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Outbreak and pandemic of coronavirus SARS-CoV-2 in 2019/2020 will challenge global health for the future.
Because a vaccine against the virus will not be available in the near future, we herein try to offer a pharma-
cological strategy to combat the virus. There exists a number of candidate drugs that may inhibit infection with
and replication of SARS-CoV-2. Such drugs comprise inhibitors of TMPRSS2 serine protease and inhibitors of
angiotensin-converting enzyme 2 (ACE2). Blockade of ACE2, the host cell receptor for the S protein of SARS-
CoV-2 and inhibition of TMPRSS2, which is required for S protein priming may prevent cell entry of SARS-CoV-
2. Further, chloroquine and hydroxychloroquine, and off-label antiviral drugs, such as the nucleotide analogue
remdesivir, HIV protease inhibitors lopinavir and ritonavir, broad-spectrum antiviral drugs arbidol and favi-
piravir as well as antiviral phytochemicals available to date may limit spread of SARS-CoV-2 and morbidity and
mortality of COVID-19 pandemic.

1. Introduction

The outbreak of coronavirus SARS-CoV-2 in Wuhan, China in
December 2019, the cause of Corona Virus Disease of 2019 (COVID-19),
represents a pandemic threat to global health [1,2]. The WHO declared
COVID-19 as a pandemic on March 11th 2020. The outbreak has spread
to more than 185 countries with more than 3,200,000 confirmed cases,
more than 230,000 confirmed deaths and more than 1,000,000 total
recoveries worldwide as of May 1st 2 2020 [3]. Hundreds of millions of
lives have been affected as a result of mandatory isolations/quar-
antines. This pandemic has the potential to overwhelm national
healthcare systems, and have major consequences on global economy if
SARS-CoV-2 spread and virulence is not contained, or effective treat-
ments are not developed.Coronaviruses are grouped into alpha, beta,
gamma, and delta classes. Coronaviruses can infect both humans and
animals. The source of the beta coronavirus SARS-CoV-2 is believed to
be bats, which carry the virus with no signs of disease [4]. Beta cor-
onaviruses caused earlier outbreaks of severe acute respiratory syn-
dromes (SARS), including SARS-CoV (2002/2003 in Guangdong, China)
and Middle East Respiratory Syndrome virus MERS-CoV (2012 in Saudi
Arabia) [5]. Beta coronaviruses are pathogenic for humans and have a
single stranded RNA genome, encapsulated by a membrane envelope
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[6]. The coronavirus crown-like (“corona”) morphology is created by
transmembrane spike glycoproteins (S proteins) that form homotrimers
protruding from the viral surface [7]. The S proteins of SARS-CoV and
SARS-CoV-2 display structural homology and conserved ectodomains,
so earlier strategies employed to prevent binding of SARS-CoV to its
host cell receptor angiotensin-converting enzyme 2 (ACE2) may be
relevant, since SARS-CoV-2 also employs ACE2 for cell entry [8,9].
ACE2, an exopeptidase expressed on epithelial cells of the respiratory
tract, may constitute a pharmacological target to limit cell entry of
SARS-CoV-2. The established antimalarial drugs chloroquine and hy-
droxychloroquine have been shown to inhibit terminal phosphorylation
of ACE2 and to elevate the pH in endosomes, respectively. Chloroquine
and hydroxychloroquine constitute candidate drugs against SARS-CoV-
2 infection and COVID-19 disease, and are now investigated for their
therapeutic efficacy in international clinical trials with COVID-19 pa-
tients (i. e. SOLIDARITY Trial). The glycosylated S protein of SARS-
CoV-2 is highly immunogenic to the host immune system, and murine
polyclonal antibodies against SARS-Co-V S protein potently inhibit
SARS-CoV-2 S-mediated cell entry, indicating that cross-neutralizing
antibodies targeting conserved S epitopes can be elicited upon vacci-
nation [9]. Similar to the earlier SARS and MERS beta coronaviruses,
SARS-CoV-2 primarily infects alveolar epithelial cell of the lung,
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leading to a severe bilateral peripheral pneumonia with ground glass
opacity in CT images (COVID-19 disease), with a mortality rate of 2 %
to 5 % [10]. SARS-CoV-2 also can contribute to multiple organ failure,
affecting heart, liver, kidney, central nervous system and gastro-
intestinal tract [11]. Epidemiology thus far suggests that SARS-CoV-2 is
more contagious than SARS-CoV or MERS-CoV [12]. Multiple me-
chanisms now identified in the infective and replication processes of
SARS-CoV-2 offer targets for pharmacological interventions. Infection
of pneumocytes, macrophages and pulmonary mast cells requires viral S
protein. This invasion process which involves attachment of S protein to
the ACE2 receptor is facilitated by host cell derived serine protease
TMPRSS2 [8]. Agents that inhibit TMPRSS2, such as camostat mesilate,
may be useful in blocking viral host cell entry. After host cell entry, the
viral single-stranded positive RNA is released for replication of virus
RNA and translation of virus polyproteins that are finally cleaved into
mature effector proteins by virus proteases [13]. The S protein inter-
action with ACE2 on host cell cytoplasmic membrane initiates viral
infection. Strategies capable of disrupting S protein interaction with
ACE2 could be of significant therapeutic value, because the binding
affinity of SARS-CoV-2 S protein to ACE2 is 10 — 20-fold higher than for
the S protein of SARS-CoV which may contribute to the higher con-
tagiousness of SARS-CoV-2 as compared to SARS-CoV [12]. Although
SARS-CoV and SARS-CoV-2 have only 79 % genomic sequence simi-
larity, they share a highly conserved receptor binding domain for their
S proteins [1]. There is also potential for targeting other highly con-
served proteins associated with SARS-CoV and SARS-Co-V-2, including
RdRp and 3Clpro (also termed Mpro), which share over 95 % similarity
between the two viruses, despite only 79 % genomic sequence sharing.
RdRp is an RNA-dependent RNA polymerase required for replicating
the viral genome within the host cell. 3Clpro and Plpro are both viral
proteases which break down viral polyprotein into functional units
within host cells that are finally assembled into new viruses. The 3Clpro
sequences between the two viruses are 96 % similar, the Plpro sequence
identity is 83 %, and their active sites show a high degree of con-
servation [14]. Drugs that have recently been shown to target MERS-
CoV in mice [15], and to inhibit Ebola virus RdRp and SARS-CoV-2
proteases in humans, such as remdesivir and ritonavir/lopinavir, also
constitute candidate drugs against SARS-CoV-2 and are now in-
vestigated for their therapeutic efficacy in COVID-19 patients in 2 in-
ternational clinical trials (SOLIDARITY Trial and DisCoVeRy Trial).
Finally, certain phytochemicals and natural products with high anti-
viral activity should be considered for treatment of SARS-CoV-2 infec-
tion and COVID-19 disease.

