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Preface

Public health and world economy have always been put to challenges by the emer-
gence of various pathogen outbreaks, including viral infections. Coronavirus disease
2019 (COVID-19), as the most recent infection, which originated from severe acute
respiratory syndrome Coronavirus 2 (SARS-CoV-2) is affecting numerous people
in many countries. Ever since its initial discovery in late 2019, there has been
a monumental increase in morbidity and mortality rate around the world. It has
caused various disorders and complications, propelling scientists and pharmaceutical
companies to develop practical vaccines and employ the drug repurposing approach
to inhibit the disaster. Thus far, since there was no well-known treatment to cure
COVID-19 patients, another challenge has also raised to rapidly and accurately detect
the virus, to provide efficient isolation of those who are infected as a highly critical
emergency.

“CoViD-19: Science to Social Impact”, as the name implies, takes a comprehen-
sive look at the different aspects of the science involved in the field of the emerging
global crisis. It consists of seven chapters written by professional scholars in each
field and will introduce and cover the state-of-the-art achievements on the subject
worldwide.

In Chap. 1, a brief introduction is provided on the history of the virus and the
various pathogenesis stages of the SARS-CoV-2 infection, taking the necessary
biology of the virus into account. The ongoing clinical trials as well as their pertaining
phase of approval are discussed in the Chap. 2, in detail, considering the potent thera-
peutics and medications with respect to their target, as to be the pathogenesis involved
with both the direct harm inflicted by the virus and the excessive inflammatory and
immune response from the host.

Further details on the structure of the virus and its various structural, nonstructural
and accessory proteins are presented in Chap. 3 of the book. On account of the
decisive roles of the proteases in polyprotein processing and viral replication, the
main protease enzyme and its inhibitors are discussed more extensively in Chap. 4.
Vaccinating against the coronavirus disease, as the most promising perspective to
control the global crisis, is available through various scientific strategies which are
introduced and discussed in Chap. 5 of this book.
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As mentioned earlier, along with all the approaches taken to cure the emerging
viral infection, the need for early, accurate, low-cost and simple diagnosis of COVID-
19 is still a very important challenge to face. Therefore, Chaps. 6 and 7 extensively
introduce common and novel strategies for identifying and monitoring the disease,
as a necessity of isolating infected patients at an appropriate time, so as to break the
viral transmission chain effectively.

In the last three chapters, the influence of the outbreak is studied from the social
point of view. The effects and consequences of the pandemic on the development
of some countries are investigated in Chap. 8. When the ninth chapter looks at the
international relations, as they are affected by the world’s pandemic crisis, Chap. 10
studies the influence of the emerging situation on Iran’s diplomacy.

The editors of the book are very much grateful to all the scholars who have
contributed scientifically and technologically in the war against the emerging world-
wide crisis of COVID-19, with special thanks to the young scientists who have
invested their knowledge and time to gather the presented manuscript most accurately,
addressing the state-of-the-art achievements in the field.

Tehran, Iran Moones Rahmandoust
Seyed-Omid Ranaei-Siadat
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Chapter 1 ®
Introduction to the Virus and Its Geda
Infection Stages

Hossein Abolhassani, Ghazal Bashiri, Mahdi Montazeri,
Hasan Kouchakzadeh, Seyed Abbas Shojaosadati,
and Seyed Ehsan Ranaei Siadat

1.1 Introduction

The public health and world economy have always been put to challenges by the
emergence of a pathogen outbreak. Viral infection has been considered one of the
major causes of morbidity and death in the world [1, 2]. Since the beginning of
this century, three zoonotic outbreaks caused by coronaviruses (CoVs) have arisen.
The diversity of CoVs originates from their capacity for mutation and recombi-
nation during replication [3, 4]. In 2003, the first identified severe disease caused
by the severe acute respiratory syndrome coronavirus 1 (SARS-CoV-1) in China,
infected 8422 people mostly in China and Hong Kong, and caused 916 deaths (with
a mortality rate of approximately 11%) before being restrained. Almost a decade
later, the second outbreak of severe infection arose in 2012 in Saudi Arabia with
Middle East respiratory syndrome coronavirus (MERS-CoV), which affected 2494
people and caused 858 deaths (with a mortality rate of approximately 34%) [5, 6].
The third outbreak of severe infection caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) was first documented in December 2019 in Wuhan
city, China [7]. SARS-CoV-2, a novel class of the Coronaviridae family closely
related to SARS coronavirus 1 (SARS-CoV-1) (with approximately 80% sequence
identity), causes many different disorders in patients and can generate complications
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like acute respiratory distress syndrome (ARDS) as well as acute lung injury (ALI)
or myocarditis, in some cases leading to death [8-10].

From a phylogenetic perspective, analyzed with the available full genome
sequences and by the comparison with other members of the CoVs family, bats
are more likely to be the reservoirs of SARS-CoV-2; nevertheless, the identity of
the intermediate host(s) has yet been mysterious considering the fact that direct
transmission from bats is implausible [6, 11].

Coronavirus disease 2019 (COVID-19) caused by SARS-CoV-2, with a higher
outbreak than SARS-CoV-1, was distinguished as a pandemic by the World Health
Organization (WHO) on March 11, 2020, while the epidemic has been incessantly
growing and affecting roughly every country by high human-to-human transmission
around the world [12, 13]. Up to date (January 3, 2021), 83,326,479 confirmed cases
with the number of 1,831,703 deaths are recorded worldwide during the time that the
numbers are constantly increasing [14]. The symptoms of COVID-19 are nonspe-
cific, and the infection is mainly characterized by influenza-like symptoms including
cough, fever, fatigue, dyspnea, and other symptoms such as headache, hemoptysis,
and diarrhea in a few patients manifesting after few days (within 14 days) while
fever is the most prevalent symptom [6, 15]. However, the severe cases are involved
with pneumonia, ARDS, acute heart, liver, and gastrointestinal injury, renal failure,
immune failure, compromised coagulation, and even death with approximately 2%—
3% mortality [16—18]. Pneumonia and Lymphopenia often occur in severe patients
during the second or third week of symptomatic COVID-19 infection [16].

The widespread disaster caused by COVID-19 besides the lack of pragmatic
solutions and with no signs of abating have created an urgent, unfulfilled demand for
successful therapies, and propelled the scientists, researchers, and pharmaceutical
companies to respond to this situation by developing practical vaccines and antivi-
rals to combat the disease [19, 20]. The countries most affected by the pandemic
have attempted various treatment strategies to fight the disease including employing
the existing antivirals and immunomodulatory drugs, convalescent plasma, different
modes of oxygen therapy, or mechanical ventilation [16, 21]. Most patients have
received multiple potential remedies and therapeutics, as employed so far, based
on the experience in facing with SARS-CoV-1, MERS-CoV, human immunodefi-
ciency virus (HIV), influenza, hepatitis B virus (HBV), and hepatitis C virus (HCV)
[22]; yet, there are no specific available drugs against COVID-19. However, in order
to manage the pandemic, patient isolation at early stages, social distancing, self-
quarantine, hand hygiene, wearing face masks, and provision of supportive medical
care alongside some restrictions have been proposed [23, 24].

It is believed that new drug discovery is a time-consuming, costly, and arduous
scientific process [25, 26]. A more effective attitude toward COVID-19 therapy could
be the drug repurposing approach and employing existing drug databases. Drug
repurposing is a process in which new applications of approved or investigational
drugs are discovered. Hence, exploring the existing antivirals and other drugs against
the emerging health problem is a more feasible strategy [26, 27]. Meanwhile, many
in-progress studies seeking potential novel and repurposed drugs and vaccines are
currently under development and in clinical testing phases [19, 28-30].
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In a sequential structure, by taking voluminously the biology and pathophysiology
of different CoVs and particularly the structure of SARS-CoV-2 into account, in this
chapter, we aim to comprehensively describe the potential treatment mechanisms for
COVID-19 and highlight the therapeutic interventions, medications, biological, and
natural products that may have a promising role in suppressing COVID-19 based on
current evidence.

1.2 Coronaviruses History and SARS-CoV-2 Biology

The CoVs family are a class of enveloped single-stranded positive-sense RNA
(+ssRNA) viruses that belongs to the order Nidovirales, suborder Coronavirineae,
family Coronaviridae, and Subfamily Orthocoronavirinae. The morphology of CoVs
appears round or oval with an average diameter of 60-140 nm [6, 11, 31]. The
Subfamily Orthocoronavirinae comprises four genera of Aalphacoronavirus, Beta-
coronavirus, Gammacoronavirus, and Deltacoronavirus (a—/p—/y—/8-CoV) [11].
The different CoVs affect diverse host range. The a- and B-CoVs are only able to
infect mammals while gamma and delta species have a wider host range consisting
of avian species [32, 33].

So far, seven CoVs have been identified as human-CoVs (HCoVs) capable of
infecting humans (HCoV-229E, HCoV-NL63, HCoV-OC43, HCoV-HKU1, SARS-
CoV-1, MERS-CoV, and SARS-CoV-2), while three of them (SARS-CoV-1, MERS-
CoV, and SARS-CoV-2) induce severe diseases in individuals [11, 13, 34]. Prior to
the outbreak of SARS-CoV-1, only HCoV-OC43 and HCoV-229E were recognized
(in the 1960s). However, after the emergence of SARS-CoV-1 in 2003, two common
HCoVs (HCoV-NL63 in 2004 and HCoV-HKU1 in 2005) were known with low
pathogenicity, and they generally cause mild upper respiratory tract infections asso-
ciated with symptoms similar to a common cold in humans with immunodeficiency
[1, 35] (Table 1.1).

The SARS-CoV-2 is an enveloped RNA of 3-CoV genera that belongs to the bat-
derived Coronaviridae family and shares approximately 50% similarity with MERS-
CoV and about 80% genomic homology with SARS-CoV-1. Hence, SARS-CoV-2
and SARS-CoV-1 could be considered of the same species with a high virological
resemblance [10, 36]. The SARS-CoV-2 as a majorly airborne infected pathogen
transmit through close contact and droplets with a fatality rate of approximately 2—
3% which is lower than SARS-CoV-1 (fatality rate of 10%) and MERS-CoV (fatality
rate of 35%). Nonetheless, SARS-CoV-2 is considerably more epizootic that brings
its epidemiological dynamics [31, 37].

SARS-CoV-2 has a +ssRNA with a genome size of 29.9 kilobases (kb) [13].
CoVs genome is considered as one of the largest RNA viral genomes with a size
ranging from 27 to 32 kb. SARS-CoV-2 genome is bounded by 5'-caps and 3'-
poly-adenine tails (poly(A) tail) and contains multiple large open reading frames
(ORFs) that encode structural, nonstructural, and a variety of accessory proteins
of the virus (Fig. 1.1) [10, 11, 31]. Regular CoVs entail at least six ORFs in their



4 H. Abolhassani et al.

S2  Spike (S) protein

Membrane (M) protein

Envelope (E) protein

% Hemagglutinin Esterase (HE)
(@)

Nucleocapsid (N) protein

S'UTR 3'UTR
. gy e B |
o Ta 8
rAr

.,/ ./ v

LA A F ST
NspS 3CLpro) || .-’ 7, z f F s
Pl 4

\splz(kdltp}-x 7 .f".f.
I\cp!‘i(lkhmw]h / f

Nspl6 (Ribose 2°-0- mcth_\ltransfcrasc).

v

G’otenthl viral enzymes used as antiviral targela

Fig. 1.1 Schematic structure of SARS-CoV-2 with its RNA genome

genome [38]. At the 5" end, the RNA genome represents two large ORFs (ORFla
and ORF1b) that entail two-thirds of the whole genome flanked by 5’ and 3" untrans-
lated regions (UTRs). ORF1a and ORF1b are responsible for encoding 15-16 non-
structural proteins (NSPs). On the other hand, the structural and accessory proteins
are encoded by the ORFs transcribed from the 3’ one-third of the RNA genome;
a nested set of subgenomic mRNAs (sgmRNAs) [35, 38, 39]. Studies have indi-
cated that there is a conserved gene order of 5'UTR-replicase-S-E-M-N-3'UTR in
all members of the CoVs family [31, 40].
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1.3 Structural Proteins

The 3’ one-third of the CoVs genome has a ranging from 270 to 500 nucleotides and is
followed by a poly(A) tail. It consists of several ORFs that can encode four structural
proteins, including spike (S), envelope (E), membrane (M), and nucleocapsid (N)
proteins crucial for viral infusion and replication, non-structural proteins, and hemag-
glutinin esterase (HE) for some 3-CoVs [35, 40]. The schematic of SARS-CoV-2
virion with its structural proteins is represented in Fig. 1.1.

