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Novel COVID-19 is a public health emergency that poses a serious threat to people worldwide. Given
the virus spreading so quickly, novel antiviral medications are desperately needed. Repurposing existing
drugs is the first strategy. Anti-parasitic drugs were among the first to be considered as a potential
treatment option for this disease. Even though many papers have discussed the efficacy of various anti-
parasitic drugs in treating COVID-19 separately, so far, no single study comprehensively discussed these
drugs. This study reviews some anti-parasitic recommended drugs to treat COVID-19, in terms of function
and in vitro as well as clinical results. Finally, we briefly review the advanced techniques, such as artificial
intelligence, that have been used to find effective drugs for the treatment of COVID-19.
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Opver the past 20 years, the world encountered two coronavirus-related epidemics: severe acute respiratory syndrome
(SARS), which emerged in China at the end of 2003, and Middle East respiratory syndrome (MERS), which was
first reported in Saudi Arabia in 2012. At the end of December 2019, the novel SARS-CoV-2 first appeared in
Wuhan, Hubei Province, China, and rapidly spread to around the globe in a few weeks. On 30 January 2020,
COVID-19, the disease caused by this virus, was announced a pandemic by the WHO [1]. Similar to previous
pathogenic coronaviruses, SARS-CoV-2 causes pneumonia and severe respiratory syndrome [2,3).

The COVID-19 outbreak, the second global pandemic after MERS, has had a devastating impact on not just
the healthcare system but also the global economy [4,5]. SARS-CoV-2 is an enveloped and positive-stranded RNA
virus transmitted from humans to humans by exposure to respiratory droplets containing viral particles or touching
contaminated surfaces. Because of the high inter-transmission rate among humans, physical distancing, wearing a
face mask and following health instructions are the best-recommended ways to stop the spread of this disease [6].

During the second year of this pandemic, new variants of the SARS-CoV-2, including Alpha (B.1.1.7), Beta
(B.1.351), Gamma (P.1), Kappa, Delta (B.1.617.1 and B.1.617.2) and Delta Plus (AY. 1) were identified and
reported across the world. These new variants are named ‘variants of concern’ (VOCs), which have caused global
health havoc [7,8]. The Delta variant has attracted significant attention due to a faster transmission rate, especially
among children; being more contagious than other variants; causing a more severe illness in patients; and being
less responsive to treatment [9]. Despite the resistance of emerging Delta variants to monoclonal antibody cocktail
treatments, antibody therapy could still be a possible therapeutic way to control Delta and other VOC:s [10). In this
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regard, a study conducted in Vero and BEAS-2B cell lines indicated that meplazeumab, a humanized anti-CD147
antibody, could block the cellular entry of VOCs, with noticeable inhibition rates [11]. In addition, sotrovimab ap-
pears to maintain its activity against all VOCs [12]. S1 receptor-binding domain (RBD)-targeted therapy, endosomal
formation prevention and VOCs genome interruption have been proposed as potential treatment options against
the new SARS-CoV-2 VOCs. However, recent findings regarding the use of monoclonal antibodies, convalescent
serum and vaccines have raised concerns about using these agents for future variants [13]. These have prompted
scientists to look for other safe and secure treatment strategies for COVID-19.

‘Herd immunity’ to COVID-19 has recently become a highly debated topic. When a large portion of a community
develops ‘natural immunity’ to an infectious disease the term ‘herd immunity’ is used, however, achieving herd
immunity for 50-66% of the population takes a long time, may result in many avoidable deaths and causes
irreversible damage to the health system [13-15]. In contrast, immune-modulatory drugs and vaccination quickly
achieve protective immunity against the infectious agent without devastating side effects. Accordingly, positive steps
were taken by some companies to manufacture effective vaccines, some of which are now licensed for emergency
use.

Although there is no effective treatment to combat SARS-CoV-2 infection, many efforts were made to reuse
existing therapeutic agents, particularly anti-parasitic ones. Recent findings suggest that the anthelmintic agent
albendazole appears to have a protective effect in COVID-19 patients with hydatid cysts caused by the tapeworm
Echinococcus granolusus [16]. These intriguing results prompted us to review a few anti-parasitic drugs to evaluate
their effectiveness against SARS-CoV-2. In addition, at the end of this review, we add brief descriptions about the
application of new technologies such as artificial intelligence (AI) for developing new effective therapies against
COVID-19. As far as we know, this is the first comprehensive review article that exclusively addresses anti-parasitic
agents as potential therapies against COVID-19.

Genome organization of SARS-CoV-2

The genomic sequences of SARS-CoV-2 and two bat coronaviruses, SLCoVZC45 and SL-CoVZXC21 (89-96.3%
similarity), as well as human SARS-CoV (79-82%), are strikingly similar (17]. SARS-CoV-2 genome consists of
30 kb RNA that is protected at both ends by unique structures, including a 5’-cap and a 3’poly-A tail [18]. The novel
coronavirus genome contains 14 open-reading frames (ORFs), which encode structural and nonstructural proteins.
Out of them, 16 nonstructural proteins (nspl-nsp16) are organized into two gene loci called ORFla and ORF1b,
which comprise 67% of the genome. They are located at the 5’ end of the genome and collectively mediate virus
replication and possibly immune system evasion [19,20]. Furthermore, structural and accessory proteins are encoded
by the remaining ORFs, which are located at the 3’ terminus of the genome [21]. There are four main structural
proteins, including spike glycoprotein (S), envelope protein (E), membrane protein (M) and nucleocapsid protein
(N). Two main subunits of spike surface glycoprotein, S1 and S2, are involved in the fusion of viral and host
cellular membranes [22). Therefore, a few studies indicated that the mutations in SARS-CoV-2 genome that include
S, nsp-1, nsp-3 and nsp-15 may affect the virus’s interaction with the host [23,24].

COVID-19 potential therapeutic strategies

To control the COVID-19 pandemic, considerable efforts were made to find suitable drugs [25]. Based on the virus’s
life cycle, which includes assembly, budding and envelope formation, as well as pathogenesis [26], potential thera-
peutic strategies can be classified into the following categories: Blocking host—virus interaction using monoclonal
antibodies or chemical agents that inhibit the virus from binding to host receptors [27], Blocking virus entry to host
cells through inhibition of the clathrin-mediated endocytosis process [28-30], Neutralizing viral particles by disrupt-
ing viral enzyme activity and critical functional proteins involved in viral replication and multiplication [31-33] and
Targeting viral structural proteins, including membrane, envelope and nucleocapsid proteins [34-36].

The first step of virus entry to host cells is the binding of the RBD of the viral S protein (S1) to angiotensin-
converting enzyme 2 (ACE2) receptors (Figure 1), which is abundant in humans (4]. The viral spike glycoproteins
are activated when they are cleaved by a serine protease. This facilitates virus—host cell membrane fusion necessary
for virus entry, replication and distribution. Virus entry depends on the host’s trans-membrane serine protease,
TMPRSS?2 (57], which is proposed as a potential target for antiviral drug design. Therefore, the interaction between
ACE2 and S protein can be targeted as an effective treatment strategy to combat the novel coronavirus (38]. In
addition to the ACE2 receptor, host cellular serine protease is involved in facilitating the viral entry to host cells [393;
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Figure 1. General mechanism of virus entry into the target cell. The RBD in the S1 subunit of the virus surface
facilitates SARS-CoV-2 entry into host cells through the ACE2 receptor. The S2 subunit is involved in the fusion of the
virus and target cell membranes and the following delivery of viral RNA into the cytoplasm. Following the entry and
release of the viral genome into the host cell, the translated nonstructural polypeptides from two large ORFs form
replication and transcription machinery to produce new virions. In the next step, translated structural proteins,
including Spike, Membrane and Envelope, translocate to the ER and then from ER to Golgi intermediate complex
so-called the ERGIC. Finally, encapsidated genomic RNA by Nucleocapsid assembles with structural proteins and is
ready to release from infected cells through exocytosis.

