVID-19 and the management
of COVID-19-related chronic fatigue-like symptoms. It
has been estimated that 27% of patients experience chronic
fatigue syndrome following COVID-19; therefore, early
treatment of COVID-19 patients seems to be critical for
improving clinical outcomes [19]. Rintatolimod was clini-
cally approved in 2016 in Argentina as the first therapy
worldwide for chronic fatigue syndrome/myalgic encephalo-
myelitis (CFS/ME). However, the FDA has not yet approved
rintatolimod for this purpose. Rintatolimod has been found
to improve cognition, exercise tolerance, and neuropsycho-
logical health and decrease RNase L activity in people with
ME/CFS [82]. Moreover, it is a possible treatment for HIV/
AIDS, some types of cancer, and influenza (HIN1) [17, 41,
58]. Rintatolimod is a mismatched double-stranded RNA
(dsRNA) that mimics the virus, inducing innate immu-
nity via Toll-like receptor 3 (TLR3) agonist activity [49].
It stimulates the production of IFNs and activates IFN-
induced proteins that require dsRNA for activity, such as
protein kinase R [29, 49]. Rintatolimod is a well-tolerated
drug. A clinical trial showed that the main adverse effect of
rintatolimod is mild flu-like symptoms (13.9%), which occur
during the first weeks of infusion [82]. Other adverse effects
are headache, chills, fever, vasodilation, pain, injection site
reaction, pruritus, diarrhea, syncope, ear disorder, nausea,
and migraine [82]. According to a clinical trial carried out
by Strayer et al., the well-tolerated dosage of rintatolimod
is 400 mg IV twice daily [102].

A phase 1/2 clinical trial with 64 patients is being carried
out in the United States in order to evaluate the efficacy and
safety of rintatolimod in combination with INF alpha-2b as
an effective prophylactic treatment for cancer patients with
mild-to-moderate COVID-19, which is defined by confirmed
COVID-19 by RT-PCR, fever or cough, shortness of breath,
and nasal congestion. Patients with leukemia and allogenic
hematopoietic stem cell transplantation (HSCT) will not be
included in this study. Patients will receive IV rintatolimod
over 2.5-3 h and IV recombinant INF alfa-2b over 20 min.
Both medications will only be administered on days 1 and
3 (or 4). As primary outcomes, probable adverse effects
and kinetics of viral clearance assessed by RT-PCR will be
evaluated within 30 days of treatment.

Other investigational antivirals

Stannous protoporphyrin (SnPP; RBT-9; renibus
therapeutics)

Stannous protoporphyrin (SnPP) is a cyclic tetrapyrrole

derivative with antiviral and immune-modulating proper-
ties. The FDA has granted a fast-track designation to SnPP
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for COVID-19 treatment. SnPP has in vitro antiviral activity
against yellow fever virus, dengue virus, Zika virus, chi-
kungunya virus, and other enveloped viruses [83]. SnPP is
a heme oxygenase 1 inhibitor [5]. In the pathophysiology
of COVID-19, four proteins are potential heme binders,
including the host cell proteins ACE2 and TMPRSS2 and
the viral proteins 7a and S [54]. SARS-CoV-2 virus attacks
the heme part of hemoglobin (a porphyrin with iron), which
causes increased levels of porphyrin in the blood and hemo-
lytic disorders in COVID-19 patients [12, 24, 54]. Accord-
ingly, laboratory examination of 99 patients with COVID-19
pneumonia revealed increased serum ferritin level (63%) and
increased ESR (85%) [21, 24, 25].

A phase 1, non-randomized clinical trial with 56 partici-
pants has been designed to evaluate the efficacy of sunlight-
activated porphyrin in COVID-19 patients. The intervention
group will receive 5, 7, or 9 mg of porphyrin plus an hour of
sunlight exposure for 14 days.

Antroquinonol (Hocena)

Antroquinonol is a novel molecule with antiviral, anti-
inflammatory, anti-fibrotic, anti-cancer, and anti-hyper-
lipidemia properties that was discovered in 2006 and was
isolated from a mushroom used in traditional medicine,
Antrodia camphorate [53]. Antroquinonol is an orphan drug
designated for the treatment of pancreatic cancer, acute mye-
loid leukemia (AML), and hepatocellular carcinoma (HCC)
[26, 124]. The anti-cancer mechanism of antroquinonol
probably involves the inhibition of isoprenyltranferase, an
enzyme that is involved in post-translational processing of
Ras and Rho proteins [53]. The suggested mechanism of
antroquinonol in HCC and pancreatic cancer involves inhi-
bition of translation of the mammalian target of rapamy-
cin (mTOR), which leads to cell apoptosis [26, 124]. The
mechanism by which antroquinonol functions in the treat-
ment of COVID-19 remains unclear [53]. [22] showed that
antroquinonol treatment (40 mg/kg/day) could improve renal
function and blood pressure in rats with endothelial dysfunc-
tion by modulating NADPH oxidase-4 (NOX4) activity and
upregulating the nuclear factor erythroid 2-related factor 2
(Nrf-2) pathway [22].