2. Inhibitors of cell entry of SARS-CoV-2
2.1. Inhibitors of TMPRSS2 serine protease

Results from previous studies reveal that diverse viruses, including
Ebola virus, SARS-coronavirus (SARS-CoV), MERS-coronavirus (MERS-
CoV) and influenza virus employ host cell proteases for activation of
their envelope glycoproteins [16-18]. Cleavage and activation of the
spike protein (S protein) of SARS-CoV that is required for membrane
fusion and host cell entry is mediated by transmembrane protease/
serine subfamily member 2 (TMPRSS2), an airway and alveolar cell
serine protease [19-21]. Péhlmann and coworkers recently demon-
strated that SARS-CoV-2 also employs TMPRSS2 for SARS-CoV-2 S
protein priming and S protein-driven cell entry [8]. Using camostat
mesilate, a clinically proven and commercial serine protease inhibitor
that partially blocks infection by SARS-CoV and HCoV-NL63 in HeLa
cell expressing ACE2 and TMPRSS2 [22], it was shown that inhibition
of TMPRSS2 in human lung Calu-3 cells by camostat mesilate sig-
nificantly reduced infection with SARS-CoV-2 [8].

2.1.1. Camostat mesilate (Foipan™)
Camostat, (FOY-305), [N,N-dimethylcarbamoylmethyl 4-(4-
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guanidinobenzoyloxy)-phenylacetate] methanesulfate and camostat
mesilate (Foipan™), alternatively termed camostat mesylate, (NI-03),
(CAS number: 59721 —28-7), constitute synthetic serine protease in-
hibitors that were developed decades ago for the treatment of oral
squamous cell carcinoma [23,24], dystrophic epidermolysis [25], exo-
crine pancreatic enzyme inhibition [26,27], and chronic pancreatitis
[28-31]. Camostat mesilate (NI-03) is manufactured as an oral drug by
Nichi-lIko Pharmaceutical Co., Ltd., and Ono Pharmaceutical, Japan,
with a three times daily dose recommendation of 100 mg-300 mg
[30,31]. In a clinical trial investigating camostat mesilate against dys-
pepsia associated with non-alcoholic mild pancreatic disease, 95 pa-
tients received 200 mg camostat mesilate three times daily for 2 weeks
and showed only mild, but no severe adverse effects [28], indicating
that camostat mesilate is a well-tolerated drug.

2.1.2. Nafamostat mesilate (Buipel™)

Nafamostat mesilate (Buipel™), (6-amidino-2-naphthyl-4-guanidino
benzoate-dimethanesulfonate) (FUT-175), (CAS number: 81525—10-
2), is a clinical proven and synthetic serine protease inhibitor approved
in Japan for the treatment of acute pancreatitis, disseminated in-
travascular coagulation and for anticoagulation in extracorporeal cir-
culation [32-34]. In a screening approach of about 1100 drugs ap-
proved by the FDA, nafamostat mesilate has been identified to inhibit
MERS-CoV S protein-mediated viral membrane fusion with TMPRSS2-
expressing lung Calu-3 host cells by inhibiting TMPRSS2 protease ac-
tivity [35]. Since the S proteins of MERS-Cov and SARS-CoV-2 share
considerable amino acid sequence homology [1,9], nafamostat mesilate
may also inhibit cell entry of SARS-CoV-2. In cell culture experiments
with simian Vero E6 cells infected with SARS-CoV-2, nafamostat me-
silate was shown to be inhibitive against SARS-CoV-2 infection at ECsq
of 22.50 uM [36], suggesting that nafamostat mesilate is able to prevent
SARS-CoV-2 infection. In a multicenter, randomized, open-label, phase
2 trial in 19 patients with severe acute pancreatitis, nafamostat mesilate
was administered intravenously at a daily dose of 240 mg for 5 days
without severe adverse effects [34].