ER: Endoplasmic reticulum; ERGIC: Endoplasmic reticulum-Golgi intermediate compartment; E: Envelope; M:
Membrane; N: Nucleocapsid; ORF: Open-reading frame; RBD: Receptor-binding domain; SARS-CoV-2: Severe acute
respiratory syndrome coronavirus-2; S: Spike.

hence, TMPRSS2 inhibitors can significantly reduce infection as shown in cell lines with human lung origin
(second strategy; Figure 2) [40-42]. A third strategy, potential antiviral drugs such as remdesivir can inhibit viral
RNA-dependent RNA polymerase enzyme by being incorporated into the nascent viral RNA strands, which in
turn causes premature transcription termination [43,44]. A fourth strategy that may be overlooked is to disrupt
cellular packaging by interfering with the structural proteins of the virus. Among these proteins, N protein binds
to the viral genome through its N-terminal and forms a ribonucleoprotein complex which has a principal role in
viral replication and transcription [45]. Therefore, developing a potential drug candidate targeting this cross-linking
prevents attachment of the N-terminal to viral RNA and may halt the viral replication and transcription [4,46]. It is
well established that the structural proteins suppressing the host's immune system play a central role in organizing
the coronavirus assembly (47). Moreover, the S protein, which is assembled on the surface of the viral particle,
mediates binding and fusion to host cells and facilitates virus entry into the host cells 48]. Hence, M and S proteins
can be potential therapeutic targets. E protein is another structural protein containing 76-109 amino acid and
is essential in different stages of the virus life cycle such as envelope formation, pathogenesis, budding and virus
assembly. Some studies have recently reported that E protein depletion results in an attenuated viral particle, which
supports the idea that E protein may also be one of the potential therapeutic targets [49].
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Figure 2. General mechanism of SARS-CoV-2 treatment: the role of type 2 transmembrane serine proteases. The
TMPRSS2 found on host cells are involved in facilitating the viral entry into host cells, and TMPRSS2 inhibitors can
significantly reduce infection.

E: Envelope protein; M: Membrane protein; S: Spike protein; TMPRSS2: Type 2 transmembrane serine protease.

Repurposed drugs to harness SARS-CoV-2

Only few countries were able to control the SARS-CoV-2 outbreak to some extent. Therefore, there is an urgent
need to find new medications to protect humans against this disastrous pandemic. Given the urgency, repurposing
existing the US FDA-approved medications is the most effective option for combating SARS-CoV-2. In this regard,
some anti-parasitic agents have been suggested for the treatment of COVID-19 due to their potential effects in
inhibiting SARS-CoV-2 [50] through inhibiting viral protease [51]. For instance, ivermectin (IVM) is an anti-parasitic
agent that can reduce SARS-CoV-2 RNA load 5000-fold in 48 h post-infection 77 vitro 521. Such reduction can
potentially point out to the efficacy of IVM in treating COVID-19 with adequate dosing.

One of the most common clinical problems with the concomitant use of drugs is the problems caused by drug—
drug interactions. For instance, coadministration of chloroquine (CQ) and paracetamol enhances the maximum
serum concentration of paracetamol, which can cause side effects such as heart attack, stomach bleeding and kidney
failure and so on. Also, concomitant administration of CQ and antacids causes a reduction in the absorption
rate of CQ [53]. Furthermore, a growing body of evidence indicates that CQ and hydroxychloroquine (HCQ)
coadministration cause QT-prolongation and arrhythmias. Although combination therapy is more effective than
monotherapy, caution must be exercised in the concomitant use of these agents with antiviral drugs such as
iopinavir/ritonavir, atazanavir, remdesivir and azithromycin (AZT) due to the increased risk of cardiac death [54].

Furthermore, according to the FDA fact sheet report, HCQ and CQ concomitant administration with remdesivir
reduces antiviral activity of remdesivir [55]. This may be attributed to these agents being metabolized by the same
cytochrome P450 (CYPs) isoenzymes. Studies have shown that IL-6, a proinflammatory cytokine increased in
COVID-19 patients, inhibits the expression and activity of hepatic CYP isoenzymes, resulting in increased levels
of drugs such as HCQ, CQ and remdesivir [56].

In the following sections, two main anti-parasitic drug categories are described, antimalarial and anthelmintic
drugs, which are proposed as possible therapeutic options for SARS-CoV-2.
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Antimalarial drugs

Currently approved antimalarial medications apply two strategies to control SARS-CoV-2 outbreaks: those that
aim to reduce the symptoms of the disease and those that prevent viral replication [57]. The potential antimalarial
drugs against COVID-19 infection included CQ, HCQ), artesunate (ART), artefenomel (OZ439) and atovaquone
(AV) [s8).

Chloroquine & hydroxychloroquine

CQ and HCQ are quinine analogs that are derived from the Cinchona officinalis tree. HCQ is derived from CQ
by introducing a hydroxyl group at the end of the side chain and was found to have better therapeutic effects on
malaria due to a better safety profile, longer half-life, high levels of accumulation in cells and lesser drug—drug
interactions [59]. They belong to 4-aminoquinolines class of medications that inhibit DNA and RNA polymerase
have been used to treat malaria for the last 70 years [60]. Apart from malaria, CQ and HCQ are currently used
to treat several viral infections in humans, as well as autoimmune diseases like systemic lupus erythematosus and
rheumatoid arthritis [57,61]. These agents were proposed as a potential treatment for the novel coronavirus. CQ and
HCQ share very similar structures and mechanisms of action, so both drugs may be useful to treat SARS-CoV-2
infection based on several 7 vitro studies [62,63]. Several modes of action were proposed to explain the therapeutic
effects of CQ/HCQ, however, a precise underlying mechanism remains unknown. One possible mechanism is
the inhibition of endosomal/lysosomal acidification by preventing pH reduction to prevent the release of the viral
genome into the host cell cytoplasm [64]. In COVID-19, it is speculated that CQ and HCQ impede the virus
entry into the cells by interfering in ACE2 glycosylation and give rise to decrease ACE2 affinity for the coronavirus
S protein [65]. In the confirmation of this notion, the study on ACE2 high-expressed HEK293T cells (ACE2h
cells) showed that the entrance of COVID-19 spike pseudotyped virus into ACE2h cells was suppressed by CQ
and HCQ. Their results also showed that HCQ is slightly more toxic to ACE2h cells than CQ (66). Furthermore,
CQ/HCQ are known to interfere with the Toll-like receptor (TLR) pathway involved in proinflammatory cytokine
signaling [67]; therefore, they suppress the immune system activation by down-regulating cytokine production and
TLR-ligand interaction inhibition [68]. Both drugs can indirectly inhibit the production of IL-1, IL-6, TNFa,
IFNa, MIP1B and IFNy by various cell types with RNA-containing immune complexes. Hence, both drugs
can interfere with antigen processing for MHC-II presentation through antigen-processing cells [69]. The detailed
mechanism of CQ/HCQ action is presented in Figure 3.