A phase 2 RCT is being carried out in the United States
to evaluate the effectiveness of antroquinonol in 174 hospi-
talized patients with COVID-19. Patients in the interven-
tion group will receive a 100-mg capsule of antroquinonol
twice daily for 14 days in addition to the standard of care.
The percentage of patients without respiratory failure will
be measured as the primary outcome. Moreover, days of
hospitalization, changes in viral load by RT-PCR, and clini-
cal improvement based on the WHO ordinal scale will be
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evaluated as secondary outcomes within the 28 days of
intervention.

Discussion

In this review, we have summarized the investigational anti-
virals against COVID-19. Generally, these agents interfere
with viral functions or those of host proteins, and most of
the drugs described here are indicated for other conditions
and are being repurposed now for their probable activity
against SARS-CoV-2.

Our literature review showed that some of the potential
antivirals currently under investigation show promise against
COVID-19, as summarized below.

NO is an available, cheap, and well-tolerated antiviral
with satisfactory evidence for its therapeutic and prophy-
lactic effects. Patients with mild to severe COVID-19 and
ARDS benefit from NO treatment. Moreover, NO reduces
respiratory effort and oxygen requirement in patients
receiving oxygen supplementation. It also prevents
COVID-19 progression in infected patients. Methemo-
globinemia and production of nitric dioxide (a byproduct
of NO with a safety limit of 2 ppm) are the most common
adverse effects of NO that should be considered in deter-
mination of the proper dose. Based on previous evidence,
the minimum effective dose of NO in the treatment of bac-
terial pneumonia is 160 ppm—at dose at which no adverse
effect was observed. Large numbers of trials are being car-
ried out with NO at various dosages and in patients with
different levels of severity of COVID-19.

Molnupiravir is another agent that has successfully passed
a phase 1 clinical trial and is currently in phase 2/3 clini-
cal trials. Molnupiravir has been shown to be effective in
patients with COVID-19 by reducing the duration of infec-
tion. Molnupiravir prevents inter-individual viral transmis-
sion. Therefore, it might be beneficial for use in individuals
for whom a vaccine is not available or who are unwilling to
be vaccinated. Painter et al., in an RCT, showed that mol-
nupiravir is safe, with a few mild or moderate adverse effects
such as diarrhea and headache [85]. Due to the significant
efficacy of molnupiravir treatment, EUA or full authoriza-
tion of molnupiravir is expected.

Plitidepsin has shown in vivo and ex vivo antiviral effects
against SARS-CoV-2 and is almost 27-fold more potent than
remdesivir, the first FDA-approved drug against COVID-19.
Plitidepsin prevents viral resistance, since it affects a host
protein rather than a viral target.

Of the antivirals discussed here, arbidol is the agent with
the most controversial results regarding COVID-19 patients.
Arbidol did not demonstrate good efficacy in patients with
severe COVID-19. Moreover, it has been shown that clinical
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outcomes of treatment with arbidol depend on disease sever-
ity. These issues necessitate more RCTs with large sample
sizes to evaluate the effectiveness of arbidol in patients with
COVID-19. Nojomi et al. compared the effectiveness of
arbidol and lopinavir/ritonavir in a non-randomized clinical
trial and showed that arbidol could significantly decrease the
mortality rate [84].

Limitations

This review may have some limitations. First, due to mount-
ing data in the COVID-19 field, we could not include all of
the evidence, and we therefore focused more on completed
and ongoing clinical trials. Second, due to daily publishing
of data concerning investigational drugs, the importance of
some agents may have changed, and some agents might have
obtained FDA approval or had their approval revoked. The
design of appropriate RCTs for agents with promising pre-
clinical effects should eventually allow us to assess the best
therapeutic choices for the treatment of COVID-19.

Conclusion

This review summarizes the novel investigational antivirals
against COVID-19. Based on the current evidence, mol-
nupiravir, plitidepsin, and NO are predicted to play a major
role in the treatment of COVID-19 in the near future. There
is an urgent need to design more RCTs to evaluate the safety
and efficacy of repurposed investigational antivirals for the
treatment of COVID-19.
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