1.3.1 Spike (S) Protein

The S protein with a crown-like appearance is a homotrimeric glycosylated trans-
membrane protein that is the most outward envelope of the CoVs. The S protein
has critical roles in the infection process [31, 41]. It facilitates the attachment of
the virus to the host cell receptors (i.e., angiotensin-converting enzyme 2), induces
fusion between viral and host cell membranes, and adjusts the CoVs tropism. Thus,
S protein is the main target of the neutralizing antibodies [11, 42]. The S protein is
able to be divided into two functional subunits of the S1 and S2 [41]. The S1 subunit
has been reported to be involved in the virus attaching to the host cell and serves as
the receptor-binding domain (RBD) [43]. The S2 subunit is composed of a fusion
peptide (FP) and two heptad repeat regions (HR1, HR2) which have decisive roles
in stimulating virus—cell fusion [44].

1.3.2 Envelope (E) Protein

The E protein is the smallest structural protein consisting of 76—109 amino acids
which has a molecular weight of 8.4—12 kDa [31, 45]. The E protein is an integral
membrane protein with no charge that plays significant functions in ion channel
activity, the host cell stress response inhibition, envelope formation, implication in
pathogenesis, and virion trafficking [11, 40]. The E protein structure comprises a
free charged transmembrane domain (TMD) surrounded by a negatively charged
amino-terminal (N-terminal) and a variable charged carboxyl-terminal (C-terminal)
[40, 46, 47].

The TMD amino acid sequence of E protein is composed of 25 amino acid residues
[48, 49] mostly including non-polar leucine and valine amino acids which bring a
strong hydrophobicity to the protein. The hydrophobic region consists of at least one
a-helix associated with the formation of membrane ion conductive pore (viropurine)
[50, 51]. The N-terminal of E protein is a short hydrophobic domain located at the
outside of the virion membrane and contains 7—12 amino acid residues [46]. The E
protein has a long hydrophilic C-terminal placed inside the virion and is embodied by
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conserved cysteine and proline residues [46]. The conserved cysteine residue in the
C-terminal is a target site for palmitoylation. The conserved proline residue, besides,
is located in the center of a $-coil-B motif in B- and y-CoVs and acts as a signal for
the transfer of protein to the Golgi apparatus [48, 52].

1.3.3 Membrane (M) Protein

The M glycoprotein has been identified as the most abundant structural protein in
CoVs [31, 53] that plays an important role in the virion assembly and envelope
formation [11]. Structurally, this protein contains 217-230 amino acids and has
three TMDs surrounded by a long intravirion C-terminal and a short extravirion
glycosylated N-terminal [54]. The CoVs M protein is known as the major regulator
of the virion assembly by interacting with other structural proteins (Table 1.2) [55,
56].

1.3.4 Nucleocapsid (N) Protein

The N phosphoprotein with 422 amino acids has a molecular weight of 43—-46 kDa
[31, 57]. The N protein has multiple tasks and is associated with both the virion
and the host cell. The main function of this protein is to form the ribonucleopro-
tein (RNP) in the ribonucleocapsid known as the packaging mechanism of CoVs by
binding to the viral RNA [11, 58]. This protein also contributes to the virus assembly,
translation, replication, and transcription. In the host cells, N protein is able to stim-
ulate deregulation of the cell cycle [59-61], restrict the interferon production [62],
up-regulate the cyclooxygenase-2 (COX2) expression and the AP1 activity [59, 63],
and induce apoptotic cell death by serum-deprived cells [64].

Structurally, N protein consists of three highly conserved domains of NTD, CTD,
and linker region (LKR) that binds to the RNA of the CoV [65, 66]. NTD has
substantial roles in the synthesis of subgenomic RNA and other processes neces-
sary for RNA remodeling [67]. LKR has a serine/arginine-rich (SR) motif including
several phosphorylation sites which are involved in N protein interactions with M
protein, heterogeneous nuclear RNPA1 (hnRNP-A1), and RNA with high binding
affinity [66, 67]. CTD, also called the dimerization domain, has residues responsible
for self-association to form homodimers. It, also, assists the formation of homo-
oligomers through a domain-swapping mechanism [67]. A summary list of structural
proteins and their functions is presented in Table 1.3.
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Table 1.2 Interactions of M protein with other structural proteins of SARS-CoV [55, 56]

Type of interaction | Function

M-M Viral envelope formation

M-S Retention of the S protein in the endoplasmic reticulum—Golgi intermediate
compartment (ERGIC) and its incorporation into new virions

M-N Providing stability for the N proteins

M-E Viral envelope production and release of virus-like particles (VLPs)

1.4 Nonstructural or Functional Proteins

Two large overlapping ORFla and ORF1b are located at the 5UTR CoV genome
while there is a frameshift between ORF1a and ORF1b which encodes two polypep-
tides of ppla and pplab. The polypeptides are processed by viral proteases into 16
NSPs; among them, nspl-nspl1 are encoded in ORF1a, and nsp12-16 are encoded
in ORF1b [68, 69]. The NSPs have a fundamental role in CoVs replication [35].
In fact, these proteins have a wide variety of enzymatic functions including viral
papain-like protease (PLpro), 3-chymotrypsin-like protease (3CLpro) also known
as the main protease, RNA-dependent RNA polymerase (RdRp), and helicase that
participate in the viral RNA replication, transcription, and translation [35]. Accord-
ingly, the medications that suppress COVID-19 functional enzymes could inhibit the
replication and assembly of new viral RNAs [70].

1.5 Accessory Proteins

Accessory genes distributed among structural genes (S, E, M, N) vary in number
and sequence, and encode various accessory proteins in different types of CoVs [71,
72]. Most of the accessory proteins are not essential for virus replication. On the
other hand, they associate with the virus—host interactions and viral pathogenesis.
Moreover, some of these proteins can modulate the interferon signaling pathways
and the production of pro-inflammatory cytokines in the human body [72, 73]. Yet,
the molecular functions of many accessory proteins are to be discovered [31, 74].
The major accessory gene sequence of SARS-CoV-2 is similar to SARS-CoV-1,
while the exact genome sequence of SARS-CoV-2 is still unclear. The accessory
protein 10 has been hypothesized as unique to SARS-CoV-2 [75]. The accessory
gene sequence of different HCoVs are listed in Table 1.1 [31], and the SARS-CoV-2
accessory proteins and their proposed functions are presented in Table 1.3.
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Table 1.3 Structural, nonstructural, and accessory proteins of SARS-CoV-2 with their proposed

functions

Viral protein | Function

Structural proteins

S S1: Receptor recognition
S2: Membrane fusion and anchoring the S protein into the viral membrane
E Virion assembly, budding, envelope formation, and pathogenesis
M Virion assembly and envelope formation
N Packaging the viral genome into a ribonucleoprotein (RNP)

Nonstructural proteins

Nspl Targeting the host cell translation machinery, host mRNA degradation, translation
inhibition

Nsp2 Unknown

Nsp3 Papain-like protease (PLpro)

Nsp4 Double-membrane vesicle (DMV) formation

Nsp5 3-chymotrypsin-like protease (3CLpro)

Nsp6 DMV formation

Nsp7 RNA-dependent RNA polymerase (RdRp) cofactor

Nsp8 RdRp cofactor, primase

Nsp9 Binding of single-stranded RNA

Nspl0 nspl4 and nsp16 cofactor

Nspll Unknown

Nspl2 RdRp, nucleotidyltransferase

Nspl3 Helicase, RNAS' triphosphatase

Nspl4 3’ to 5’ exoribonuclease, proofreading, RNA cap formation, guanosineN7
methyltransferase

Nspl5 Endoribonuclease, evasion of immune response

Nspl6 RNA cap formation, ribose 2'-O-methyltransferase

Accessory proteins

3a Facilitation of virion assembly and evading the host immune system, participation
in the ion channel

6 B-interferon antagonist, cellular DNA synthesis stimulation

Ta Facilitation of virion assembly, inducing inflammatory responses

7b Attenuation activity

8 Interfering with the host immune response (feasible)

10

Unknown functions
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1.6 Stages of Infection and Potential Treatment
Mechanisms

Principally, the pathogenicity steps of COVID-19 can be divided into the four domi-
nant following stages including the viral entry by binding the S protein of the virus to
angiotensin-converting enzyme 2 (ACE2) receptor of the host cell, fusion of the viral
and host cell membranes, viral RNA injection into the host cell cytoplasm, and viral
RNA replication and the releases of newly generated SARS-CoV-2 viral particles
[68]. Each of the steps in the disease progression introduces an opportunity for a
potential treatment to prevent COVID-19 while disrupting the normal SARS-CoV-2
life cycle (Fig. 1.2) [19, 71].

1.6.1 Inhibiting Viral Entry and Fusion

Binding the S1 subunit of SARS-CoV-2 to surface cellular receptors (ACE2) is
the first step of the SARS-CoV-2 life cycle and its infection. This binding causes the
viral entry followed by fusion between viral and host cell membranes [76]. Following
the receptor binding, there are two main pathways for viral fusion which the virus
employs depending on the type of host cell and access to the membrane proteases:

(1) plasma membrane fusion also termed early pathway is exploited by the most
CoVs to fuse into the host cell plasma membrane in the presence of membrane
proteases such as transmembrane protease, serine 2 (TMPRSS2) [31, 77].

(2) pH-dependent endocytosis pathway is used by CoVs in the absence of
plasma membrane proteases to enter their target cells employing clathrin- and
non-clathrin-mediated endocytosis pathways. The endosomal pH decreases
following the entry of the virus into the host cell. The increasing acidity can
trigger endosomal proteases cathepsin L leading to the S2-dependent lysosomal
membrane fusion [31, 78].

1.6.1.1 Targeting S Protein

The functional subunits of SARS-CoV-2 S protein (S1, S2) are made up of different
domains [41]. The S1 subunit (amino acids 12-680) consists of NTD and CTD. RBD
in the SARS-CoV-2 is located at the S1-CTD and has a critical role in attachment to
the host cell, while SI-NTD has an important role in binding sugar receptor molecule
[35, 42]. Thus, the S1 subunit is an essential target for monoclonal neutralizing
antibodies (such as m396, CR3014) and vaccine design [4, 79]. The S2 subunit
consists of several conserved domains including fusion peptides, the transmembrane
domain, cytoplasmic domain, and heptad repeats (HR1 and HR2) [31, 80, 81]. The
heptad repeats and fusion peptides are involved in virus—cell fusion. The S2 subunit,
moreover, contributes to anchoring the S protein into the viral membrane [31, 44].