CQ/HCQ safety was determined in malaria and individuals with autoimmune disease but not in COVID-19
patients (70]. In patients with COVID-19, especially those who have comorbidities such as endocrine disorders or
cardiovascular diseases, CQ and HCQ use was reported to be challenging (71]. There are several studies, in vitro
and iz vive, that show CQ and HCQ which affect various viruses, including influenza, HIV as well as SARS
coronaviruses. In SARS coronaviruses their effects are attributed to impaired ACE2 receptor glycosylation [72-76].
In an iz vitro study by Hu er al. for the evaluation of cytotoxicity and anti-SARS-CoV-2 effects of CQ and HCQ
using Vero E6 cells 273.20 and 249.50 pm were indicated to be cytotoxic concentration, respectively. Thus, the
dose-response curves of both drugs showed a noticeable effect on SARS-CoV-2, although the antivirus activity of
CQ was higher than that of HCQ. Moreover, they were shown to inhibit the entry of the virus into host cells [72].
A similar study using the same cell line by Wang ¢ a/. showed the inhibitory effects of CQ alone or in combination
with remdesivir; although the CQ itself was more effective than its combined form to control COVID-19 infection
in vitro [75). Using in vitro data and analysis by a specific computational method, Yao ez /. conducted a study to
determine the optimal dose of HCQ and CQ to use in the clinic. They found that HCQ has a more potent effect
compared with CQ (ECsg = 0.72 vs 5.47 um) on SARS-CoV-2 infection 77 vitro. Based on their analysis, a 400-mg
HCQ and 200-mg CQ twice daily for 4 days is the optimal range [76].

Unlike 77 vitro studies, several clinical trials or observational studies have recently reported contradictory results
regarding the safety and efficacy of CQ and HCQ in COVID-19 patients (see Table 1). For instance, a multicenter
prospective study conducted by Huang ¢z 2/. in China on 197 COVID-19 patients older than 18 showed no serious
side effects in a full dose of CQ, while the patients who were treated with a half dose of CQ experienced a lower
rate of adverse effects [77]. In contrast, a comparative study carried out in Brazil indicated a higher lethality and
fatality rate for higher CQ dosages in a randomized, double-blind, parallel-group (7).

In addition, the prophylactic or postexposure prophylactic administration of CQ and HCQ has not shown
any efficacy in COVID-19 patients [79,80]. Furthermore, a systematic review analysis indicated that treatment of
hospitalized COVID-19 with CQ/HCQ might not reduce the risk of death and infection rate [81,82]. Another recent
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Table 1.

COVID-19 treatment.

Country
In vitro studies
China

China
China

China

Germany

Australia

Clinical trials

Brazil

China

China

China

China

France

France

USA

Date

February 2020

March 2020
July 2020

August 2020

October 2020

March 2020

January 2020

February 2020

February 2020

February 2020

March 2020

March 2020

March 2020

March-April
2020

Panahi, Dadkhah, Talei et al.

Drug

CQ and remdesivir

CQ and HCQ
CQ and HCQ

CQ and HCQ

Artemisinin-based
treatments

IVM

cQ

HCQ

HCQ

cQ

HCQ

HCQ, AZT

HCQ, AZT

HCQ

Cell line or treatment

Vero E6 cells

Vero E6 cells

HEK293T cells, HSAEpC
cells, AT2 cells and EOL-1
cells

Vero E6 cells

VeroE6 and Huh7.5 cells

Vero-hSLAM cells

High dose: 600 mg
CQ/BD/10 days or total
dose 12 g; low dose:

450 mg/5 days, twice daily
only on the first day or
total dose 2.7 g

1200 mg/day x 3 days
then followed by a
maintained dose of
800 mg/day daily/2 or
3 weeks

400 mg/day up to 5 days

CQ 500 mg twice daily up
to 10 days + SOC

400 mg/day/5 days

600 mg/day/10 days

HCQ 600 mg/day/10 days
AZ 500 mg/day 1 and
250 mg/days 2-5

Exposure was defined as a
prescription written for
the drug as found in the
electronic health record

Sample size

Triplicates/different doses
MOl

Triplicates/different doses

Both drugs at concentration
of (0-400 um), the toxicity
and autophagy effects of
drugs were evaluated on
ACE2 high-expressed
HEK293T cells

Vero cells were infected at a
multiplicity of infection of
0.01 (100 plaque-forming
units/well)

Vero cells were incubated in
the presence of tenfold
serial dilutions of the
artemisinin derivatives for
15, 30, 60 or 120 min,
before the virus was added
at a concentration of 200
PFU per well for 120 min

Cells were seeded into
12-well tissue culture plates
24 h prior to infection with
SARS-COV-2

440 patients

150 patients

62 patients

100 patients

30 patients

36 patients

11 patients

1274 outpatients

Studies on some anti-parasitic drugs (chloroquine, hydroxychloroquine, ivermectin and nitazoxanide) in

Main findings

ECso = 1.13 pm and CCsg
>100 um, High inhibition at
low concentration

CQ more potent than HCQ

The entrance of COVID-19
spike pseudotype virus into
ACE2h cells was suppressed
by both CQ and HCQ

HCQ more potent than CQ
full-time entry, as well as
postentry steps were
inhibited by CQ and
remdesivir

Artesunate was the most
effective inhibitor on
SARS-COV-2

Approximately 5000-fold
reduction in viral RNA at
48 h

High lethality and fatality at
the higher dosage

Higher adverse events in
HCQ recipients

HCQ could significantly
reduce TTCR and promote
the absorption of
pneumonia

Apparent efficacy and
acceptable safety of CQ

No significant difference of
the cure rate in case and
control groups

12 cases were treated,
enhanced effects in
combination with AZT

No evidence of efficacy of
the combination of HCQ
and AZT for the treatment
of hospitalized patients

Exposure to HCQ decreased
the rate of hospitalization
from COVID-19 outpatients
(OR: 0.53; 95% Cl: 0.29, 0.95)

Ref.

[75]

[76]
[66]

[72]

[131]

[52]

[78]

[83]

[84]

[87]

[81]

[91]

[92]

[107]

AZT: Azithromycin; CQ: Chloroquine; HCQ: Hydroxychloroquine; IVM: lvermectin; NTZ: Nitazoxanide; OR: Odds ratio; SOC: Standard of care; TTCR: Time to clinical recovery; Vit: Vitamin.
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Table 1. Studies on some anti-parasitic drugs (chloroquine, hydroxychloroquine, ivermectin and nitazoxanide) in

COVID-19 treatment (cont.).

Clinical trials

Spain

Pakistan

France

France

USA

China

USA

Korea

England

China

China

Egypt
England

Egypt

Bangladesh

USA

Iraq

Egypt

March-April
2020

April 2020

April 2020

May 2020

May 2020

May 2020

May 2020

June 2020

June 2020

September 2020

February 2020

March 2020
April 2020
June 2020

June 2020

August 2020

October 2020

June 2020

HCQ

HCQ

CQ, AZT

HCQ

HCQ, AZT

HCQ

HCQ, AZT

HCQ

HCQ

cQ

CQ, HCQ

CQ, HCQ
CQ, HCQ

CQ, HCQ vs
remedesivir

IVM-doxycycline
and HQC-AZT

IVM

IVM-doxycycline

IVM

Case arm: HCQ

800 mg/day 1, then
400 mg/day for 6 days
Control arm: receive no
specific therapy

Case group: HCQ

400 mg/BD/day 1, then
200 mg/BD/4 days
Control group: SOC (Vit C,
Vit D and zinc only)

HCQ 200 mg
three-times/day/10 days
AZT 500 mg/day 1
followed by 250 mg/day
up to 4 days

600 mg/day/21 days

HCQ 600 mg/BD/day 1,
then 400 mg/day/4 days

200 mg/BD/7-10 days

HCQ 200-600 mg
AZT 200-500 mg once
alone or at combination

400 mg/day/14 days

800 mg/BD/day 1, then
400 mg/BD/9 days

500 mg once (half dose) or
twice (full dose) daily

Group A: IVM 200 pg/kg
single dose + doxycycline
100 mg BD for 10 days
Group B: HQC 400 mg first
day, then 200 mg BD for