2.2. Inhibitors of angiotensin-converting enzyme 2 (ACE2) and
antimalarial/parasiticide drugs

SARS-CoV and related coronaviruses directly interact via their S
proteins with angiotensin-converting enzyme 2 (ACE2), a host cell
exopeptidase and metallocarboxypeptidase that catalyses the conver-
sion of angiotensin I to the nonapeptide angiotensin and the conversion
of angiotensin II to angiotensin 1-7, to initiate S protein-mediated cell
entry [37-39]. It was demonstrated recently that also SARS-CoV-2 uses
ACE2 as a receptor for S protein-driven host cell entry [8,9]. Therefore,
ACE2 constitute a molecular target to inhibit cell entry of SARS-CoV-2.
Unfortunately, ACE inhibitors as standard drugs for the treatment of
hypertension and chronic heart failure fail to inhibit ACE2 [40], but a
number of other drugs and compounds have been shown to inhibit
ACE2.

2.2.1. Chloroquine phosphate and hydroxychloroquine

Chloroquine phosphate (Resochin™) and its derivative hydroxy-
chloroquine (Quensyl™, Plaquenil™, Hydroquin™, Dolquine™,
Quinoric™) have been used for decades for the prophylaxis and treat-
ment of malaria and for the treatment of chronic Q fever and various
autoimmune diseases [41], and have recently been demonstrated as
potential broad-spectrum antiviral drugs [42,43]. Chloroquine phos-
phate inhibits terminal phosphorylation of ACE2, and hydroxy-
chloroquine elevates the pH in endosomes which are involved in virus
cell entry [44,45], both mechanisms constitute relevant antiviral me-
chanisms of chloroquine and hydroxychloroquine. In vivo, hydroxy-
chloroquine is metabolized into chloroquine. Chloroquine phosphate
has previously been shown to inhibit SARS-CoV infection and spread in
vitro [44,46], and results from very recent studies reveal that
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Table 1

Off-label drugs against SARS-CoV-2 and COVID-19 disease.

Reference

Dosage

Target

Class

Drug

[8,28]

200 mg three times daily, for 2 weeks, peroral

240 mg daily, for 5 days, peroral

TMPRSS2
TMPRSS2

ACE2

Serine protease inhibitor
Serine protease inhibitor

Antimalarial drug

Camostat mesilate (Foipan™)

[34,35,36]
[48,49]

Nafamostat mesilate (Buipel™)

250 mg daily until clinical convalescence, peroral

Chloroquine phosphate (Resochin™)

[47,49,50,51]

400 mg loading dose twice daily at day 1, 200 mg twice daily for 4 days, or 600 mg

for 6 days, or 400 mg for 5 days, peroral

Endosome, pH elevation

Antimalarial drug

Hydroxychloroquine (Quensyl™, Plaquenil™, Hydroquin™,

[36,77,82,83]
[95,96,98]
[111,112]

200 mg loading dose at day 1, 100 mg for 9—13 days, peroral or intravenous

400 mg lopinavir and 100 mg ritonavir twice daily, for 14 days, peroral

400 mg three times daily, for 9 days, peroral

RdRp

Antiviral drug

Dolquine™, Quinoric™)

Remdesivir

Viral proteases

Antiviral drug
Antiviral drug

Lopinavir/ritonavir (Kaletra™)
Umifenovir (Arbidol™)

Membrane fusion, clathrin-mediated

endocytosis
RdRp

[122]

6000 mg loading dose at day 1, 2, 400 mg for days 2—10, peroral

Antiviral drug

Favipiravir (Avigan™)