1 Introduction to the Virus and Its Infection Stages 11

Entry inhibition by Entry inhibition by |[Entry inhibition by] - Spreading of viral and
targeting § protein targeting TMPRSS2 || blocking ACE2 |  infection of new cells
- APNOI (rhACE2) b Camostat mesylate |- Losartan

- Convalescent plasma/IVIG |- N mesyla .ﬂ /_,..-‘-'—'—‘—'-—-....._‘
- tion of

immune cells N~
TMPRSS2 J N
$ ACE2 ’@ i
: < Cyiokine

Macrophages and
other immune cells

[ alln,pm: _\,

storm

' Inlllblllns

¥ e
- - Type 1 IFNs .
2 ‘ ' ' Exocytosis . .

L
I
t

1A 4 p

pH-dependent
endocytosis j

Plasma membrane

pathway
—

Entry Inhibiting entry
e AR-STATand |
CCQMCO Inhibiting viral yiokine inhibiti
=Assidal Osel re|¢asc F Tocilizumab
- Oseltamivie _
+ Thalidomide
FMSCs
Ribosome = Corticosteroids

3 F Anakinra
I\A/\N - Emapalumab
5 g —d, ~

Uncoating

g Viral assembly

'
.
'
'
.
'
'
'
'
'
'
.
'
'
'
'
'
'
: 3

Translation ' MNV
of ORFlaand ORFIB !
'
f
.
f
'
'
'
'
.
f
.
f
'
F
'
'
'
'
'
'

PLpro W
@ RPN

=)
' Polyprotein (ppla, pplab) RNA replication C“—b

A )‘
3CLpro Proteolysis by AL
PLpro and 3CLpro .‘ZLJI! A)

. ] Translati d synthesis

Protease ihibition by ! ng:ﬂ-:]a;m;ﬂ i
3CLpro and PLpro 5 R
- Lopinavir/ritonavir NN\
L Q‘?T‘In?vll_ v Production of ’\,\N\
- Niclosamide subgenomic RNA f\’\;\\/f\
‘_-"-'- Wmsﬁwlnry- .- N

i 'Rc‘pl'msc transcriptase complex b I‘ﬁﬁ'ﬂ;‘ilmg viral replication by

- W . targeting RdRp
.. q e R SVir
ey r = gt

Host Cell = RdRp - - Favipiravir

- - Ribavirin

Fig. 1.2 Schematic representation of SARS-CoV-2 life cycle and stages of the Infection in the host
cells with the potential therapeutic targets for COVID-19 treatment



12 H. Abolhassani et al.

The HR2 specific antibodies as well as the synthetic HR2 peptides have demonstrated
the potential of blocking SARS-CoV-1 infection [35, 82, 83]. Normally, there is a
high rate of mutation in the RBD structure in the S1 subunit. On the other hand,
the S2 subunit structure is well conserved. Consequently, antibodies targeting the S2
region could render better protection against COVID-19 [35, 84-87].

The post-translational modifications appear in SARS-CoV-2 S protein including
disulfide bond formation, glycosylation, and palmitoylation. Glycosylation usually
occurs on the ectodomain (N-terminal) of the S protein, the modification which has
a crucial function in the receptor binding and the antigenicity of S protein [31, 40].
The disulfide bonds are formed on account of the existence of 30-50 conservative
cysteine residues in the S protein ectodomain. The disulfide bonds have decisive
roles in the correct protein folding, trafficking, and trimerization of the S protein
[31, 40]. Palmitoylation applies its modification to the conserved cysteine residues
in the endodomain tail of the S proteins. Palmitoylation has important tasks in S
protein trafficking and folding, virion assembly, and the interaction between S and
M proteins [31, 88]. Taking the post-translational modifications into account, any
therapeutic methods or drug compounds capable of preventing these modifications
could be considered as possible procedures to prevent SARS-CoV-2 infection.

1.6.1.2 Targeting ACE2

One of the most direct strategies against SARS-CoV-2 infection is to neutralize
the virus entry by targeting viral receptors on the surface of the host cells. Recent
studies have recognized ACE2 as a common host cell receptor in SARS-CoV-1 and
SARS-CoV-2 [79].

ACE?2 is a zinc-dependent carboxypeptidase located on the surface of the kidney,
lungs, heart, and other tissue cells [30, 40, 89]. ACE2 is a multifunctional enzyme
countering the activation of the renin-angiotensin-aldosterone system (RAAS) by
converting angiotensin (Ang) II (AspArgValTyrlleHisProPhe) to angiotensin 1-7
(AspArgValTyrlleHisPro) [90]. In addition, ACE2 assists the regulation of intestinal
neutral amino acid transportation [91, 92]. ACE2 and angiotensin II receptor type
2 (AT2R) have a lung-protective function but AngllI receptor type 1(AT1R) causes
acute lung failure. In SARS-CoV-1 infections, binding of S protein to ACE2 causes
ACE2 downregulation, and consequently increases the level of Angll. Kuba et al.
suggested that recombinant human ACE2 (rhACE2) can competitively bind SARS-
CoV-2 in a mimicking direction, prevent viral entry, and regulate RAAS [93, 94]. To
some extent, blocking or changing ACE2 by exploiting soluble RBD, ACE2 mono-
clonal antibodies, rhACE?2 (such as APNO1), and AT1R inhibitors (such as losartan,
valsartan, and ramipril) could be an interesting therapeutic method for blocking the
SARS-CoV-2 entry, owing to the fact that the host ACE2 protein lack changes and
the virus is incapable of escaping from this therapeutic strategy [95, 96]. In addition,
some recent studies have shown that chloroquine (CQ) and hydroxychloroquine
(HCQ) have the potential to be utilized as drugs to interfere in the glycosylation
process of ACE2 and block the viral entry and fusion [96].
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1.6.1.3 Inhibiting TMPRSS2

TMPRSS2, an enzyme belonging to the serine protease family, has four domains:
type II transmembrane domain, class A receptor, cysteine-rich scavenger receptor,
and the protease domain. TMPRSS2 has been found active in many tissues in the
human body like the prostate, lungs, intestine, liver, kidneys, pancreas, upper airways,
and bronchi [97, 98]. TMPRSS?2 inhibition has been recently employed as a potential
method for prostate cancer and several inflammatory pathologies treatment [99]. The
S protein is cleaved at two domains of S1/S2 and S2 subunit by TMPRSS2. Priming or
cleavage at the S1/S2 domain induces the release of the S1 Subunit RBD for binding
to ACE2, while the cleavage of the S2 domain facilitates the release of the fusion S2
domains like HR1, HR2, and the fusion peptide [7, 98, 100—102]. TMPRSS2 plays
a significant role in SARS-CoV-2 entry and its dispersion. Therefore, inhibition of
this protease by some therapeutic approaches using antiandrogens, serine protease
inhibitors like camostat, mesylate, nafamostat, and bromhexine could be possibly an
interesting strategy for antiviral intervention [17, 79, 96, 103, 104].

1.6.1.4 Inhibition of Cathepsin L

Cathepsin L, the lysosomal cysteine protease, found in mammalian lysosomes is
highly expressed in malignant tumors, and has been reported to be involved in the
entry of the Ebola virus into its host cells. Cathepsin L cleaves the S protein into the
S1 and S2 subunits in lysosomal acidic pH. Subsequently, the S1subunit is attached
to ACE2 with high affinity while the S2 subunit is a trigger directly associated with
the membrane fusion [31, 44, 105, 106].

Some studies have indicated that pH neutralization of endolysosomes by CQ,
HCQ, and ammonium chloride (NH4Cl) could be effective against viral entry
and fusion [107-109]. Besides, cathepsin protease inhibition by aloxistatin (E64d),
flavonoids, bafilomycin A1, quercetin [79, 110, 111], and also incorporation into cell
membranes and intervention into the hydrogen bonding network of phospholipids
by umifenovir (arbidol) could be potential treatment options to prevent receptor
binding and to block SARS-CoV-2 fusion [107, 112]. In consideration of the fact
that MERS-CoV and SARS-CoVs can enter the host cells employing both plasma
membrane fusion and pH-dependent endocytosis pathway, the inhibition of both
proteases (cathepsin and TMPRSS2) should be considered for a vigorous block
of antiviral entry [98, 113]. This approach could block the viral entry and fusion,
while not interfering with other main protease activities such as T-cell activation and
antiviral antibody production in normal immune responses [114].
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1.6.2 Inhibiting Viral Replication, Translation, and Release

The genomic replication cycle generally starts after receptor binding, membrane
fusion, and uncoating (the release of viral RNA into the host cell cytoplasm) [31]. As
mentioned in the previous section, several ORFs encoding structural proteins (N, S,
E, M), 16 NSPs, and a variety of accessory proteins are nested in the SARS-CoV-2
genome. 5'UTR constitutes approximately two-thirds of the CoV genome including
ORFla and ORF1b which are responsible for translating polyproteins ppla and
pplab, respectively [31, 115]. By the conduct of two cysteine proteases (PLpro and
3CLpro), upon the proteolytic cleavage, 16 NSPs release from ppla (nspl-11) and
pplab (nsp12-16), any of which has specific functions presented in Table 1.3 [35].

NSPs participate in the viral RNA translation, transcription, and replication.
Particularly, NSPs with PLpro, 3CLpro, helicase (Hel), RdRp functions play crucial
roles in the forming of the replicase-transcriptase complex (RTC). By the mediating
ER and Golgi, RTC replicates and synthesizes nested set of subgenomic mRNAs,
responsible for encoding structural and accessory proteins [35, 116, 117]. Viruses
generally use host cell proteins in their replication cycle for several purposes like cell
attachment and entry, initiation and regulation of RNA replication and transcription,
protein synthesis, and progeny virion assembly. The newly synthesized RNAs are
either employed for generating more NSPs and RTCs by translation or packed into
new virions for infecting other host cells [35]. The SARS-CoVs virion assembly
established at the ERGIC requires the structural proteins (S, E, M, N) to become
mature [118]. It has been reported that after translation, four structural proteins
enter the secretory pathway in the ERGIC where they are added to the structure and
assembled into virions [118, 119].

1.6.2.1 Inhibiting 3CLpro and PLpro

PLpro (nested in nsp3) and 3CLpro (nested in nsp5) are two classes of cysteine
proteases encoded by the SARS-CoV-2 genome [120]. These proteases are involved
in polyproteins (ppla and pplab) proteolytic cleavage and consequently in the viral
maturation. 3CLpro, also known as the main protease (Mpro), consists of three
domains: the N-terminal finger domain, the catalytic domain, and the C-terminal
domain [35, 121]. 3CLpro is a multifunctional protease that cleaves a significant
number of 11 conserved sites in the pplab C-proximal and seven conserved sites in
the ppla C-proximal causing itself and other replicative machinery releases such as
RdRp, helicase, and three RNA processing domains. 3CLpro also plays an impor-
tant role in the interferon signaling inhibition. On the other hand, PLpro at nsp3,
cleaves polyproteins at three sites releasing nspl, nsp2, nsp3, and nsp4 amino
terminus [31]. This cysteine protease also has critical functions in double-membrane
vesicles (DMVs) formation [122], antagonism of interferons, DelSGylation, and
deubiquitination which generally help CoVs escape from the host immune system
[123, 124].
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On account of the decisive roles of these proteases in polyproteins processing
and viral replication, 3CLpro and PLpro inhibition by utilizing therapeutics such
as darunavir, ASCO09 [79, 125], bromhexine [79, 125], quercetin [79], thiopurine
analogs (6-thioguanine, 6-mercaptopurine) [123], and acetaldehyde dehydrogenase
inhibitors (disulfiram) [123, 126], could be effective treatment mechanisms for
treating SARS-CoV-2 infected patients. In this regard, some recent studies have
also shown that HIV protease inhibitors like lopinavir/ritonavir possess a modest
antiviral activity against COVID-19 [41, 127, 128].