9 days + AZT 500 mg

IVM at 200 pg/kg
repeated at day 7

IVM at 200 ng/kg/day/2—
3 days + 100 mg
doxycycline/BD/5-10 days

IVM: 3 successive
days/three-times a day,
started within 48 h of
symptoms

Case arm: 1116 patients
control arm: 1198 patients

500 patients with mild
COVID-19 (control group:
349 patients received SOC,
case group: 151 received
HCQ)

80 patients

Treatment group: 84
Control group: 89

1376 patients

Case group: group: 48
Control group: 520

1438 patients

189 patients

1561

197

CQ =40, HCQ =40
Control group = 20

200 participants
40,000 participants
120 patients

Group A: 60 patients
Group B: 56 patients

Unmatched cohort: 280
patients
Matched cohort: 196

70 COVID-19 patients (48
mild-moderate, 11 severe
and 11 critical patients)

100 participants

No positive effect of
postexposure therapy

HCQ combined with SOC in
mild COVID-19 neither
prevents disease progression
nor is it significantly
associated with successive
PCR negativity on day 7

HCQ may be in force in
lowering respiratory viral
load and patient carrying
duration, augmented by
AZT

Do not support drug use in
hospitalized patients

HCQ use was not related to
noticeable lower or higher
hazard of death or
intubation

The mortality and
inflammatory cytokine IL-6
decreased in case group

Treatment with HCQ, AZT
alone or both was not
decreased the mortality of
hospitalized patients

Safety results in
postexposure prophylaxis

Severity and comorbidities

No adverse side effects,
especially in half dose

Phase 0

Phase II, llI
Phase not applicable

Phase II, llI

IVM-doxycycline had better
effect on reducing
symptoms, recovery
duration time and adverse
effects compared with
group B

IVM therapy is associated
with lower mortality,
especially in patients
needed oxygen and
ventilatory support

Reducing recovery time and
progress to more advanced
stage;

Significantly reducing
mortality rate in severe
patients

Phase II, lll

[98]

[100]

[90]

[93]

[94]

[85]

[95]

[80]

[101]

[79]

ChiCTR2000030054

NCT04353336
NCT04303507
NCT04345419

NCT04434144 [86]

[152]

[154]

[NCT04445311]

AZT: Azithromycin; CQ: Chloroquine; HCQ: Hydroxychloroquine; IVM: Ivermectin; NTZ: Nitazoxanide; OR: Odds ratio; SOC: Standard of care; TTCR: Time to clinical recovery; Vit: Vitamin.
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Table 1. Studies on some anti-parasitic drugs (chloroquine, hydroxychloroquine, ivermectin and nitazoxanide) in
COVID-19 treatment (cont.).
Clinical trials
Colombia October 2020 IVM IVM 400 ng/kg (2 drops 50 patients Phase Il [NCT04602507]
per kg) orally in a single
dose
Iraq April 2020 IVM, HCQ IVM: Single dose 16 participants Phase | [NCT04343092]
AZT 0.2 mg/kg
HCQ: 400 mg BD in first
day then 200 mg
BD/5 days
AZT: 500 mg in first day
then 250 mg/5 days
Argentina May 2020 IVM IVM: 600 pg/kg once daily 45 participants Phase Il [NCT04381884]
plus standard care
USA May 2020 IVM Days 1-2: weight <75 kg: 240 participants Phase Il [NCT04374019]
four tabs (12 mg total
daily dose) Days 1-2:
weight >75 kg: five tabs
(15 mg total daily dose)
Bangladesh August 2020 IVM, doxycycline  IVM: 6 mg 400 participants Phase IlI [NCT04523831]
Doxycycline: 100 mg
BD/5 days
Colombia March 2021 IVM 400 patients 300 pg/kg of Did not improve the time to [155]
body weight per day for resolution of symptoms
5 days (n = 200) or placebo Do not support the use of
(n =200) IVM for mild COVID-19
Bangladesh February 2021 IVM, IVM- Oral IVM alone 12 mg once  Earlier virological clearance [157]
doxycycline daily for 5 days in IVM group
12 mg IVM single dose and
200 mg doxycycline on day
1, followed by 100 mg every
12 h for the next 4 days
Brazil December 2020  NTZ, Placebo NTZ or placebo: 392 patients Symptom resolution did not [169]
500 mg/3-times/5 days differ between two groups,
significantly reduced viral
load
Egypt April 2020 IVM plus NTZ IVM: 200 pg/kg once + 100 participants Phase I1/11I [NCT04360356]
NTZ: 500 mg/BD/6 days
Egypt May 2020 NTZ - 160 participants Phase IlI [NCT04382846]
Egypt February 2021 NTZ-ribavirin-IV-  NTZ500 mg rapid release 113 patients Decreasing the duration of [170]
zinc formula/6 h viral nasopharyngeal
ribavirin 1200 mg (400 mg clearance
divided doses)
IVM weight dependent
zinc 30 mg twice daily
Brazil July 2021 AZT plus NTZ, IVM  AZT 500 mg daily for 5 722 patients There were no actual [175]
or HQC days for all patients, in effective options for early
association with one of COVID-19, in other words,
the following: that none of the drugs
HCQ 400 mg daily for 5 would confer any protection
days, NTZ
500 mg twice a day for 6
days, or IVM
0.2 mg/kg/day in a single
daily dose for 3 days
Nigeria 6 October 2020  NTZ, atazanvir, 1000 mg of NTZ twice 98 Patients Phase Il [176]

aitonavir

daily orally and

300/100 mg of
atazanvir/ritonavir once
daily orally

AZT: Azithromycin; CQ: Chloroquine; HCQ: Hydroxychloroquine; IVM: lvermectin; NTZ: Nitazoxanide; OR: Odds ratio; SOC: Standard of care; TTCR: Time to clinical recovery; Vit: Vitamin.
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Table 1. Studies on some anti-parasitic drugs (chloroquine, hydroxychloroquine, ivermectin and nitazoxanide) in

COVID-19 treatment (cont.).

Clinical trials
Egypt June-July 2020  AZT, doxycycline,  AZT was 500 mg once daily 80 patients Symptomatic improvement
NTZ for 5 days; doxycycline of mild-to-moderate
100 mg daily for 10 days; subjects was seen on the
NTZ was 600 mg twice fifth or seventh day after
daily for 5 days starting treatment.
Both NTZ and doxycycline
have great therapeutic
potential against COVID-19
Mexico 1 May and NTZ NTZ 500 mg orally, every 150 Patients NTZ prove to be useful
20 July 2020 6 h for 2 days and then against SARS-CoV-2 as an
500 mg twice a day for early intervention to avoid
4 days complications
Argentina July-December ~ NTZ Patients receive NTZ orally 46 patients The ratio of patients with a
2020 with food for 14 days viral load reduction >35%

from baseline up to day 7 of
treatment was significantly
greater for NTZ compared
with placebo

[177]

[178]

[179]

AZT: Azithromycin; CQ: Chloroquine; HCQ: Hydroxychloroquine; IVM: Ivermectin; NTZ: Nitazoxanide; OR: Odds ratio; SOC: Standard of care; TTCR: Time to clinical recovery; Vit: Vitamin.
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Figure 3. Possible mechanism of action of chloroquine and hydroxychloroquine in the intracellular space. In
COVID-19, CQ and HCQ impede the virus entry into the cells by interfering in ACE2 glycosylation and decreasing ACE2
affinity for the coronavirus S protein. Furthermore, CQ/HCQ is known to interfere with the TLR pathway involved in
proinflammatory cytokine signaling. Inhibition of endosomal/lysosomal acidification by preventing pH reduction to
prevent the release of the viral genome into the host cell cytoplasm is suggested to be another mechanism.