Pharmacological Research 157 (2020) 104859

chloroquine phosphate and, more effectively, hydroxychloroquine also
inhibit replication of SARS-CoV-2 in simian Vero cells [46,47]. By using
a physiologically-based pharmacokinetic model for chloroquine phos-
phate and hydroxychloroquine in human lung fluid, it was demon-
strated that the concentrations of hydroxychloroquine recommended
for treatment of SARS-CoV-2 infection comprise an oral loading dose of
400 mg twice daily at day 1, followed by an oral maintenance dose of
200 mg twice daily for 4 days [47]. These results were deduced from in
vitro data obtained from SARS-CoV-2-infected Vero cells treated with
hydroxychloroquine [47]. A recent pilot trial conducted in more than
10 hospitals in Wuhan, Jingzhou, Guangzhou, Bejing, Shanghai,
Chongqing and Ningbo, China, with more than 100 patients with
COVID-19 disease demonstrated that treatment with chloroquine
phosphate is superior to control treatment in inhibiting the exacerba-
tion of pneumonia, improving lung imaging findings, promoting la-
boratory virus-negative conversion, and shortening the course of
COVID-19 disease [48]. Chloroquine phosphate should be administered
as an oral daily dose of 250 mg until clinical convalescence [49]. Thus,
in view of these results and the urgent clinical demand regarding SARS-
CoV-2/COVID-19 pandemia, chloroquine phosphate should be re-
commended to treat COVID-19 associated pneumonia in larger popu-
lations [48]. A recent open-label non-randomized clinical trial con-
ducted in March 2020 in France with 20 COVID-19 patients treated
with daily 600 mg hydroxychloroquine for 6 days demonstrated at day
6 a negative viral load (negative nasopharyngeal PCR) in 57 % of the
hydroxychloroquine-treated patients, as compared to negative viral
load in 12.5 % of untreated COVID-19 patients (control group, n = 16)
[50]. In a randomized clinical trial conducted in February 2020 in
Wuhan, China, sixty two COVID-19 patients were randomized to re-
ceive either daily 400 mg hydroxychloroquine for 5 days (n = 31) or no
pharmacological treatment (n = 31) [51]. Improvement and absorp-
tion of pneumonia as analyzed in chest CT at day 6 was observed in
80.6 % of the hydroxychloroquine-treated patients vs. 54.8 % in the
untreated patients [51]. The results from these small studies therefore
strongly suggest that hydroxychloroquine has therapeutic efficacy in
COVID-19 disease. Thus, a considerable number of clinical trials in-
vestigating therapeutic efficacy of chloroquine phosphate and hydro-
xychloroquine in patients with SARS-CoV-2 infection and COVID-19
disease have been initiated in China, Great Britain, Spain and Thailand
[52-56].

2.2.2. Cepharanthine/selamectin/mefloquine hydrochloride

The triple combination of cepharanthine (an anti-inflammatory al-
kaloid from Stephania cepharantha Hayata), (CAS number: 48,104,902),
selamectin (an avermectin isolated from Streptomyces avermitilis and
used as an anti-helminthic and parasiticide drug in veterinary medi-
cine), (CAS number. 220119 -17-5), and mefloquine hydrochloride
(Lariam™, used for the prophylaxis and treatment of malaria) [57-59]
has recently been shown to inhibit infection of simian Vero E6 cells
with pangolin coronavirus GX_P2V/2017/Guangxi (GX_P2V), whose S
protein shares 92.2 % amino acid identity with that of SARS-CoV-2
[60]. Further, it was demonstrated that GX_P2V also uses ACE2 as the
receptor for viral cell entry [60]. Two libraries of 2406 clinically ap-
proved drugs were screened for their ability to inhibit cytopathic effects
on Vero E6 cells by GX P2V, and only the combination of cephar-
anthine, selamectin and mefloquine hydrochloride was identified as
candidate drug combination against SARS-CoV-2 infection [60].

2.2.3. Experimental inhibitors of ACE2

Shortly after the identification of the angiotensin-converting en-
zyme 2 (ACE2), a metallocarboxypeptidase that mediates various car-
diovascular and renal functions, peptide inhibitors of the enzyme were
developed by selection of constrained peptide libraries displayed on
phage [61]. The most potent inhibitor, termed DX600, with the amino
acid sequence of Ac-GDYSHCSPLRYYPWWKCTYPDPEGGG-NH, had a
K; of 2.8 nm and an ICsy of 10.1 uM [61]. Subsequent experimental
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Fig. 1. Structural formulas of candidate drugs against SARS-CoV-2 and COVID-19.

(A) camostat, (B) nafamostat, (C) chloroquine, (D) hydroxychloroquine, (E) remdesivir (F) lopinavir, (G) ritonavir, (H) umifenovir, (I) favipiravir

studies in mice and in human cell lines revealed that DX600 is a potent
ACE2 inhibitor specific for only human ACE2 [62,63]. Other small-
peptide and tripeptide inhibitors have been developed for potent and
selective inhibition of human ACE2 and inhibition of SARS-CoV cell
entry in vitro [64-66]. More recently, synthetic small-molecule in-
hibitors of human ACE2, including MLN-4760 (CAS number:
305335 —31-3) [63,67], N-(2-aminoethy])-1 aziridine-ethanamine [68]
and the TNF-a converting enzyme (TACE) small-molecule inhibitor
TAPI-2 that blocks SARS-CoV S protein-induced shedding of ACE2
[69,70] have been developed for experimental inhibition of SARS-CoV

cell entry. Moreover, the phytochemical nicotianamine (CAS number:
34441 —14-0), a metal chelator ubiquitously present in higher plants
[71], was identified in high concentrations in soybean, and was shown
as a potent inhibitor of human ACE2 with an ICs, of 84 nM [72]. Be-
cause dietary phytochemicals as naturally occurring compounds display
a wide safety profile and less pharmacological side effects [73], nico-
tianamine constitutes a candidate drug for ACE2 inhibition and thus
blockade of SARS-CoV-2 cell entry. Finally, a recent study demonstrates
that a clinical-grade soluble recombinant human ACE2 protein
(hrsACE2) inhibits attachment of SARS-CoV-2 to simian Vero-E 6 cells,
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and inhibits infection of engineered human capillary organoids and
kidney organoids by SARS-CoV-2 isolated from a nasopharyngeal
sample of a patient with confirmed COVID-19 disease [74], suggesting
that hrsACE2 can block host cell entry of SARS-CoV-2 and early stages
of SARS-CoV-2 infections.