1.6.2.2 Inhibiting RARP/nsp12

SARS-CoV-2 is incapable of accessing its host cell nucleus and subsequently, the
replication action, thus, it encodes the RdRP to transcript and replicate itself [31,
130]. RdRp is located in the nsp12 C-terminal and operates as the transcription and
replication core. To conduct this activity, RdARp requires its cofactors (nsp7-nsp8
heterodimer and the second nsp8 subunit) [130]. Structurally, the RARp domain
in nspl12 C-terminal is composed of three subdomains, a fingers domain, a palm
domain, and a thumb domain. Besides, a B-hairpin and a nidovirus-specific extension
domain constitute nspl12 N-terminal [31, 131-133]. The RdRp has a determining
role in the SARS-CoV-2 replication and transcription, a function that is inactive
for the virus in the host cell nucleus. Hence, inhibition of this polymerase activity
by medications such as remdesivir [134-136], sofosbuvir, and favipiravir could be
a practical treatment option for interrupting the RNA transcription leading to the
prevention of COVID-19 [137-139].

1.6.2.3 Inhibiting NTPase/Helicase (nsp13)

CoVs nspl3 is an NTPase/helicase dual-function enzyme belonging to the helicase
superfamily-1 (SF1). Generally, as a motor protein, it employs the energy obtained
from the hydrolysis of natural nucleotides and deoxynucleotides triphosphates (such
as ATP, dATP, and GTP) to unwind the RNA helix in the direction of 5'-3’ providing
the situation for the RARP and RTC to perform their tasks. nsp13 has several domains.
Zinc binding domain (ZBD) is a high conservative domain located in the nsp13 N-
terminal while there is a stem region next to it. These domains render structural
stability to the enzyme. Previous studies on MERS-CoV have demonstrated that
nspl3 N-terminal consists of 15 Cys/His (CH) rich domains with three zinc atoms.
The CH domains involve in the coordination of the three zinc ions. The stem region is
connected to the two catalytic RecAl and RecA?2 helicase domains by a beta domain
in the nsp13 structure. It has also been suggested that RecAl, RecA2, and the beta
domain are associated with regulating oligonucleotide binding. It should be noted
that SARS-CoV-1 helicase can unwind DNA helix as well [31, 140-142]. To some
extent, the helicase cooperates with RdARP and RTC toward the viral replication.
Hence, the inhibition of this enzyme by a range of therapeutic drugs such as bismuth
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salts, flavonoids, scutellarein, and myricetin should be taken into consideration to
interrupt viral metabolism without affecting normal cells [143—-146].

1.6.3 Enhancing the Innate Immune System

Various approaches have been identified to be utilized to enhance the innate immune
system responses [147]. The innate immune system comprises phagocytic cells
(macrophages and neutrophils), natural killer cells (NKs), mast cells, basophils,
eosinophils, dendritic cells (DCs), and lymphoid cells [148]. The innate immunity
can induce its effects through inflammatory cytokines and the innate immune system
[149]. NKs, mesenchymal stem cells (MSCs), and recombinant interferons (IFNs)
have been employed as potential treatment options to enhance the innate immune
system in the battle with COVID-19 [4, 28, 147].

1.6.4 Immunomodulation, Inflammatory Response
Attenuating

The inflammatory reaction mostly occurs in severe COVID-19 patients leading to
complications like ARDS [150]. ARDS is a medical condition involving uncon-
trolled inflammation in the lungs which could hinder oxygen to the lungs. The
fluid accumulation in the distal parts of the lung might be by ARDS, and conse-
quently, the disturbance in the surfactant and pulmonary capillary endothelial cells
[9, 10]. Severe COVID-19 infection is mainly associated with the cytokine storm,
the secretion of cytokines including IL-18, IL-1RA, IL-6, IL-7, IL-8, IL-2R, TNF-
a [150, 151]. This might suggest that the pathogenesis could be partly origi-
nating from inflammatory responses. Taking this concept into account, targeting
SARS-CoV-2 alone with antiviral medications might not be enough to fight the
pathogenic disease [150]. In this regard, various medications such as convalescent
plasma, interleukin inhibitors, anticytokines, immunosuppressants, non-steroidal
anti-inflammatory drugs (NSAIDs), anticoagulation agents, corticosteroids, antibi-
otics, and many recombinant proteins and monoclonal antibodies have been utilized
as immunomodulators and anti-inflammatory therapeutics [4, 147, 150, 152].

It is worth noting that severe and critical COVID-19 patients with complications
and secondary infections repeatedly face symptoms and distress with the possible
risk of death urging a call to action for providing proactive symptom control and
palliative care in response to the pandemic [153-155. Elevated vascular endothelial
growth factor (VEGF) level is also indicated in patients with ARDS which could
cause endothelial injury and microvascular permeability increase [156]. The most
common symptoms observed in patients with severe COVID-19 infection are breath-
lessness, agitation, drowsiness, pain, and delirium where employing medications
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such as opioids benzodiazepine and monoclonal antibodies could be partially effec-
tive. Oxygen supplements can also be provided to hypoxic patients to help them
through reducing the subjective work of breathing [4, 154, 157].

1.6.5 Vaccine

Vaccine development is considered one of the most rapid and economical strategies
against COVID-19 [158]. The purpose of developing vaccines is to induce long-
standing immunity without exposure to the disease’s maximum brunt to control the
COVID-19 pandemic, prevent its higher outbreak, and eventually inhibit its future
recurrence. For vaccine preparation, it is crucial to induce protective T- and B-cell
immune responses. After assessing the SARS-CoV-2 genome, many vaccines have
been developing in different phases while some of them have indicated promising
results for obtaining the United States (US) Food and Drug Administration (FDA)
approval [159-161].

In general, antiviral vaccines fall into one of the following categories: inactive
or live-attenuated viruses, virus-like particles, viral vectors, DNA-based, mRNA-
based, and protein-based vaccines [4, 162]. Vaccines majorly are directed against
the S glycoprotein [16]. Roughly, one-third of the COVID-19 vaccine candidates
and patents have concentrated on the type of protein-based vaccines including the S
protein subunit vaccine and by using S1 RBD of the S protein [162, 163]. Moreover,
the S protein could be expressed by employing viral vector, DNA-based, and mRNA-
based vaccines for antibody production in the human body [16].

S-trimer vaccines are made to resemble the S protein of CoVs, the protein that links
to the ACE2 receptor on alveolar cells and facilitates the viral entry into cells. The
S protein has been an attractive target for developing vaccines on account of the fact
that it elicits the immune response during the disease progression and neutralizing
antibodies are directed against it [21, 161].

DNA vaccines perform by infusion of DNA plasmids encoding antigens in host
cells. This function induces cellular and humoral antigen-specific immunity bringing
an immune response toward the target disease [19, 162]. In most cases, DNA vaccines
have demonstrated safety to the human body without obvious off-target effects or
peculiar toxicities [164]. In a like manner, viral vectors, like adenoviruses, could be
employed as vectors to deliver genetic code for antigens, majorly S protein in the case
of COVID-19, into cells instructing them to make a great amount of antigen leading
to triggering the immune response [161, 165]. mRNA vaccines, mostly encapsulated
in lipid nanoparticles, on the other hand, cause the production of antigens while in
the cytosol without incorporating into the host cell genome and bringing the risk of
mutation [166-168].

On the other hand, in live-attenuated or inactive virus vaccines, viruses with dimin-
ished pathogenesis or viruses inactivated by physical and chemical techniques like
UV light, B-propiolactone, or formaldehyde are employed to stimulate the immune
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system [16]. Alternatively, VLPs as multimeric structures can mimic the three-
dimensional conformation of native viruses and could be utilized as vaccine delivery
agents capable of directly stimulating immune cells. VLPs are inherently safer than
attenuated or inactivated virus vaccines for individuals due to lack of any infectious
genetic materials. Furthermore, they possess privileged adjuvant properties and can
induce both innate and adaptive immune responses [161, 169].

1.7 Conclusion

By the abrupt emergence of SARS-CoV-2 in December 2019, numerous people
in many countries have been involved with the virus; among them, many patients
have encountered various disorders and serious complications like ARDS, ALI, and
cytokine storm, leading to mortality in lots of cases. As the world is still in limbo
from COVID-19, many types of research and studies are being performed in order
to dampen the pandemic by employing practical strategies like developing vaccines
and drug repurposing approach. Yet, there are no particular available drugs against
COVID-19; meanwhile, some therapeutics have demonstrated high potency against
the infection, and several classes of medications are currently under development
and in clinical testing phases.

Taking the biology of SARS-CoV-2 and pathogenesis stages of the infection
into account, the virus exploits the inherent functions of both its components (e.g.,
structural, non-structural, and accessory proteins) and the host cell compartments
to consecutively enter and fuse with the host cells, inject its RNA into the cyto-
plasm, and get replicated to infect other cells and individuals. Consequently, each
of the mentioned steps represents potential targets to inhibit the infection toward
diminishing the pandemic. In particular, the S Protein, 3CLpro, PLpro, RARP, and
NTPase/helicase of the virus alongside ACE2, TMPRSS2, and Cathepsin L of the
host cells are associated with the infection and are potential candidates to be inhib-
ited for COVID-19 treatment. However, prior to attacking each of the targets, proper
diagnosis and identification of the pathogenesis steps are necessitated. Hence, any
intervention into the infection by potential medications and therapeutics need to be
accompanied by precise recognition of the viral progression stages toward practical
management and treatment of COVID-19 while avoiding any probable side effects
and deterioration. It should be noted that delayed treatment with the medications
may limit the effectiveness of the agents.
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2.1 Introduction

It is demonstrated that Coronavirus disease 2019 (COVID-19) pathogenesis is
involved with both the direct harm inflicted by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) and on the other hand, excessive inflammatory and
immune response from the host [1]. Taking the biology and viral pathogenesis of
SARS-CoV-2, and the potential treatment mechanisms of the virus into account thor-
oughly in previos chapter, many therapeutics and medications have been proposed to
be efficacious against the COVID-19 pandemic [ 1-3]. On account of the fact that there
are no particular treatment options available for COVID-19, the drug repurposing
approach has been taken into consideration as a promising strategy for the treat-
ment of SARS-CoV-2 infection [4, 5]. Among them, antivirals have demonstrated
satisfactory inhibitory effects against COVID-19 in vitro, in vivo, and in clinical
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conditions as well [5, 6]. On the other hand, as the severe patients are generally
associated with the acute respiratory distress syndrome (ARDS), acute lung injury
(ALI), and cytokine storm, immunomodulators and anti-inflammatory drugs, as well
as biological products, have been employed aiming to enhance the innate immune
system and alleviate the damage caused by the deregulated inflammatory responses
to manage the infection and control the symptoms leading to surviving the severe
patients [7, 8]. Many therapeutic strategies and medications acting on targets of the
virus or on the targets of the host have been proposed and are being developed in
several clinical studies to be evaluated regarding their safety and efficacy against
COVID-19 (Table 2.1) [1, 4]. The therapeutic interventions, medications, biolog-
ical, and natural products alongside combination therapy approach that may have a
promising role in suppressing COVID-19 is highlighted based on current evidence
in this chapter./Para>

2.2 Antivirals/Anti-HIV and Antimalarials

Viruses are obligate, intracellular parasites containing either RNA or DNA that
utilize host cells for their reproduction [107]. Viruses such as HIV, herpes simplex,
varicella-zoster, respiratory syncytial, cytomegalovirus, HBV, HCV, or influenza
virus are known to be associated with the development of a wide range of infec-
tions [108]. In the early 1950s, with research on anticancer drugs, advancements
in developing antiviral chemotherapy, particularly in compounds preventing viral
replication, are commenced [109]. Having expertise in the mechanisms of viral
replication has assisted scientists in comprehending the viral life cycle, thereby
finding potential antiviral agents for each step of replication [109]. The efficacy
of antiviral agents heavily depends on their potency and therapeutic index. That is,
besides their damaging effects on viruses, they should remain non-toxic to the host
cells. In this regard, target sites special to viruses, without any human homolog, can
aid in achieving a high therapeutic index [110]. Since the outbreak of a new infec-
tion, COVID-19, health professionals have been trying to find proper drugs for the
treatment of infected patients [110].