ACE2: Angiotensin-converting enzyme 2; cGAS: Cyclic GMP-AMP synthase; CQ: Chloroquine; HCQ:
Hydroxychloroquine; S: Spike; STING: Stimulator of interferon genes; TLR: Toll-like receptor.

systematic review illustrated no obvious profit in CQ/HCQ use for the treatment of COVID-19 or prophylaxis
against this disease [83).

As a CQ derivative, HCQ is believed to be effective in mild-to-moderate cases of SARS-CoV-2 patients when
used as monotherapy or in combination with CQ or AZT. In this regard, Chen ez 4/. conducted a randomized
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clinical trial study to evaluate HCQ efficacy in 30 adult COVID-19 patients in comparison to a control group
including patients with liver abnormalities, anemia and renal dysfunction. Although the prognosis of these COVID-
19 patients was good in this small pilot study, the symptom improvement and cure rate in the COVID-19 group
did not differ from the control group (84]. In another study, mortality rate and inflammatory cytokine IL-6 levels
decreased versus HCQ-treated group [s5]. In a recent trial conducted on mild-to-moderately ill patients without
comorbidities or with near-normal chest radiographs, HCQ-AZT combination therapy was able to reverse PCR
results within 7 days and abolish all symptoms by 9 days [86]. Another clinical trial study by Gao e al. was conducted
to evaluate the efficacy and safety of CQ phosphate in 100 hospitalized COVID-19 patients who also suffered
from pneumonia. Following the treatment, the severity of pneumonia was decreased in patients without any severe
adverse reactions. Given these results, the authors recommended using this drug for the prevention and treatment
of pneumonia caused by COVID-19 [87,83].

In an randomized clinical trial (RCT) study, a randomized and parallel control group study in Renmin Hospital
of Wuhan University, China, the efficacy of HCQ was evaluated in 62 COVID-19 patients, which resulted in a
shortening of the recovery time in the patients who received HCQ [89]. Although there are some concerns about
the arrhythmogenic (torsadogenic) effect of CQ/HCQ alone, it was shown that coadministration of AZT with
CQ reduces this effect [90]. A small-scale nonrandomized open-label trial study investigated HCQ effect alone or
combined with AZT on respiratory system viral load. The results showed that HCQ combined with AZT versus
HCQ alone was able to treat 100% of patients [91]. Unfortunately, despite the reduction in viral load, the authors
overlooked the assessment of QT prolongation when both drugs are coadministrated. Furthermore, a systematic
review and meta-analysis study by Fiolet ez a/. (921 and others found that HCQ with AZT increased the mortality
rate in hospitalized patients compared with HCQ only [93]. In observational study by Geleris ez a/., they did find no
association with either a greatly lowered or an increased risk of the composite end point of intubation or death [94].
In another research, investigators did also not find significant effect on mortality rates among patients hospitalized
with COVID-19 treated with HCQ, AZT or both [95].

Continuing to investigate HCQ/CQ as a potential treatment for COVID-19, Hussein and Elkhair conducted a
molecular docking survey to improve CQ and HCQ efficiency. Using molecular docking and molecular dynamics
methodologies, they showed that the addition of zinc compounds to CQ/HCQ enhances their activity as potential
inhibitors of COVID-19 main protease [96].

Despite positive results of some studies, some others stood in contrast and reported the opposite results regarding
CQ/HCQ efficacy to treat COVID-19 patients [97,98]. In a multicenter study conducted in France, following
administration of HCQ (600 mg/day), it was reported that administration of HCQ had no effect in COVID-19
patients who were admitted to the hospital [99]. Moreover, in a randomized trial involving 491 outpatients with mild
disease in early stages, HCQ was not effective in reducing symptom severity [100]. Another large-scale randomized
trial involving more than 4000 hospitalized patients showed no difference between patients who received HCQ
and those patients undergoing usual care at 28 days in death incidence [101].

Hypothetically, HCQ can fight SARS-CoV-2 infection due to its mode of action. HCQ interferes with viral entry
into host cells [102]. Based on another hypothesis, HCQ can prevent SARS-CoV-2 infection in healthy persons who
are exposed to PCR-positive patients. Mitja ¢# a/. conducted a large-scale open-label cluster-randomized clinical
trial in Spain to test this hypothesis. After analysis, they concluded that postexposure therapy with HCQ does not
prevent infection in healthy contacts [103]. A similar study to test this hypothesis was conducted on participants
who had a high risk of exposure to COVID-19 in a house or occupational office. Similar to the previous study, they
did not find any preventive effects of HCQ [104]. A study designed by Xie ez /. to evaluate the efficacy and safety
of HCQ in 150 hospitalized adult patients with COVID-19 showed higher adverse events in HCQ plus standard-
of-care (SOC) recipients than in HCQ nonrecipients. The authors concluded no significant difference between
HCQ and SOC groups in conversion of mild-to-moderate condition [105]. In agreement with the aforementioned
results, another study confirmed that the addition of HCQ to SOC in mild COVID-19 cases neither stops disease
progression nor helps with early and sustained viral clearance [106).

However, the results of a recent study conducted by Ip ¢z a/. showed that although HCQ has not been associated
with improved survival among hospitalized COVID-19 patients, there is an association between HCQ adminis-
tration and a decreased rate of hospitalization of COVID-19 patients who are mildly symptomatic. According to
their results, the subsequent hospitalization rate was declined with HCQ exposure [107].

All clinical trials related to CQ/HCQ presented here have been collected from the clinicaltrials.gov database
until 20 May 2021 (hteps://clinicaltrials.gov/ct2/results/details?cond=COVID-19). The database search resulted
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in 89 and 22 completed clinical trials for HCQ and CQ, respectively. During this period, 180 and 40 clinical
trials have been registered that have not yet been completed. Some of them demonstrated good virological and
clinical outcomes with HCQ and CQ alone or in combination with other anti-COVID-19 agents. Nevertheless,
most trials had varying degrees of methodological limitations. In contrast, some studies either showed a negative
result or did not show any changes with CQ/HCQ exposure compared with the control groups. So far, numerous
studies have reported serious adverse effects caused by CQ and HCQ), although uncommon [10s-110]. These include
hemolysis [111], cardiac toxicity in the form of cardiomyopathy [109], and prolonged QTc interval [110,112]. Van den
Brock ez al. studied the degree of CQ-induced QT¢ interval prolongation in hospitalized COVID-19 patients. In
a total of 95 patients who were suspected of COVID-19 infection, ECG was collected pre-/post-treatment with
CQ. About 23% of patients showed a QTc interval of more than 500 ms during CQ therapy, which represents a
signiﬁcant role of CQ in prolonging QTc interval in a clinically relevant manner [110].

Based on the NIH panel, the combined use of HCQ plus AZT and high-dose CQ (600 mg twice daily for
10 days) due to the potential for toxicity has not been recommended [113]. Given these controversial results,
the WHO removed these drugs from joint international trials because they were not effective versus SOC as
recommended by steering committee’s recommendation [114].

In general, as mentioned above, different studies have got contradictory results considering CQ/HCQ efficacy
in COVID-19 patients [115], which may be in part attributed to various study designs, sample sizes and various
statistical procedures as well as population genetics. Therefore, it may be necessary to carry out clinical trials on a
larger scale taking into account different populations, races, demographics and patient-related factors; for example,
are the patient hospitalized or not [88,116]?