3. Inhibitors of replication, membrane fusion and assembly of
SARS-CoV-2

3.1. Remdesivir

Remdesivir (GS-5734), (CAS number: 1809249 — 37-3), is a novel
small-molecule adenine nucleotide analogue antiviral drug that has
shown efficacy against Ebola virus in rhesus monkeys. Once-daily in-
travenous administration of 10 mg kg(-1) remdesivir for 12 days re-
sulted in profound suppression of Ebola virus replication and protected
100 % of Ebola virus-infected animals against lethal disease [75]. Re-
mdesivir displays antiviral activity against other single stranded RNA
viruses, including filoviruses, pneumoviruses, paramyxoviruses, and the
coronaviruses MERS-CoV and SARS-CoV [76-78]. Remdesivir is a
prodrug that is metabolized into its active form GS-441524, an adenine
nucleotide analogue that interferes with the activity of viral RNA-de-
pendent RNA polymerase (RdRp) and that promotes evasion of proof-
reading by viral exoribonuclease, leading to inhibition of viral RNA
synthesis [78]. Remdesivir acts early in infection, and decreases viral
RNA levels in a dose-dependent manner that parallels impairment of
viral load in vitro [78]. These and related mechanisms of action of re-
mdesivir have been demonstrated in vitro for SARS-CoV [78], Ebola
virus [79] and MERS-CoV [80]. A recent study demonstrates in cell
culture experiments with simian Vero E6 cells infected with SARS-CoV-
2 that remdesivir is inhibitive against SARS-CoV-2 infection at ECyq of
1.76 uM, a concentration achieved in vivo in nonhuman primate models
[36]. It was further shown that remdesivir efficiently inhibited SARS-
CoV-2 infection of human liver cancer Huh-7 cells, which are sensitive
to SARS-CoV-2 infection [36]. The prophylactic and therapeutic effi-
cacy of remdesivir have been shown recently in a nonhuman primate
model (rhesus monkeys) of MERS-CoV infection [81]. Prophylactic
treatment of rhesus monkeys with remdesivir initiated 24 h prior to
inoculation of MERS-CoV completely prevented virus-induced disease,
inhibited virus replication in respiratory tissues, and prevented the
occurrence of lung lesions [81]. Remdesivir treatment of rhesus mon-
keys 12 h after inoculation of MERS-CoV also provided a significant
clinical benefit, with reduction in clinical signs, reduced virus replica-
tion in respiratory tissues, and decreased occurrence and severity of
lung lesions [81]. From a randomized, controlled trial of Ebola virus
therapeutics that was conducted in response to the Ebola virus outbreak
in the Democratic Republic of Congo in August 2018, there are human
safety data available for remdesivir. In a subgroup of 175 patients
treated with remdesivir (loading dose of 200 mg on day 1, followed by a
maintenance dose of 100 mg for 9—13 days), 9 patients experienced
serious adverse events [82], indicating that remdesivir is a relatively
safe drug. A recent clinical trial with remdesivir for a compassionate use
to 53 COVID-19 patients receiving oxygen support or mechanical ven-
tilation due to an oxygen saturation of 94 % or less demonstrated that
intravenous treatment with 200 mg remdesivir at day 1, followed by
100 mg daily for 9 days, resulted in clinical improvement in 36 of the
53 patients (68 %) [83]. However, the mortality rate was 18 % among
patients receiving invasive ventilation and 5% among patients not re-
ceiving invasive ventilation [83], suggesting that remdesivir constitutes
a therapeutic option for COVID-19 patients not receiving invasive
ventilation. Based on the experimental and clinical results described
above, clinical trials with remdesivir in COVID-19 patients have been
initiated recently, in China [84,85], the USA, Republic of Korea and
Singapore [86], in the USA, Hong Kong, Republic of Korea, Singapore
and Taiwan [87,88], in the USA [89], and in France [90,91].
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3.2. Lopinavir/ritonavir (Kaletra™)