However, repurposing available antiviral/anti-HIV and antimalarial drugs, with
known safety, dosages, and pharmacokinetic properties, is recently gaining attention,
given the limited time and high cost required for discovering new drugs [5, 110]. In
this regard, many antivirals have been employed to test their efficiency and safety
against COVID-19 (Table 2.1). As a result, several therapeutics such as remdesivir,
favipiravir, arbidol as well as the combination of lopinavir and ritonavir are identified
as potent agents against COVID-19 by WHO [5].



29

2 Ongoing Clinical Trials and the Potential Therapeutics

(panunuoo)
(ot ‘oT] (ESOELYPOLON) €/¢ oseyd |  uolsny pue Anud [eria Suniqryuy (soy) TSSUJNL AIL[ASOUI JLISOUIEJEN
(992809%0.LON) €/T
[6€—L€] | 9seud ‘(99780970LIN) € oseyd | uolsny pue Anua [elia Suniqryuy (1s0Y) ZSSAJALL are[Asau Jersoure))
(STI6TSHOLON) €/T (snara) eseyduosuen
[9€ ‘€] | aseud “(S6065EF0LON) €/C oseud uoneordar [exra Suniqryuy 9SI0AQI OPISOR[INN QUIQE)IOLIWIA/IIACJOUR],
9[945 uorneordar
[re—cel (rLTTSTHOLON) € dseyd | Ay ur K)ranoe aseajord Suniqryuy (snrma) oxd D¢ TBISTOIQOD/ITARUNIE(]
(88SS0970.LON) (snIn) gYpY ‘oseusdorpAyop
(1€ ‘0¢€ ‘5] | T oseud “(LTHT6€#0LON) € 9seud uoneardar [erra Suniqryuy apeydsoydouowr aursouy uLARqry
(£98SSHOLON) S[[02 150y woyy saponed
[6T ‘8T] | € 9seud ‘(LT0SSTPOLON) ¥ dseud [eIIA JO dsea[ar SunIqryuy (SnIra) esepruruenaN (npTurey) MATWEI[RSQ
(67$8SEFOLON)
[Lz—+T] | Toseud ($6800970LON) € oseud uoneorfdar fexra Suniqryuy (snIn) JIPY Iiaendiaeg
(snara)
[ez-12] (#6S09THOLON) + dseyd Anuo [erna Sunqryuy uondeIal gHYV/urlold § ([op1qie) Iaoudgrui)
(PLTTTEPOLON)
¢ aseyd ‘(Z108TEFOLON) 91240 uoneorider
[0Z ‘611 | € aseud ($88TSTHOLON)  oseyd | oy ur Aranoe aseajord Suniqryuy (snria) oxd g | (uaeuoiyaiaeurdor) enapey
(ST9TREYOLON) Anuo
[81—CT ‘Sl | + oseud ‘(0091 EEFOLIN) ¥ 9seyd 1sod pue Anuo [exa Suniqrquy | (3s0y) gOV ‘Hd [eweosopug ODH/0OD
(668T6HOLON)
[#1-6] | € oseud “(¢S6T0SHOLON) € seud uoneot[dar [exra Suniqryuy (snIin) $IPY TIATSOPUISY
S|pAIAUY
(A03's]
eeoTuI//:sdny) (requnu
N IDON) @seyd (e [eomur) 1099 BERAA onnaderay,

61-AIAOD JO Juaunea Ay} 10J S[eL [edIul]d 1oy} Yim sonnaderdyy enusjod -7 dqeL


https://clinicaltrials.gov

H. Abolhassani et al.

30

(panunuoo)
9[0Ad uoryeordar
[$9 ‘9] — | oy ur K&ymanoe oseajord Juniqryuy (sna1A) oxd D¢ Injoulre)
UWLIO}S QU 0IAD Suronpal (3soy) (YH) wnnonax
[29-8¢] - ‘uoneordar [era Juniquyuy | orwse[dopud ‘sawAZud XOPY ugoueIny
91945 uoneordar
[£5-s6] — | o ur Kymanoe osesjord Suniqryuy (snaiA) oxd D¢ IIABUGTON
(0896SE¥0LIN) € dseud (a1q1seay) (a1qrseay) (1s0y)
[#S ‘9 6] (9¥290v70LDN) + 2seud uLI0)S QUIY0IAD Furonpal 9suodsal UOIdJIAIUI QuUNIIW] OpPIUBXO0ZEBIIN
l6v L] (66650770LON) ¥ oseyd |  uorsny pue Anua [erra Suniqryuy (1soy) ZSSAJINL aurxayuorg
[es “zs] (ST069970.LON) € dseyd uoneorfdar fexra Suniqryuy ) SnIIA) wAIsAs uonesridoy UOIOJEAON
(£9S68€70LON) 304> uoneorfdar
[1S ‘051 | € aseud “(29T0LEYOLON) € oseyd | o ur Ayrande aseajord Suniqryuy (orqrseay) (snata) oxd 1o aurpnoure
l6v L] (98LSEEYOLON) ¥ 9oseud Anua [erna Suniqryuy (1soy) zADV ueles[eA
(60021 E£Y0LON)
[6v “8€] | T 9seud “(€95909¥0.LON) € 2seud Anus exa Suniqryug (1soy) ZAOV ueleso]
(19STTr0LDND €/T (snaa)
[8% ‘S ‘¥] | oseyd ‘(FLYOSSTOLON) € oseyd uoneorjder [era Suniqryuy ssa001d 110dsuen Tea[onN UTJOQULIOAT
[Ly ‘op] (6¥9L6¥YOLIN) €/C dseud uoneordar fexiA 3uniqryuy (snita) dgpy TANQS0Jos
(L6SSLSYOLON) €/T
[St—€¥] | aseud “(F8SSLSYOLON) €/C @seud uoneot[dar [exra Suniqryuy (sn1iA) 3IPA Taerdnuioy
[ey ‘1 €] (9€1SEEVOLON) T seud Anua Texa 3uniqryuy (snita) wrjord g 10NV
(A03's]
eeoTuI//:sdny) (requnu
‘sjoy LON) oseyd [ern reomur) 19014 jo51e], onnaderay],

(ponunuoo) g dIqEL


https://clinicaltrials.gov

31

2 Ongoing Clinical Trials and the Potential Therapeutics

(panunuoo)
(88€LTEYOLON)
[8L ‘8€] | € aseud (LOLSELTOLION) + aseud WLI0}S QUI0IKD FUroNpay (soy) 911 qewnjLes
(S190Z€Y0LON)
[LL ‘8€] | € aseud “(0SLLLEYOLON) + seud WI0}s AUM0IKO Suronpay (soy) 911 qeuwInz1o0],
(9TSYLEFOLON) €/C sisoudgoyyed pue A1jud
[9L ‘GL]| oseud ((81S81FPOLON) € aseyd | [edia jsureSe Ayunwiw Sunsoog (snaia) usjoud § DIAI/D

[L—2L 67 ‘8 ‘¥l

(S60S8EFOLON)
T 3seyd “(8€TOTEYOLON) € 9seud

uoneosr[dal pue UoIOJUI
[ea1A Jsurede Ayiunwwat sursoog

(1s0y) Sur[eusIs YYNAI

(9-NAI “©-NAI) SNAI I 2d43

sonssn
(8609970.LON) Sunerousdoar ‘uLols oun0I1ko

[1L ‘0Ll | T @seyd “(¢6€1LEVOLON) € 9seyd Suronpar ‘uone[npoWoUNI] (1s01]) WA)sAS suntuwy SOSIN
(#TTO8THOLON) 1 Kunuww

[29 ‘L “11 | =seyd ‘(101S9EX0LON) ¢/1 aseud aandepe pue sjeuur Sunsoog (3s0y) waysAs duntuy SI199 3IN

§3N4(J K40IPURUDI[UI-1JUY PUD SLOIDINPOUOUNIUUL]

wLI0)S

(0609€SPOLON) T oseyd | dunjolkdo Suronpar ‘sisaudsored (o1q1seay) (snaiA)

[69] (68LLLEVOION) oseyd /N pue Anuo [erna Suniqryuy uondeIaul gHYV/urelold § unadIenQ

[89 ‘8¢l (S£T899Y0LON) € oseud uoneor[dor [exa Suniqryup | (SNIIA) seIdUIOSURT) SIOARY SUIPNAZY

[£9 ‘99 “8¢] (0TH168E0.LON) 1 dseyd uoneorfdar fexra Suniqryuy (snara) dypy IIAISOpIeD)

(#26£09%0LON) €/C 91245 uoneordor

[$9 ‘0] | oseud “(1208SSHOLON) € dseyd | dy ur Kianoe aseajord Suniqryuy (sniia) o1d D¢ OpIWESOOIN
(A03's]
eeoTuI//:sdny) (requnu

IEN| IDON) @seyd (e [eomur) 1099 BERAA onnaderay,

(ponunuoo) g dIqEL


https://clinicaltrials.gov

H. Abolhassani et al.

32

(panunuoo)
(LETTIEYOLON)
[€6 “6¥] | € 9seud “(0T9LLEYOLIN) € 2seud WLIO)S QUIOIAD FUONpay (soy) vr qrunrjoxny
(ZTETOVEFOLIND €/T
[S€l| oseud “(L20O1THPOLON) € @seud WI0)s SUD0IAD Furonpay (soy) Ve quunoLeqg
(o1q1s82))
(T1LT8YYOLOND T/1 uwo)s SunoILo Suronpar
[26 ‘161 | 9seud “(SL9IYEYOLON) T @seud ‘uoneorfdar [exia Suniqryuy (soy) 1DYO.LW snuijoIrsg
(S¥TSLTYOLON) T/1 WI0)S AULY0IAd
[06 ‘681 | aseud “(€ST98SHOLON) €/C 2seud Suronpar ‘Anus [exra Suniqryuy (soy) Ly1ad qewmnze[doy
(eaunyeue yym
[88 ‘L8] (120¥ZEY0LON) €/2aseud WI0}s SUD0IAD Furonpay (asoy) 1T pue A-NI | UOnNEUIqUIOD UT) qeunfedeury
(I1129€70LON)
[98 “¢81 | € aseyd “(6¥6089¥0.LON) € 2seud wI0)s AUDY0IKD SUINPay (soy) 1-TI BluDEuY
(8€SSTYPOLON)
[¥8-28]1 | T 9seud “(0¥6£6S¥0LIN) € 2seud WLI0)S QUL{0IAD FUoNpay (soy) ©-AN.L qewxtguy
(o1qrseay)
I'TV PuE SV £q paonput
(T8LYEVOLON) Aypiqeswred repnosesosonu
(18 ‘1] | T °seud “(FT¥SLTHOLON) ¢ oseyd | pue Amlur [erjayiopud Suronpay (1soy) ADFA qewnzioeasq
uonewwegur
Kq paonpur a3ewep anssn (3soy)
[08 ‘6L] (L6L9YEYOLDON) T dseyd pue wI0)s AUIj03Ld Furonpay juowd[dwod pajeAnoR-g) qewnzinoyg
(A03's]
eeoTuI//:sdny) (requnu
EN| LON) aseyd [ewn [eowr) 10919 1931e], onnaderay],