Artesunate

ART, one of the semisynthetic derivatives of artemisinin, is a vital sesquiterpene lactone obtained from Artemisia
annua leaves. As one of the biologically active compounds against malaria, and taking into consideration its low
toxicity, rapid distribution, high efficiency, high solubility in water and how well it is tolerated, ART was proved
to be a standard treatment for cerebral malaria and other severe forms of malaria [117. In traditional Chinese
medicine, it was used for the treatment of several diseases for more than 2000 years [118]. Furthermore, it is
indicated that ART has broad antiviral activity against certain viruses, such as human cytomegalovirus, hepatitis
B and C virus, herpes virus and bovine viral diarrhea virus [119,120). ART was recommended by some investigators
to be used for the treatment of patients infected with SARS-CoV-2; however, the exact molecular mechanisms
by which ART can affect SARS-CoV-2 have not been elucidated. Antiviral properties of ART may be attributed
to inhibition of transcription NF-kB expression and disrupting viral protein synthesis as well as to blocking the
early steps of viral replication [120,121]. It is known that the NF-kB is the master regulator of host immune and
inflammatory responses against invasive pathogens [122,123). SARS-CoV-2, like other families of Coronaviridae,
primarily targets the upper respiratory tract [124], so it causes excessive proinflammatory host responses that induce
immune pathology and can harm lung tissue [125]. The idea that ART can affect COVID-19 comes from the fact
that it can inhibit the production of IL-1B, IL-6 and IL-8 by inhibiting NF-kB translocation in a dose-dependent
manner iz vitro [126]. Elevated IL-6 serum levels in COVID-19 patients may be a sign of cytokine release syndrome,
suggesting that controlling IL-6 could decrease the natural course of the disease [127]. Recent studies have shown
that ART is active against SARS-CoV-2 [128-131]. For instance, Gilmore e a/. used artemisinin and its synthetic
derivative as inhibitors of SARS-CoV-2 in vitro 131). Their results showed that ART is a more effective inhibitor
of SARS-CoV-2 compared with A. annua extracts [151,132]. In another study, Cao ez al. evaluated the anti-SARS-
CoV-2 potential of nine artemisinin-related compounds 7z vitro. Their results highlight that the artemisinins could
be considered potential anti-SARS-CoV-2 candidates in drug research and development [128,133,134]. In addition,
positive clinical effects of artemisinin have been shown recently. The drug hampers the progression of the symptoms
in mild/moderate form of COVID-19 [135).

Atovaquone

Atovaquone, an analog of ubiquinone, is a highly lipophilic hydroxynaphthoquinone. It is used against Plasmodium
Jalciparum and Pneumocystis carinii, which cause malaria and pneumonia, respectively. It selectively inhibits the
parasite’s mitochondrial cytochrome bel complex (complex IIT) (136]. However, the underlying molecular mechanism
against 2 carinii has not been fully elucidated.
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A clinical trial is underway by HonorHealth (AZ, USA) to answer the question of whether coadministration of
atovaquone and AZT have more advantage in COVID-19 patients over other treatments? Their results showed
fewer cardiac side effects; however, available data are insufficient to draw judgments about the effects of atovaquone
as a COVID-19 treatment [137].

Although clinical trials on the function of atovaquone in COVID-19 patients are limited, however, some iz silico
studies have proposed that it may be suitable to control this pandemic.

In this regard, molecular docking analysis based on the docking score as well as its binding energy among
129 drugs showed that atovaquone could be suitable to control the novel coronavirus disease [138]. A similar
study published in preprint server, which used structure-based drug modeling design, found similar results and
demonstrated that atovaquone was among the top three candidates [139). In contrast, an 7z silico survey among
13 approved antimalarial drugs gathered by docking analysis against two specific targets, spike antigen and main
protease of the SARS-CoV-2, indicated that the atovaquone is one of the moderately effective drugs based on the
g-score [s8]. Another computational study showed a good connection between the IVM, atovaquone and some
antimicrobial agents with SARS-CoV-2 protease enzymes [140]. More experimental research is needed to confirm
the sensitivity and specificity of this agent [138,140].

Recently, a study showed the potential antiviral effect of atovaquone on emerging VOCs of SARS-CoV-2 in vitro
by interfering in viral replication at the postentry phase. However, they concluded that there is a need to conduct
additional clinical studies with using either atovaquone alone or in combination with other recommended drugs

for COVID-19 [1411.

Antihelminthic drugs on COVID-19

Tvermectin

IVM is frequently used as an antistrongyloidiasis, ascariasis and onchocerciasis drug. It was confirmed as an
appropriate therapy for some other parasitic micro-organisms [142,143]. Apart from its conventional use, IVM clearly
has shown anti-COVID-19 properties 7 vitro. It seems that its mode of action may be through inhibiting the
translocation of viral components into the nucleoplasm, which is mediated by ‘importin a/B1’ (Figure 4) [521.
An in silico study conducted for decrypting the binding mode of IVM interaction with potential drug targets
associated with COVID-19 showed that IVM interacts with a strong and moderate affinity to Nsp9 and IMPa,
respectively [144]. By the same mechanism, IVM also inhibits replication of other RNA viruses like HIV, influenza,
yellow fever, etc. [145-148]. Besides, it was suggested that the accumulation of two IVM molecules together onto the
virus capsid causes the formation of an ionophore structure that osmotically causes the virus disintegration [149].
However, these hypotheses should be tested before using this agent as a therapeutic arm against COVID-19.
Despite the significant effects of IVM in vitro [52], due to its neurotoxic side effects at high concentrations in
humans, its use for clinical trials requires careful risk—benefit considerations, especially in critically ill patients.
However, the presence of higher levels of the drug in lung tissue than plasma after 1 week of oral administration has
raised hopes to bypass its dose-dependent side effects [146]. In comparison to HCQ with side effects including retinal
damage and elevated QT interval, IVM has fewer side effects [150]. As usual, several clinical trials are ongoing to test
the potency of IVM as an anti-parasitic drug against COVID-19. For instance, in a randomized and comparative
clinical study of IVM-doxycycline and HCQ-AZT therapy for COVID-19, findings showed that the combination
of IVM-doxycycline had an even higher trend of superiority to the HCQ-AZT in low-risk patients. However, these
differences are not statistically significant [86]. A randomized controlled trial study showed that in the early stages of
the disease, IVM with doxycycline treatment has clearly prevented the progression of the disease to higher stages and
significantly decreased mortality rates in severe patients [151]. It was suggested that the administration of IVM and
HCQ together could have synergistic effects in COVID-19 patients [1021. HCQ fights the virus by preventing it from
entering the host cell, and IVM combats the virus by inhibiting viral replication. However, basic and clinical studies
are needed to reveal the possibility of this combination being used as an acceptable COVID-19 treatment [102].
Although IVM treatment of 173 hospitalized COVID-19 patients resulted in lower mortality in both severe and
nonsevere groups with pulmonary involvement compared with nontreated groups (152]. However, this study and
a similar study [145] carried out by the same team suggested that more studies, including randomized controlled
trials, are needed to clarify the effect of this drugs on SARS-CoV-2 in comparison to control groups [152,153].
A randomized double-blind placebo-controlled small-scale trial also revealed that 5 days of treatment with IVM
increased the virological clearance in hospitalized adult COVID-19 patients with mild disease [154]. In contrast,

10.2217/fvI-2021-0160

Future Virol. (Epub ahead of print) future science group



Can anti-parasitic drugs help control COVID-19?  Review

Cytoplasm
i N Ivermectin
Ivermectin absent | Ivermectin present @
(=
Nuclear pore SARS-CoV-2 l
complex protein X
<" Destabilize IMP-o/8
¢ ) & O f' complex
-~
o r’\ ]
o S -~ IMP-o. ~ IMP-B

N _ p

SARS-CoV-2 N
protein \ )

S Promote host
N shut-off and viral replication

e
W
~
r Robust host
’ immune response

. X

Nucleus

Figure 4. Mode of action of ivermectin in the intracellular space. IVM destabilizes the IMP-a/8 complex and robust
host immune response. In the absence of IVM, this complex enters the nucleus resulting in viral replication.
IVM: lvermectin; NPC: Nuclear pore complex.

another similar study on adults with mild COVID-19 who were treated with a 5-day course of IVM showed that
the time of symptom resolution was not affected significantly. They suggested that IVM is not a good treatment
for mild cases [155] (for more details, see Table 1).