Lopinavir (ABT-378) is a highly potent inhibitor of the human im-
munodeficiency virus (HIV) protease essential for intracellular HIV
assembly that was developed in 1998 to circumvent HIV resistance
towards the protease inhibitor ritonavir (ABT-538), caused by mutation
of valine at position 82 (Val 82) in the active site of HIV protease in
response to ritonavir therapy [92]. Because the metabolism of lopinavir
is strongly inhibited by ritonavir, concomitant oral administration of
lopinavir and ritonavir exceeded the in vitro antiviral ECs, of lopinavir
by > 50-fold after 8 h in rat, dog, and monkey plasma [92]. Coadmi-
nistration of 400 mg lopinavir with 50 mg ritonavir enhanced in
healthy human volunteers the area under the concentration curve of
lopinavir in plasma by 77-fold over that observed after dosing with
lopinavir alone, and mean concentrations of lopinavir exceeded the
ECsp for > 24 h [92]. Therefore, the combination of lopinavir and ri-
tonavir (Kaletra™) has been established as an effective oral drug for the
treatment of HIV-infected individuals when used in combination with
other antiretroviral agents [93,94].An initial study in 2003 demon-
strated that lopinavir at 4 pg/mL inhibited the cytopathic effect in a
plaque reduction assay with fetal rhesus kidney-4-cells infected with
SARS-CoV (HKU-39,849 isolate) [95]. In this study, newly diagnosed
SARS patients infected with SARS-CoV were treated with the combi-
nation of lopinavir (400 mg)/ritonavir (100 mg) orally every 12 h for
14 days. At day 21, SARS patients treated with lopinavir/ritonavir had
a milder disease course in terms of diarrhea, recurrence of fever, wor-
sening of chest radiographs and reduction of viral load, compared to a
historical control group [95]. In a nonhuman primate model of common
marmosets infected with MERS-CoV, lopinavir/ritonavir-treated ani-
mals displayed an improved clinical outcome compared to untreated
animals, with improved weight loss, lung imaging and pathological
findings, and lower mean viral loads in necropsied lung and extra-
pulmonary tissues [96]. In response to these findings, an ongoing ran-
domized control trial (MIRACLE Trial) was initiated to determine the
therapeutic efficacy of lopinavir/ritonavir combined with interferon f3-
1b in patients infected with MERS-CoV [97]. In a recent randomized,
controlled, open-label trial involving 199 hospitalized adult patients in
Wuhan/China with confirmed SARS-CoV-2 infection and COVID-19
pneumonia, oral administration of twice daily 400 mg lopinavir and
100 mg ritonavir for 14 days revealed rather disappointing results,
compared to the control group (100 patients) receiving standard-care
treatment [98]. Treatment with lopinavir/ritonavir was not associated
with a difference from standard care in the time to clinical improve-
ment, and mortality at 28 days was similar in the lopinavir/ritonavir
group and the standard-care group [98]. Moreover, treatment with
lopinavir/ritonavir treatment did not reduce viral RNA loads or dura-
tion of viral RNA detectability as compared with standard supportive
care. SARS-CoV-2 RNA was still detected in 40.7 % of the patients in the
lopinavir/ritonavir group at the end of the trial at day 28 [98]. How-
ever, the numbers of lopinavir/ritonavir recipients who had serious
complications (acute kidney injury and secondary infections) or re-
quiring noninvasive or invasive mechanical ventilation for respiratory
failure were fewer than in those not receiving lopinavir/ritonavir
treatment [98]. These results and observations require additional stu-
dies to determine whether treatment with lopinavir/ritonavir given at a
certain disease stage can reduce some complications in COVID-19 pa-
tients [98]. Finally, clinical trials with lopinavir/ritonavir in COVID-19
patients have been initiated recently in China [99-102], Hong Kong
[103], Republic of Korea [104], and in Europe (DisCoVeRy Trial), in-
vestigating remdesivir, lopinavir/ritonavir, and lopinavir/ritonavir plus
interferon f-1a [91].

3.3. Umifenovir (Arbidol™)

Umifenovir (Arbidol™), (ethyl-6-bromo-4-[(dimethylamino)me-
thyl]-5-hydroxy-1-methyl-2 [(phenylthio)methyl]-indole-3-carboxylate
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hydrochloride monohydrate), (CAS number: 131707 — 25-0), is a small
indole-derivate molecule manufactured by JSC Pharmstandard, Russia
[105]. Umifenovir prevents viral host cell entry by inhibition of
membrane fusion of viral envelope and host cell cytoplasmic membrane
via inhibition of clathrin-mediated endocytosis, thereby preventing
virus infection [106-108]. Umifnovir is licensed in Russia and China for
oral prophylaxis and treatment of infections with influenza A and B
viruses and other respiratory viruses [105], and has been demonstrated
to inhibit in vitro infection with globally prevalent pathogenic viruses,
including hepatitis C virus, hepatitis B virus, Ebola virus, Lassa virus,
human herpesvirus 8, poliovirus, and vesicular stomatitis virus
[109,110], ultimately defining umifenovir as a broad-spectrum anti-
viral drug. In a clinical pilot trial conducted in January 2020 in Wuhan,
China, 36 patients with COVID-19 disease received 400 mg umifenovir
three times a day for 9 days; 31 untreated COVID-19 patients served as
a control group [111]. In this trial, treatment with umifenovir showed a
tendency to reduce viral load determined by RT-PCR, and decreased
mortality (0 % vs. 16 %), as compared to the control group [111]. In a
single-center, retrospective cohort study conducted in February 2020 in
Guangdong, China, 16 patients with COVID-19 disease received orally
200 mg umifenovir every 8 h plus lopinavir (400 mg)/ritonavir (100
mg) every 12 h for 5-21 days; seventeen COVID-19 patients received
lopinavir (400 mg)/ritonavir (100 mg) every 12 h and served as a
control group [112]. After 14 days of treatment, detection of
SARS—COV-2 by RT-PCR was negative in 94 % of the umifenovir-
treated patients vs. 53 % in the control group, and the chest computed
tomography scans were improving for 69 % of the umifenovir-treated
patients vs. 29 % in the control group [112]. In view of these promising
clinical results, clinical trials with umifenovir alone or in combination
with lopinavir/ritonavir, chloroquine phosphate or carrimycin have
been recently initiated in China [113-116].