(ponunuoo) g dIqEL


https://clinicaltrials.gov

33

2 Ongoing Clinical Trials and the Potential Therapeutics

(panunuoo)
(10¥LTEFOLON) wiio)s ounjo)kd (1soy) syjeo Arojewrureyur
[€01 “201] | € @seyd “(SSS€99+0IDN) + 2seud Suronpai ‘Surssarddnsounuuruy ur s10}doda1 pro1A)g Juoseyowexa(
(0868E770LON) L0} AU 0IAD (1sov) s[jeo Arojeurureyur
[10T1 ‘s8] | € @seyd “(ZO¥E9ZHOLON) ¥ 2seud Suronpas ‘Furssarddnsounwruuy ur s103dao91 pro1a)g quojostupaIdAyIoN
(LOTZTEEYOLON) (a1q1s89)) UONE[SUEY (o1q1582)) (SNIIA)
[001 ¥ | € 9seyd “(z9618E¥0LIN) € oseud pue Anua [exia Suniqryuy uonoeIul gV urelord § uroAwoIyzy
(€6210¥Y0LON) € @seud
[66 ‘291 (08SH+8SHOLON) ¥ aseyd uore[n3eod Juronpay (3soy) e 10308, | surreday JyIrom Ie[nosjow Mo
(a1qrseay)
(6T9VEEPOION) | uonewweyul pue surpue|Seisord (1soy)
[86 °L6 *8€] | ¥ 2sBUd *(£€9STEFOLIN) € aseud Jo uononpoud sy Suniqryuy SOUWAZUD aseUIZAX00[OKD) SAIVSN
(I8SELTYOLON)
[96 ‘11 | T 3seud (6CSELTYOLIN) T 9seud urIo)s AU 0IAS Furonpay (soy) ©-ANL SpIuopIfey L,
sopou
ydwAy ur seo J, Surraysonbas
(uMeIPYIIM/S8S08ZHOLIN) £q uonoraI QUNWIWIOINE (3soy) 10)dadar
[s6 ‘1] 7 9seyq pue uoTjRWIWRFUT JUNIqIYUT areydsoyd-T-ourso3urydg pourrjoSurj
(16826¥70LON)
[¥] | T 9seud “(1€ST6EY0LIN) ¥ 9seud WI0}s SUD0IAD Furonpay (1soy) -1 autiodsopdA)
(P1169770LON)
[29 8¢ | T 9seyd “(1S1STHYOLON) T 2seud wI0)s AUDY0IKD SUINPaY (soy) Jvr quunroejor,
(8£9TT¥OLON) (e1qrseay) wiio)s Aunolko
[+6 ‘291 | € aseUd “(91#6EF0LON) € oseyd | Suronpar ‘Anua [exra Suniqryuy (3s0y)) aseury dursoIky, qrunewy
(A03's]
eeoTuI//:sdny) (requnu
REN| LON) oseyd [ern reomur) 19014 jo51e], onnaderay],

(ponunuoo) g dIqEL


https://clinicaltrials.gov

H. Abolhassani et al.

uLols
QU045 Furonpas ‘stsauagoyied

[90T ‘691 (T9%129%0LDN) + 2seud pue Anus [ena Suniquyuy (150Y) Wa)sAs aunuuwy oury
(912€9€70LON) uL10s SuUD0Ikd
[SoT “c8] | T @seyud “(0STT0¥+0LIN) € aseud Suronpar ‘Ayunwiwat Junsoog (3501]) W)sAS dunury 3 urmeyp
(IS6ZSSHOLON) uL10s SunoIkd
[+01 ‘€1 | ¥ oseud “(O¥F11#70LIN) ¥ 9seud Suronpar ‘Ayrunurw Sunsoogq (380Y) WoIsAs sunuuwy ( uTueyIp
(A03's]
eeoTuI//:sdny) (requnu
IEN 1DON) aseyd [ewn [eorury) 1091 10818, onnaderoyy,

34

(ponunuod) 17 AqeL


https://clinicaltrials.gov

2 Ongoing Clinical Trials and the Potential Therapeutics 35

2.2.1 Remdesivir

By the arisen of the COVID-19 pandemic caused by SARS-CoV-2, remdesivir is
being considered as one of the highly potential therapeutic agents for the treatment
of COVID-19 [111]. The researches on developing remdesivir commenced by the
cooperation between the United State Army Medical Research Institute of Infectious
Diseases (USAMRIID) and the Gilead—the U.S. Centers for Disease Control and
Prevention (CDC) to provide potential anti-viral therapeutic agents against RNA-
based viruses, namely, Ebola virus and the Coronaviridae family viruses [9]. This led
to the compilation of a library for nucleoside analogs, small molecules with antiviral
activity against infections such as HBV, HIV, and herpes viruses [112, 113].

For nucleosides to become their active metabolites, it is requisite to undergo
intracellular phosphorylation [14]. It should be noted that the development of the
nucleoside monophosphate is the rate-limiting step for their intracellular activa-
tion [114]. Accordingly, nucleosides were modified to phosphoramidate, ester, and
monophosphate prodrugs, enhancing both their intracellular delivery and activation
[14, 112, 115-117]. With the outbreak of the Ebola virus in West Africa (2013-2016),
the library of nucleoside molecules was appraised to find the most potential ones
against the virus, resulting in the identification of remdesivir (formerly GS-5734), a
monophosphoramidate prodrug of the 1’-cyano-substituted nucleoside analog (GS-
441524) [11, 13, 118]. Even though remdesivir was a potential therapeutic agent for
the treatment of the Ebola virus and its safety profile in the human population was
established, it was outdone by monoclonal antibodies, namely, Zmapp (triple mono-
clonal antibody cocktail), MAb114 (single monoclonal antibody), and REGN-EB3
(a cocktail of three monoclonal antibodies), in phase 3 clinical trial. Hence, remde-
sivir is not being utilized in this regard anymore [10, 119, 120]. However, in addition
to Ebola virus, remdesivir has demonstrated wide antiviral activities against MERS-
CoV, SARS-CoVs, Marburg virus, respiratory syncytial virus, HCV, and several
paramyxoviruses [14, 72, 121, 122].

For remdesivir (GS-5734) to be converted into its active metabolite, it under-
goes intracellular metabolic conversion [123]. Once remdesivir (GS-5734) enters
cells, it is metabolized into an alanine metabolite (GS-704277), processed into the
monophosphate derivative, and then it is converted into its active form of nucleoside
triphosphate (NTP) [9, 13]. Owing to the fact that the resultant NTP resembles the
natural nucleotide, that is, ATP, it could be misleadingly considered by the RdRp
as a nucleotide for incorporation into the nascent RNA strand, thereby bringing the
replication of RNA to a halt [124-127]. It should be noted that CoVs have a proof-
reading ability enabling the virus to remove wrongly incorporated nucleosides [123,
124]. However, remdesivir seems to be capable of suppressing such activities due to
the mechanism of its inhibitory effect and delayed RNA chain termination [128].

As it was shown in a series of recent studies on SARS-CoV-2 RdRp and MERS-
CoV RdRp, the inhibition of the RNA replication cannot happen immediately after
the addition of remdesivir. Rather, it occurs after three nucleotides were added into
the nascent RNA [129]. Thus, remdesivir inhibits further growth of the RNA strand
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by the delayed RNA chain termination phenomenon; meanwhile, the three added
nucleotides might account for the protection of inhibitor (remdesivir) from excision
by the viral 3’-5” exonuclease activity, which is responsible for the proofreading
ability of the CoVs [12, 125].

Many clinical studies are aiming to assess the efficiency of remdesivir for SARS-
CoV-2-infected patients. Remdesivir is known to be well tolerated in clinical studies
and compassionate use [130-132]. However, its main adverse effects may include
multiple organ-dysfunction syndromes, septic shock, acute kidney injury (AKI), and
hypotension [133]. In a compassionate use of remdesivir for patients with COVID-19
infection, patients received a 10-day course of treatment with remdesivir (200 mg on
day1 and 100 mg daily for 9 days). The results showed 68% (36 of 53 patients) clinical
improvement in patients. However, increased hepatic enzymes, diarrhea, rash, renal
impairment, and hypotension were the most common adverse events experienced by
patients under treatment, particularly those patients receiving invasive ventilation.
Serious adverse events were observed for 12 patients (23%), among which multiple
organ-dysfunction syndrome, septic shock, acute kidney injury, and hypotension
were most common in patients receiving invasive ventilation at the baseline [132].

In a randomized, double-blind, placebo-controlled, multicenter trial on patients
with severe COVID-19 at 10 hospitals in Hubei, China, 237 patients randomly
received either placebo or remdesivir (158 remdesivir and 79 placebo). The results
showed that patients under treatment with remdesivir had faster clinical improve-
ments compared with those receiving placebo; however, differences were not signif-
icant. 66% of patients receiving remdesivir and 64% of those receiving placebo
experienced some adverse events [134].

Based on the preliminary results of the first stage of the Adaptive COVID-19
Treatment Trial (ACTT-1), in which patients with COVID-19 were randomly given
either remdesivir or placebo as a control group, from among 1059 patients, 538 were
assigned to remdesivir and 521 to placebo while the outcome of the study was the time
to recovery. The results showed that the patients receiving remdesivir recovered in
11 days; however, recovery time for those receiving placebo was 15 days. Moreover,
the Kaplan—Meier estimates of the death rate by 14 days in patients treated with
remdesivir and placebo were 7.1% and 11.9%, respectively [131].

In a phase 3 SIMPLE trial, the effect of receiving remdesivir for either 5 or
10 days plus standard of care versus standard of care alone was assessed for patients
with moderate COVID-19 pneumonia. The results showed that patients receiving
remdesivir for 5 days were 65% more likely to have clinical improvement at day
11 compared with those receiving standard of care alone; however, no significant
differences were observed between patients treated with remdesivir for 10 days and
those receiving SOC alone.

In the SIMPLE-severe study on patients with SARS-CoV-2 receiving remdesivir
for either 5 days or 10 days (200 mg on day 1 and 100 mg daily), from among
397 patients, 200 patients were under treatment for 5 days while 197 patients were
under treatment for 10 days. For both groups, the percentage of patients with adverse
events was similar (70% in the 5-day group and 74% in the 10-day group). Among
all patients, 21% of patients treated for 5 days and 35% of patients treated for 10 days
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experienced serious adverse events. Also, serious adverse events of Grade 3 or higher
for patients receiving remdesivir for 5 days and 10 days were 30% and 43%, respec-
tively. The most common adverse events experienced were nausea (10% in the 5-day
group vs. 9% in the 10-day group), increased alanine aminotransferase (6% vs. 8%),
acute respiratory failure (6% vs. 11%), and constipation (7% in both groups) while
4% of the 5-day group and 10% of the 10-day group discontinued treatment due
to adverse events. The most common serious adverse events in patients receiving
remdesivir for 10 days were the acute respiratory failure (9%, vs. 5%) and respi-
ratory failure (5%, vs. 2%). It should be mentioned that for patients with severe
COVID-19 independent of mechanical ventilation, no noticeable differences were
observed for patients treated with remdesivir for 5 days and 10 days [130]. According
to the newest information released from mortality trials, recommended by the WHO
expert groups, in hospitalized patients infected with COVID-19, remdesivir had little
or no effect on inpatient overall mortality, initiation of ventilation, and duration of
hospital stay [135]. Nevertheless, remdesivir, as the first treatment for COVID-19
patients requiring hospitalization, was approved by the FDA after a phase 3 clinical
study sponsored by Gilead Sciences (NCT04292899).