Nevertheless, a recent meta-analysis study revealed that IVM reduced the risk of death compared with no
IVM [156). Additionally, i silico study by using Al-based and classical simulation methods indicated positive
interaction between IVM and viral protein targets; however, it requires evidence from clinical studies to support
its use [157]. In confirming the significance of IVM, a web-based reported meta-analysis of 65 studies revealed that
there is an statistically significant improvements for mortality, ventilation, ICU admission, hospitalization, recovery,
cases and viral clearance by using IVM [158].

While in March 2021, the WHO recommended that IVM could be used in clinical trials, new reports indicate
that COVID-19 patients may die from its poisoning. Therefore, larger clinical trials may be needed to uncover the
efficiency of IVM in COVID-19 patients.

Nitazoxanide

Nitazoxanide (NTZ), as a pyruvate-ferredoxin oxidoreductase inhibitor, inhibits a wide range of RNA and DNA
virus replication, including influenza, parainfluenza, rotavirus, coronavirus and so on [159-162]. The antiviral activity
of NTZ has already been demonstrated on MERS by inhibiting the production of nucleocapsid protein iz vitro [163].
Recently, it has also been shown that it can prevent the SARS-CoV-2 growth in the vero cell model (75].

At least one study has suggested that dual therapy can be highly effective against SARS-CoV-2 by a multitude
of cellular and molecular mechanisms. HCQ prevents the virus from entering the cell; on the other hand, NTZ
increases the innate interferon-dependent immune responses [164]. Furthermore, NTZ promotes and upregulates
other innate immune components, including MDA5, RIG-1, MAVS [165]. Moreover, due to its specific antiviral
effects, NTZ may also have anti-inflammatory activities by reducing IL-6 and TNF-a. Considering hyperinflam-
mation and cytokine storm caused by SARS-CoV-2, it may improve patient prognosis even though direct evidence
is lacking (166,167]. It is well established that NTZ and niclosamide (NIC), two potent TMEM16A antagonists,
possess bronchodilatory properties which may effectively improve respiratory symptoms, decrease shortness and
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tightness of breath, and facilitate respiration and pulmonary ventilation in COVID-19 patients [168]. Despite the
several above-mentioned useful effects, unfortunately, due to existing confounding data in the literature, limited
clinical trials have been ongoing to evaluate NTZ efficacy on COVID-19 patients (Table 1) [164]. For instance, in
a double-blind randomized multicenter clinical trial, early-stage treatment of 194 COVID-19 patients by NTZ
resulted in significantly reduced viral load but did not affect symptom resolution compared with the placebo group.
This study also showed that neither were the disease markers significantly affected nor were significant side effects
observed [169]. In contrast, a combination therapy including NTZ, ribavirin, IVM plus zinc resulted in significantly
increased SARS-CoV-2 clearance from the nasopharynx compared with symptomatic treatment [170]. Another set
of clinical trials is under design with NTZ monotherapy or its combination with other therapies, including HCQ
or AZT [164,171].

According to the findings of a systematic review, NTZ is considered safe at the approved doses. However,
further evidence is required for its cardiovascular, hepatorenal and teratogenic consequences [172]. Dose predictions
were performed to achieve appropriate plasma and lung concentrations effective against SARS-CoV-2 according
to its specific ECyg, and adjustments were made for subsequent clinical trials [(173]. Further studies are given in
Table 1 1174-179].

Niclosamide

NIC is an anthelmintic drug with anti-inflammatory and immune regulatory effects and acts by interfering with
the oxidative phosphorylation pathway. Besides, it has recently been used as a potential anticancer, antibacterial
and antiviral agent in addition to what has been stated (180]. Its inhibitory effects on Zika virus replication, an RNA
virus responsible for infection of astrocytes and neural progenitor cells were identified [181]. Furthermore, NIC has
previously been shown to have anti-SARS-CoV-2 effects by inhibiting viral replication through blocking virus spike
and nucleocapsid antigens production [182,183]. It has also recently been shown that NIC has anti-SARS-CoV-2
and anti-MERS-COV properties iz vitro [184]. In an experiment, two stable forms of NIC (C1 and C2) were
assessed to determine their solvation energy and reactivity with COVID-19 proteins in different media (gas and
aqueous media) compared with eleven other antivirals. C1 and C2 forms showed higher reactivity with COVID-19
proteins, despite their lower solvation energy which is attributed to the NO2 and Cl groups in the active site of
their structures [185]. NIC also ranked at the top of the list of 1553 FDA-approved and 7012 off-market drugs since
it has low binding energy and high affinity for COVID-19 protease. Possible other modes of action, including
prevention of endocytosis and deactivation of S-phase kinase-associated protein 2 (SKP2), may contribute to NIC
anti-SARS-CoV-2 activity [186,187].

Hypothetically SARS-CoV-2 infection declines autophagy; hence, the addition of autophagy-inducing com-
pounds can be considered a treatment goal against COVID-19. Autophagy inhibition could increase the replication
of the virus by stopping the segmentation of viral antigens. In this regard, an 7z vizro study suggested that NIC as
an autophagic cell death inducer agent can be used as prophylactic treatment during SARS-CoV-2 infection [188].
Furthermore, molecular docking analysis indicated that the NIC and other antihelminth drugs such as primaquine,
mepacrine, artemisinin could bind to the active site of the SARS-CoV-2 protease. This study has also shown that
the type of interaction between ligands and virus protein is important in therapy [189]. A similar computational
study confirmed that NIC could bind with SARS-CoV-2 protease with high affinity [185]. Recently, several clinical
trials have been ongoing to test the efficacy of NIC alone or combined with HCQ against COVID-19 (Table 1).
For instance, the intranasal and inhalation form of NIC was evaluated for their safety and possible side effects. The
results indicated that this solution might serve as the primary eradicator of SARS-CoV-2 from the upper respiratory
tract without adverse effects other than temporary mild stimulation [190].

Mebendazole

As an anthelminthic drug, mebendazole (MBZ), along with other benzimidazoles, was found to have antiviral
properties and to be efficient against certain viruses such as HSV-1, CVB-2 and Zika virus [181,191,192]. According to
molecular docking analysis, MBZ with two other compounds, atovaquone and ouabain, showed anti-SARS-CoV-2
properties in vitro (193]. In a single-cell RNA sequencing dataset analysis obtained from mild-to-severe cases of
COVID-19 patients, MBZ also ranked in the top ten compounds based on connectivity score. This study also
indicated that the immune profile of patients in response to different viral infections impacts the efficacy of different
compounds against those infections [194]. Based on the calculated binding energy and affinity, MBZ has also been
ranked in the top 30 FDA-approved drugs that interfere with SARS-CoV-2 activity [186). MBZ and similar structure
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drugs such as albendazole, and oxibendazole may act against COVID-19 by compromising cellular microtubule
integrity, which interferes with the cellular trafficking of the virus [195]. It was shown that MBZ is one of the BCG
mimics, which promotes innate immune responses and is effective against new infections like SARS-CoV-2 [196].