3.4. Favipiravir (Avigan™)

Favipiravir = (Avigan™), (T-705), (6-fluoro-3-hydroxy-2-pyr-
azinecarboxamide), (CAS number: 259793 —-96-9), is an oral pyr-
azinecarboxamide derivative and guanine analogue developed by
Toyama Chemical, Japan that selectively and potently inhibits the RNA-
dependent RNA polymerase (RdRp) of RNA viruses and induces lethal
RNA transversion mutations, thereby producing a nonviable virus
phenotype [117-119]. Favipiravir inhibits replication of a large
number of RNA viruses, including influenza A virus, flavi-, alpha-, filo-,
bunya-, arena- and noroviruses as well as West Nile virus, yellow fever
virus, foot-and-mouth-disease virus, Ebola virus and Lassa virus
[120,121]. In a historically controlled, single-arm proof-of-concept trial
conducted in response to the Ebola virus outbreak in September 2014 in
Guinea, ninety nine adults with confirmed positive semi-quantitative
Ebola virus RT-PCR (results expressed in “cycle threshold” [Ct]) were
treated with 6000 mg favipiravir at day 1, followed by 2400 mg favi-
piravir at days 2—10 [122]. Patients were randomized by their Ct 20-
value, and Ct 20 was adjusted to a RNA viral load of 7.7 logl0 viral
genome copies/mL. Mortality at day 14 of patients in the Ct = 20-
group (n = 55) was 20 %, whereas mortality in the CT < 20-group (n
= 44) was 91 % [122], suggesting that favipiravir is active in Ebola
patients with high viral load. In response to this trial in Ebola patients,
clinical trials with favipiravir combined with a monoclonal antibody
against the human interleukin-6 receptor, tocilizumab [123] or favi-
piravir in combination with chloroquine phosphate and the viral
neuramidase inhibitor oseltamivir [124] have been initiated recently in
China.

3.5. Inhibitors of SARS-CoV-2 3Clpro protease
3Clpro (also termed Mpro) constitutes the main protease of beta

coronaviruses that is essential for processing of polyproteins translated
from the viral RNA [125]. Recently, the X-ray structures of the
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unligated SARS-CoV-2 3Clpro and its complex with a-ketoamides de-
signed as specific inhibitors of 3Clpro were reported [126]. Two pyr-
idine-containing a-ketoamides, designated 13a and 13b, displayed fa-
vorable pharmacokinetic properties in mice and were detected at
sufficient concentrations in lung tissue and broncheo-alveolar lavage
fluid within 4 hours-24 hours after subcutaneous administration, de-
monstrating lung tropism of the compounds [126]. Besides sub-
cutaneous administration, inhalation of nebulized 13b by mice resulted
in high and long-lasting (24 h) concentrations in lung tissue, without
any adverse effects [126], pointing out a role of pyridine-containing a-
ketoamides in COVID-19 therapy. In a recent study that employed
combined structure-assisted drug design, virtual drug screening and
high-throughput screening, a mechanism-based inhibitor of 3Clpro,
termed N3, was identified by computer-aided drug design [127]. N3, a
Michael acceptor inhibitor that can inhibit the 3Clpros of SARS-CoV
and MERS-CoV, was shown to form a covalent bond with and to be an
irreversible inhibitor of SARS-CoV-2 3Clpro [127]. Further, in a high-
throughput screening approach for identifying inhibitors of SARS-CoV-
2 3Clpro, ebselen, an organoselenium compound with anti- in-
flammatory, anti-oxidant and cytoprotective properties, was identified
[127]. In a plaque-reduction assay with simian Vero cells infected with
SARS-CoV-2, N3 and ebselen displayed antiviral and cell protection
efficacy at ECs values of 16.77 uM and 4.67 uM, respectively [127],
ultimately demonstrating their antiviral potential against SARS-CoV-2.

4. Phytochemicals and natural products targeting coronaviruses

Natural products can inhibit various steps in viral infection and
replication, and many of them have broad-spectrum antiviral effects,
the mechanisms of which have not been fully characterized. They also
can function as immunomodulators, suppressing inflammatory reaction
responsible for the major morbidity and mortality of SARS-CoV-2 in-
fection. Phytochemicals, especially flavonoids, which are widely dis-
tributed in food plants and botanicals, have been shown to interfere
with NLRP3 inflammasome signaling [128]. The respiratory distress
syndrome associated with SARS coronaviruses develops in part due to
viral activation of the NLRP3 inflammasome within activated macro-
phages and T helper-1 lymphocytes, which causes increased production
of inflammatory cytokines [129]. Several flavonoids that interfere with
activation of the NLRP3 inflammasome may modulate inflammatory
response to SARS beta coronaviruses: luteolin [130], myricetin [131],
apigenin [132], quercetin [133] kaempferol [134], baicalin [135], and
wogonoside [136]. These flavonoids have been shown to be active
against a wide variety of viruses, via multiple mechanisms [137,138],
and are available as nutraceutical supplements at a daily dose ranging
from 100 mg to 500 mg. Emodin (6-methyl-1,3,8-trihydroxyan-
thraquinone) (CAS number: 518 —82-1) is an anthraquinone compound
found in various Chinese herbs and is also produced by many species of
fungi, including members of the genera Aspergillus, Pyrenochaeta, and
Pestalotiopsis. Emodin has been shown to inhibit the interaction of
SARS-CoV S protein with its receptor ACE2 in a dose-dependent manner
[139]. Resveratrol (trans-3,5,4’-trihydroxystilbene) (CAS number:
501 —36-0) is a stilbenoid and a natural polyphenol that is found in
high concentrations in the skins of red wine grapes (Vitis vinifera), in red
wine and in sprouted peanuts (Arachis hypogaea). Resveratrol has been
demonstrated in vitro to inhibit MERS-CoV infection and to prolong
cellular survival after virus infection. Further, expression of MERS-CoV
nucleocapsid protein essential for virus replication as well as MERS-
CoV-induced host cell apoptosis are inhibited by resveratrol [140],
suggesting that resveratrol may also be effective against SARS-CoV-2
infection.