2.2.2 Chloroquine and Hydoroxychloroquine

Chloroquine, an amine acidotropic form of quinine, was first synthesized as an anti-
malaria drug in 1934 and has been utilized for the treatment and prophylaxis of
malaria for many years [15]. In 1946, hydroxychloroquine sulfate, hydroxyl analog
of the chloroquine, was synthesized by introducing a hydroxyl group into CQ. Both
CQ and HCQ have been utilized for the treatment of malaria, lupus, and rheumatoid
arthritis for many years [16, 136]. They share similarities such as pharmacokinetics,
mode of action, indications, and type of drug toxicity; however, they slightly differ
in the clinical indications and toxic doses [15, 137]. Even though the utilization
of both CQ and HCQ for the treatment of malaria is being limited owing to the
arisen of chloroquine-resistant P. falciparum strains, they have shown broad-spectrum
activities against bacterial, fungal, and viral infections such as autoimmune diseases
[15, 138].

Inhibitory effects of CQ and HCQ against CoVs could be fulfilled in various ways
[139, 140]. A complete review of their mechanisms of action can be found elsewhere
[141]. Despite observed controversy regarding the exact mechanism of action, it was
proved that the very mechanism of action, for CoVs entry, is mainly dependent on
not only the type of the virus but also the type of the host cells [139, 142, 143].
Since the interaction of COVID-19 S protein with the receptor ACE2 on the host
cells is a critical step for initiating the infection process, one of the feasible inhibitory
effects of CQ on viral attachment could be through impairing terminal glycosylation
of the ACE2 receptor, thereby impeding viral binding and its subsequent entry [18,
144]. On the other hand, another possible way of inhibition could happen through
the interaction of CQ and HCQ with viral S proteins, thus preventing the binding of



38 H. Abolhassani et al.

S proteins on the host cell membrane receptors according to some in silico studies
[145]. Moreover, as it is known, for CoVs, the endocytic pathway is one of the chief
mechanisms of viral entry into host cells [139]. In this regard, on account of the weak
diprotic base nature of CQ and HCQ, their accumulation in acidic organelles such as
lysosomes and endosomes increases the pH of their surrounding ambient [5]. Hence,
CQ and HCQ are able to prevent the attachment and subsequent entry of the virus
mainly dependent on the acidic endo-lysosomal pH, by inhibiting the acidification
of the lysosome in that enzymatic protease activities responsible for the cleavage of
S protein and subsequent viral entry [146]. In addition, the elevation of pH caused by
CQ and HCQ could impair not only the correct maturation and recognition of viral
antigens by dendritic cells but also the maturation process of viral proteins completed
in the ERGIC and trans-Golgi network (TGN) vesicles both of which require acidic
pH [15, 141]. Furthermore, the inhibition of the autophagic process by CQ and HCQ
could be involved with the effects of COVID-19 prevention. The viral assembly
process occurs in the ERGIC, related directly to autophagosome biogenesis. After
the use of CQ/HCQ, the autophagic process could be inhibited by the subsequent pH
elevation in lysosomes leading to the SARS-COV-2 halt. Besides, the inhibition of the
autophagic process might also associate with the activity suppression of the recycled
materials accompanying the autophagic process accounting for the nucleation and
replication process of COVID-19 [16].

Moreover, apart from its anti-viral activity, HCQ could act as an anti-inflammatory
agent capable of decreasing the production of some cytokines [17, 147]. The secretion
of cytokines, such as IL-18, IL-1RA, IL-6, IL-7, IL-8, IL-2R, TNF-a, known as
the cytokine storm, is associated with the disease severity [148, 149]. The possible
mechanisms of CQ and HCQ are their involvement in anti-thrombotic activities, and
suppressing the release of IL-6, IL-1p, and TNF-a, which are key modulators of
inflammation [141, 148].

There are several clinical studies conducted to assess the efficacy of HCQ and
CQ on patients infected with COVID-19 [16]. In a study, it was observed that the
patients treated with CQ experienced a faster and higher rate of viral suppression
compared with those patients in the control group [150]. In another study, the effects
of high dosage and low dosage of the CQ on patients infected with severe COVID-19
was assessed, and the results indicated that the higher dosage of CQ should not be
used for severe COVID-19 patients, since it might cause a safety hazard, particularly
when used with azithromycin and oseltamivir [151]. According to the results of a
study, HCQ brought a decreased mortality in critical patients infected with COVID-
19 [152]. However, contradictory results were also obtained. For instance, Mahevas
et al. found that HCQ could not significantly decrease the admission to ICU, death,
or ARDS in COVID-19 patients with hypoxemic pneumonia [153]. According to
the findings of another study, it was also demonstrated that CQ cannot prevent the
SARS-CoV-2 entry into the lung cells in vitro, in that CQ targets a pathway for viral
activation that is not active in the lung cells [154]. Similarly, Mallat et al. indicated
that HCQ resulted in a slower viral clearance and mild to moderate disease compared
to the control group in patients infected with COVID-19 [155]. On June 15, 2020,
the FDA revoked the emergency use authorization for both CQ and HCQ [16] and
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according to the newest information released from mortality trials, recommended
by the WHO expert groups, in hospitalized patients infected with COVID-19, HCQ
had little or no effect on inpatient overall mortality, initiation of ventilation, and
duration of the hospital stay [135]. Nonetheless, the efficiency of CQ/HCQ as an
antiviral treatment for COVID-19 is still assessing in phase 4 clinical studies in the
USA (NCT04331600, NCT04382625). HCQ was proved to have 40% less toxicity
in animals [156]. However, the most common side effects of both CQ and HCQ
at therapeutic doses include myopathy, electrocardiographic changes, bleaching of
hair, retinopathy, pruritus, headaches, and gastrointestinal symptoms [5].

2.2.3 Favipiravir (Avigan)

Favipiravir (6-fluoro-3-hydroxy-2-pyrazinecarboxamide, T-705, Avigan), was first
discovered by Toyama Chemical Co., Ltd for antiviral activity against the influenza
virus and has been approved for the treatment of Influenza in Japan since 2014
because of its proven safety and effectiveness on humans in clinical trials [5, 26, 27].
Concerning COVID-19, favipiravir was approved to be utilized on 15 February 2020,
in China against SARS-CoV-2 [157]. For favipiravir to be converted to its active form,
that is, favipiravir-RTP (T-705 RTP) undergoes intra-cellularly phosphoribosylation,
consequently exerting its antiviral activity as a pro-drug [27]. Also, it was shown
that favipiravir-RTP could be efficiently recognized as a guanosine and an adenosine
analog by influenza A virus polymerase [158]. Favipiravir triphosphate, a purine
nucleoside analog, is believed to directly inhibit the RdRp activity of influenza A virus
polymerase [25, 158]. However, the exact mode of action and accurate molecular
interaction between the nucleotide and the viral polymerase has yet to be explicated
[158]. In a study conducted on the influenza A (HINT1) virus, it was demonstrated
that a high rate of mutation is induced with favipiravir generating a non-viable viral
phenotype, a lethal mutagenesis which is a key antiviral mechanism of T-705 [159].

Favipiravir has antiviral activity against a great variety of influenza viruses such
as A (HIN1) pdm09, A (H5N1), and recently emerged A (H7N9) avian virus. More-
over, favipiravir is capable of inhibiting the influenza strains resisting current antiviral
drugs and showing a synergic effect in combination with oseltamivir, thus expanding
influenza treatment options [ 160]. It was shown that its antiviral activity performs in a
dose-dependent manner while it has a short half-life of 2-5.5h [161, 162]. In addition,
the metabolism of favipiravir occurs in the liver mainly by aldehyde oxidase (AO),
and partially by xanthine oxidase, thereby producing an inactive oxidative metabolite,
T-705M1 that is excreted by the kidneys [162]. In a small clinical study conducted
on 168 critically ill patients infected with influenza, patients received either a combi-
nation of favipiravir and oseltamivir or oseltamivir alone. The results showed that
the combination therapy of favipiravir and oseltamivir results in accelerating clinical
recovery [163].

Favipiravir, chloroquine, arbidol, and remdesivir are under clinical studies in
china to assess their efficacy and safety against SARS-CoV-2 [157]. According to
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preliminary clinical results obtained from an open-label comparative controlled study
of patients infected with COVID-19, patients receiving favipiravir compared with
those receiving lopinavir/ritonavir experienced not only faster viral clearance but also
better chest computed tomography changes [164]. Furthermore, in an in vitro study
conducted on Vero E6 cells, favipiravir inhibited SARS-CoV-2 replication with EC50
values of 61.88 uM (9.4 pg/mL). Nevertheless, another study reported EC50 values >
100 pM (15. 7 wg/mL) for favipiravir [24, 165]. The need for metabolic activation in
the host cells for favipiravir could explain the differences between these two studies
[24]. In a randomized, controlled, open-label multicenter trial performed on 240
patients infected with COVID-19, patients randomly received arbidol or favipiravir
in a 1:1 ratio. According to the results, favipiravir could not considerably improve
the clinical recovery rate on day 7 in comparison to arbidol. However, favipiravir
appreciably improved the latency to relief for pyrexia and cough and showed mild and
manageable adverse effects, including raised serum uric acid, psychiatric symptom
reactions, digestive tract reaction, and abnormal LFT [166]. In a double-blinded,
placebo-controlled, randomized, phase 3 trial, favipiravir is being administered as a
potential therapy for mild to moderate COVID-19 outpatients (NCT04600895).

2.2.4 Lopinavir/Ritonavir (Kaletra)

Lopinavir/ritonavir combination, available under the brand name Kaletra, and devel-
oped by Abbott Laboratories, USA, is known as an anti-retroviral drug and was
approved by FDA for the treatment of patients infected with HIV in 2000 [5]. Riton-
avir, a potent inhibitor of cytochrome P450 3A4, inhibits the metabolism of lopinavir
and increases its bioavailability, it was shown that the co-administration of these drugs
in healthy volunteers increases the area under the lopinavir plasma concentration—
time curve > 100-fold [19, 167]. PLpro, a crucial factor in the protease activity
and proper replication of the SARS-CoVs genome has been a target of interest
in the treatment of COVID-19 patients [168]. It was demonstrated that lopinavir
is a non-covalent, competitive, and potential inhibitor for inhibiting the PLpro of
CoVs and subsequently blocking the virus replication [169]. The administration of
lopinavir/ritonavir during the early peak viral replication phase (initial 7-10 days)
has been reported to be crucial for the efficiency of drugs [170].