Al, a state-of-the-art technique for finding new drugs

The emergence of the SARS-CoV-2 virus and COVID-19, the disease it causes, in the world has led to a
widespread effort to find suitable treatments for this aggressive pathogen. Considering the urgency and rapid
transmission, examining existing medications that are approved for human use will be the right strategy to combat
the virus. Unfortunately, there is currently no certain effective treatment, and according to the recent solidarity
study conducted by the WHO [194,197], compared with placebo, none of the retasked drugs, including remdesivir,
HCQ and IFN-B as a single, as well as IFN-B plus lopinavir and lopinavir coadministered with ritonavir as a
combinatorial therapy, were effective in survival, initiation of ventilation and hospitalization length in COVID-19
patients. Therefore, finding suitable candidates for new medications is still ongoing.

One of the most important translational research activities contributing to human well-being and health is
drug discovery and design [198]. While the physicians resort to trial-and-error techniques in hospitals due to the
inefficiency of the lab-based high-throughput screenings, virtual screening and molecular docking have emerged
as a common tool to discover powerful compounds against SARS-CoV-2 [199-205]. In general, this computational
approach applies chemically and biologically algorithms in large chemical libraries to find appropriate hits based
on the known structure of the target or the ligands. Although this method has had a lot of success in recent
years in discovering new drugs such as nelfinavir and zanamivir, it still faces various challenges such as sampling
various conformations of flexible molecules and calculating binding energy between receptor and ligand (206], as
well as simulation cost and exhaustive similarity searching [207]. With traditional methods, i silico HTS simulation
performance is not simple because of intensive computational model calculations and taking an incredible running
time [208].

We have recently come across an unprecedented wealth of data in the chemical and pharmacological fields that
can feed state-of-the-art methods such as Al algorithms in drug discovery or design. Unlike traditional methods,
this method does not rely on developing complicated physical and chemical concrete principles and only turns
the large amount of medical data currently available into reusable knowledge [209]. In different phases of the
drug development process, including target validation, assay development, HTS, hit to lead, lead optimization,
preclinical and clinical development as well as drug repurposing, Al-based approaches are increasingly being used
to boost time and cost-efficiency [198].

There is still no consensus definition for Al In general, it is a branch of computer science whose main purpose
is to produce intelligent machines capable of performing tasks that require human intelligence. Al applications
cover a wide range of disciplines, including computer vision, voice recognition, language understanding and digital
pathology, as well as recently, drug discovery and vaccine development [199,210]. Accordingly, a systematic review
conducted by Carla Pires on the contribution of Al in the development of therapies for COVID-19 concluded that
the Al methods accelerate drug repurposing against COVID-19 [211].

To this end, recently, many studies are being conducted to determine the effective drugs against the novel
coronavirus, SARS-CoV-2, each of which has proposed some older drugs as effective drugs using different Al
models, some of which are currently undergoing clinical trials [210,212-216]. For instance, in an effort, Benevolent Al
(London, UK) introduced baricitinib on 4 February 2020, as the potential treatment for COVID-19 by using Al
methods [217,218]. Nine months later, baricitinib received emergency use authorization from FDA in hospitalized
patients. Since then, a few clinical trials have been conducted to test its effectiveness in improving the clinical status
of COVID-19 patients [219-221].

Many companies worldwide have been founded based on Al strategies for drug discovery in recent years. For
instance, Evotec (Hamburg, Germany) has started a joint venture with Exscientia (Oxford, UK), an Al-based
company, on developing a small molecule, an A2a receptor antagonist, to help T-cell combat solid tumors. This
first Al-designed immuno-oncology drug has entered a phase I clinical trial by Evotec. Another candidate drug
developed with the help of Al models by Exscientia in partnership with Sumitomo Dainnipon Pharma (Osaka,
Japan) is a selective serotonin reuptake inhibitor designed to cure obsessive-compulsive disorder that has entered
human clinical trial in Japan. In recent years, many companies, including Benevolent Al, AstraZeneca (Cambridge,
UK), Gilead (CA, USA), Insitro (CA, USA), Schrédinger (NY, USA) and so on, have started investing in drug
discovery with the help of AI [222].
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Although Al and its subdisciplines, such as machine learning and deep learning, have impacted clinical pharma-
cology in recent years, they also face certain challenges [223]. Some of these challenges include data heterogeneity
and low quality, insufficient data shared by companies about candidate drugs or their combinations, and security
and interpretability of the models [223,224]. Collectively, despite the problems in the field, Al and its subdisciplines
will support the response against COVID-19 in a wide range of areas, including molecular perspectives such as
drug discovery and development, clinical perspectives such as diagnosis, clinical outcome prediction and societal
perspectives such as epidemiology [225].

Conclusion

The fact is that the COVID-19 pandemic has disrupted the foundation of healthcare and the economy of our
planet. Thus, preventive strategies such as quarantine, dissociation of people in social sites and contact tracing were
employed by agencies due to a lack of effective treatment. We reviewed the prophylactic or therapeutic effects of
some FDA-approved antiprotozoal and antihelminthic drugs on COVID-19. Despite iz vitro and in vivo success
of these drugs, it seems that there still is not any confirmed therapeutic agent for COVID-19.

Even though several millions of doses of vaccines were produced and distributed worldwide, many countries,
especially poor ones, still do not have access to it. Vaccines are indeed a good candidate for controlling pandemics
like the one the world has been dealing with in the last 2 years; however, the emergence of new variants could affect
the effectiveness of vaccines. Furthermore, vaccine preparation is a time-consuming and lengthy process. Hence,
we still think there is an urgent need to find strong and effective medications or vaccines that can be prepared easily
and inexpensively.

Future perspective

Considering it is not possible to experimentally test all available drugs in terms of potency against the SARS-CoV-2
in a limited time, leveraging computational methods in the future can speed up this discovery. Machine intelligence
methods have revolutionized virtual screening methods for the designing and finding of efficient drugs among
massive databases of molecules. Al-based methods, despite some disadvantages, have many advantages, which can
lead to their use in a wide range of COVID-19 management aspects. Moreover, it can be applied in all areas of
coronavirus research, including virus detection in human samples, detection of the COVID-19 through analyzing
medical images, and even the detection of target molecules. For instance, Al technology can be used to scan the
viral genome for an effective target locus or target molecule. These new loci and target molecules can then be used
not only to find suitable agents among the available drugs but also to design new ones.

Executive summary

Repurposed drugs to harness SARS-CoV-2

e For controlling the COVID-19 outbreak, there is an urgent need to find new strategies such as antiviral drugs to
protect human beings against this disaster.

Antimalarial drugs

e Although a large number of antimalarial drugs are under investigation against COVID-19, there is however no
certain efficacy reported.

lvermectin

e Ivermectin appears to be effective on COVID-19 and seems to exert efficacy by suppressing the viral protease.

Artificial intelligence is a state-of-the-art technique to find new drugs

e Recently, artificial intelligence-based approaches have been increasingly used to increase time and cost-efficiency
in finding effective drugs against severe acute respiratory syndrome.

e Molecular docking has emerged as a common tool to discover powerful compounds against SARS-CoV-2.

Future perspective

e Even though studies to date have shown the paradoxical effect of anti-parasitic drugs on COVID-19, further
investigations with a large-scale population in different geographical areas seem to be necessary.
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