5. Discussion and conclusion

The emergence of the novel beta coronavirus SARS-CoV-2 from
Wuhan, Hubei province, China in December 2019 rapidly led to a



D.L. McKee, et al.

pandemic involving more than 3,200,000 infected persons and more
than 230,000 deaths in 185 countries as of May 1st 2020. SARS-CoV-2
infection can cause a severe bilateral pneumonia that may progress to
multi-organ failure and death (COVID-19 disease), with a mortality rate
of 2 % to 5 % [10], though this may be inflated, due to inadequate
knowledge of the true number of cases, from countries which only test
individuals with strong symptoms. Many cases appear to be mild or
even asymptomatic, so the true number of cases remains unknown.
Since no vaccine will be available for large populations until the end of
2020, it is mandatory to identify approved off-label and experimental
drugs against SARS-CoV-2 infection and COVID-19 disease. Such drugs
may constitute inhibitors of TMPRSS2 and ACE2, established anti-
malarial drugs, antiviral drugs inhibiting viral RdRp, proteases and
virus/host cell membrane fusion as well as phytochemicals with anti-
viral activity, as reviewed herein. Besides preventive strategies against
SARS-CoV-2 infection practiced in many countries, such as quarantine
of confirmed infected individuals, contact tracing by smartphone,
protection of individuals at high risk of infection, nationwide limited
curfew, and the urgent development and rapid provision of a vaccine,
the WHO and the European Union recently and urgently initiated
clinical trials to test remdesivir, chloroquine and hydroxychloroquine,
lopinavir/ritonavir, and lopinavir/ritonavir plus interferon B-la in
COVID-19 patients worldwide in the SOLIDARITY Trial [141] and in
the DisCoVeRy Trial [91]. Based on the experiences with infections by
other viruses, such as HIV and influenza virus, post-exposure prophy-
laxis with candidate drugs against SARS-CoV-2 infection may be ef-
fective in preventing disease after potential exposure to the virus or
positive test results, and in reducing the risk of secondary virus spread
and COVID-19 disease. Candidate drugs for post-exposure prophylaxis
of SARS-CoV-2 infection could be clinically proven drugs such as ca-
mostat mesilate which prevents virus host cell entry by inhibiting
TMPRSS2 [8], and chloroquine phosphate which inhibits terminal
phosphorylation of ACE2, or hydroxychloroquine which is metabolized
in vivo to chloroquine [44]. For the treatment of ordinary and severe
COVID-19 pneumonia, and to lower the mortality rate of COVID-19
disease, the antiviral drugs remdesivir, favipiravir, umifenovir, and
lopinavir/ritonavir plus interferon (3-la should be administered, in
particular after the consideration of (preliminary) results from the re-
cent ongoing clinical trials SOLIDARITY and DisCoVeRy [141,91] that
can be expected soon. Moreover, administration of the antiviral can-
didate drugs shortly after symptom onset may reduce infectiousness to
other individuals by diminishing viral shedding in the respiratory se-
cretions of SARS-CoV-2 infected patients that usually peaks at 5-6 days
after symptom onset and lasts up to 14 days [142] (albeit shorter time
courses of nasopharyngeal viral shedding, peak: day 4, end: day 7, have
been reported in mild cases of COVID-19 [143]), and prophylactic
treatment of contacts could reduce their risk of becoming infected.
Further, due to their wide safety profile, less pharmacological side ef-
fects and easy availability, phytochemicals, such as flavonoids, emodin
and resveratrol with postulated therapeutic efficacy against SARS-CoV-
2 infection and COVID-19 disease may be used by large populations for
pre- and post-exposure prophylaxis of SARS-CoV-2 infection and in
COVID-19 disease. Interestingly, a broad-spectrum antiviral drug, the
ribonucleoside analogue [(-p-N4-hydroxycytidine (NHC, EIDD-1931),
with antiviral activity against SARS-CoV and MERS-CoV in mice and
against SARS-CoV-2 in primary human airway epithelial cells has been
recently developed for the treatment of newly emerging coronavirus
infections of the future [144].Finally, in the urgent case of the accel-
erating COVID-19 pandemic, implementation of pharmacological anti-
viral prophylaxis and treatment of large populations has several re-
quirements regarding high efficacy, drug safety, high availability, and
economy.
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