In a study, it was demonstrated that after the administration of lopinavir/ritonavir,
the viral load and clinical symptoms dramatically decreased [171]. In another study
conducted on 36 pediatric patients (aged 0-16 years) infected with COVID-19, all
patients received IFN-a by aerosolization twice a day, 14 (39%) patients received
lopinavir/ritonavir syrup (twice a day), and 6 patients needed oxygen inhalation. The
results indicated that all patients were cured and the hospital stay meantime was
14 days [172]. On the contrary, in a randomized controlled, open-label clinical trial
conducted on 199 patients infected with severe COVID-19, no specific difference was
observed in patients treated with lopinavir/ritonavir compared to those who received
standard care, and gastrointestinal disturbances were more prevalent adverse events
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between patients treated with lopinavir/ritonavir than patients in the control group
[173].

In an open-label, randomized, phase 2 trial in adults infected with COVID-
19, patients were assigned to either a 14-day triple combination of IFN-f-1b,
lopinavir/ritonavir and ribavirin or a control group (lopinavir/ritonavir); results
showed that triple combination therapy was superior to control group regarding
decreasing the time of hospital stay and alleviating symptoms in patients with mild
to moderate COVID-19 [174]. In another study, four patients infected with COVID-
19 underwent treatment with lopinavir/ritonavir (lopinavir 400 mg/ritonavir 100 mg,
q12 h through oral route), arbidol (0.2 g, three times in a day through oral route),
and Chinese traditional medicine Shufeng Jiedu capsule (SFIDC) (2.08 g, three
times in a day through oral route) while the duration of treatment was 6—15 days.
According to the obtained results, from among four patients, three patients showed
considerable improvement in pneumonia-associated symptoms, and for the other
patients suffering from severe pneumonia, signs of improvement were observed
[175]. The most common adverse effects of lopinavir/ritonavir have been reported
to be diarrhea, nausea, and, vomiting (gastrointestinal adverse effects from mild to
moderate). However, less common adverse effects observed in patients treated with
lopinavir/ritonavir consist of an allergic reaction, asthenia, malaise, headache, myal-
gias, arthralgias, myocardial infarction, seizures, and lactic acidosis [20, 167, 176].
Lopinavir/ritonavir is still in phase 4 of a clinical study in China to be evaluated for
COVID-19 patients (NCT04252885).

2.2.5 Umifenovir (Arbidol)

Arbidol, or umifenovir, an indole-derivative with broad-spectrum activity against
both enveloped and non-enveloped viruses, was initially approved in China and
Russia for the treatment of influenza A and B [177, 178]. Arbidol is believed to block
the entry of influenza virus (A and B) into the host cells by increasing the stability
of the hemagglutinin (HA) and hampering low pH reorganizations necessary for
fusion machinery of hemagglutinin with the membrane [5, 21, 23]. Arbidol could
interfere with advanced stages of the viral life cycle, in that it is capable of interacting
with both viral proteins and lipids [4, 179]. Regarding its structure, the presence of
amine in position 4 and the hydroxyl moiety in position 5 is crucial for its antiviral
activity [39]. It is reported that 40% of the drug could be excreted unchanged after
the administration while its half-life is between 17 and 21 h [22].

In a study conducted on 69 patients infected with SARS-CoV-2 in Wuhan, arbidol
therapy led to not only a decrease in the mortality rate but also an improvement in the
discharge rate [180]. In another study, the therapeutic efficacy of co-administration
of arbidol and lopinavir/ritonavir compared to only lopinavir/ritonavir on COVID-
19 patients was evaluated, and the results showed that the combination of arbidol
and lopinavir/ritonavir culminates in slowing down the development of lung lesions,
decreasing the feasibility of respiratory and gastrointestinal transmission toward
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decreasing the viral load of COVID-19 [181]. Inaclinical trial, 27 COVID-19 patients
were recruited, among them, 10 of the patients received chloroquine phosphate, 11
received arbidol, and 6 received lopinavir/ritonavir; the results indicated that both
CQ and arbidol decreased the hospitalization time as well as hospitalization expenses
and shortened the viral shedding interval [182].

Furthermore, in a study, 200 inpatients infected with common-type COVID-19
received either arbidol hydrochloride capsules (control groups) or a combination
of arbidol hydrochloride capsules and Shufeng Jiedu Capsule (SFJDC) (experiment
group) for 14 days. The results demonstrated that combining traditional Chinese and
western allopathic medicine not only improves recovery time but also has better clin-
ical efficiency and safety [183]. On the contrary, in a clinical trial performed on 141
patients infected with COVID-19, 70 patients received IFN-a-2b, while 71 of them
received a combination of arbidol and IFN-a-2b. The outcomes demonstrated that
patients receiving co-administration of arbidol and IFN-a-2b experienced neither a
decrease in their hospitalization time nor an acceleration in COVID-19 RNA clear-
ance [184]. Likewise, an inefficiency is reported for umifenovir in non-ICU patients
[185]. Despite the inconsistent results, arbidol is currently in phase 4 of a clinical trial,
which has been conducted on 380 patients with pneumonia caused by SARS-CoV-2
in Ruijin Hospital, Shanghai, China (NCT04260594) [186].

2.2.6 Darunavir

Darunavir, a non-peptidic protease inhibitor (PI) approved by the FDA, is particularly
used for the treatment of HIV-1 infection and is majorly utilized in combination with
a low boosting dose of ritonavir [38]. Darunavir is more potent compared with other
protease inhibitors due to its distinct chemical structure increasing binding affinity
and reducing dissociation rate [5]. It has been proved that it is able to prevent viral
maturation by inhibiting the cleavage of HIV gag and gag-pol polyproteins along-
side inhibiting proteolytic activity and subsequent HIV-1 replication by suppressing
dimerization of HIV-1 protease [33]. Therefore, darunavir is recognized as a protease
inhibitor while cobicistat could be a supplement for enhancing both pharmaco-
dynamics and pharmacokinetics of darunavir through inhibiting cytochrome P450
(CYP3A) [4, 187]. Darunavir is thoroughly metabolized by hepatic cytochrome P450
(CYP) 3A4 enzymes and is rapidly absorbed after oral intake; moreover, its terminal
elimination half-life is 15 h [34]. In a study, it was demonstrated that administration
of darunavir is accompanied by an increase in the risk of myocardial infarction in
patients infected with HIV. Hence, employing darunavir as a potential therapeutic
may be associated with enhancing the risk of cardiovascular diseases [188].

In an open-label trial conducted on 30 patients infected with COVID-19, patients
randomly received either darunavir/cobicistat for 5 days on top of IFN-a-2b inhaling
or IFN-a-2b inhaling alone. The results showed that darunavir/cobicistat therapy
did not change the viral clearance rate at day 7 in comparison to the control
group; furthermore, for patients receiving darunavir/cobicistat the median duration
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of viral shedding from randomization was 8 days, while 7 days in the control group.
However, no statistical significance was observed, and the recurrence of adverse
events in both groups was similar. On the other hand, one of the patients receiving
darunavir/cobicistat developed anemia (a decrease in the level of hemoglobin from
11.3 t0 9.9 g/dL). Other observed adverse events were elevated transaminase levels
and renal dysfunction. It should be noted that all of the adverse events were mild
[189]. In a phase 3 clinical study, the efficacy and safety of darunavir and cobicistat
are evaluating on COVID-19 patients in China (NCT04252274).

2.2.7 Ribavirin

Ribavirin, a guanosine analog, is an antiviral drug used for the treatment of patients
infected with HCV and respiratory syncytial virus [5]. Its mechanisms of action could
be divided into indirect and direct mechanisms. The direct mechanisms consist of
interfering with RNA capping, polymerase inhibition, as well as lethal mutagenesis,
and indirect mechanisms are comprised of inosine monophosphate dehydrogenase
inhibition and immunomodulatory effects [190]. Ribavirin has established a good
reputation for being utilized in emergency clinical plans against CoVs infection due
to its availability and low cost. The most convincing outcomes generally have been
obtained with early administration upon presentation with pneumonia and before
sepsis or organ system failure [30]. Its half-life time is estimated to be 3.7 h, with
an oral bioavailability of 52%, which could be because of the first-pass metabolism
in the liver [31, 191]. Even though ribavirin is known as a potential therapeutic
for the treatment of HCV, it is highly toxic. Hence, it is recommended to be used in
combination therapy with IFNs or lopinavir/ritonavir in the Diagnosis and Treatment
Guidelines of COVID-19 in China [39].

A combination of ribavirin and IFN-o-2b was utilized for the treatment of
MERS-CoV infected rhesus macaques and demonstrated a decrease in viral repli-
cation, moderating the host response, and improving clinical results [192]. In addi-
tion, according to an open-label, randomized, phase 2 trial conducted on patients
infected with COVID-19, triple combination therapy of patients with interferon-g-
1b, lopinavir/ritonavir, as well as ribavirin was much safer and superior to the admin-
istration of only lopinavir/ritonavir regarding the decreasing symptoms, reducing the
time of hospital stay, and viral shedding in patients infected with mild to moderate
COVID-19 [174]. In order to compare the efficacy and safety of three antivirals,
namely, ribavirin, lopinavir/ritonavir, and IFN-a-1b for the treatment of patients
infected with COVID-19, three different therapeutic regimes were applied in a clin-
ical trial, that is, ribavirin plus IFN-a1b or lopinavir/ritonavir plus IFN-a1b and or
ribavirin plus lopinavir/ritonavir plus IFN-a1b. According to the obtained results, the
combination of ribavirin plus lopinavir/ritonavir caused a considerable increase in
gastrointestinal adverse effects [193]. A combination of ribavirin, nitazoxanide, and
ivermectin for a duration of 7 days is assessed for COVID-19 treatment at Mansoura
University in Egypt (NCT04392427).
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2.2.8 Oseltamivir (Tamiflu)

Oseltamivir (Tamiflu), a neuraminidase inhibitor (NAIs) licensed for the treatment
of both influenzas A and B, was synthesized through employing two natural products
from plants, namely, quinic acid, and shikimic acid [29, 194]. Oseltamivir prodrug
is known as oseltamivir phosphate [28]. In the liver, oseltamivir is metabolized and
converted to its active metabolite, that is, oseltamivir carboxylate [28]. It is able to
prevent the release of viral particles from the host cells by binding to influenza viral
neuraminidase, thereby decreasing the spread of the virus in the respiratory tract [4,
28]. Nevertheless, according to the result of a study performed on patients infected
with COVID-19 in china, no positive results were obtained for patients receiving
tamiflu [195]. However, the administration of oseltamivir and its combination with
other drugs such as CQ, arbidol, lopinavir/ritonavir, and favipiravir are under clinical
studies to evaluate their potential in the treatment of SARS-CoV-2 infection [85,
196]. In an open, prospective/retrospective, randomized controlled cohort study, the
efficiency of three antiviral drugs including oseltamivir, arbidol hydrochloride, and
lopinavir/ritonavir is compared for COVID-19 treatment in China (NCT04255017).

2.2.9 Ivermectin

Ivermectin, approved as both an anti-parasitic and anthelmintic agent, is a macrolide
endectocide macrocyclic lactone that was originally derived from an actinomycete
(streptomyces avermitilis) [5, 38]. Its antiviral activity was initially found by its
capability in inhibiting the interaction between the nuclear transport receptor importin
o/ (IMP) and integrase molecule of HIV [4, 48]. In fact, its antiviral mechanism of
action involves the dissociation of the preformed IMPo/f 1 heterodimer, responsible
for the transport of viral proteins to the nuclear [77, 197].

According to the result of a study conducted in Australia, ivermectin demonstrated
antiviral activity against SARS-CoV-2 in clinical isolate in vitro Vero-hSLAM cells
with the addition of a single dose 2 h post-infection, and it was able to reduce
viral RNA around 5,000 times. Moreover, the hypothesized mechanism of action for
ivermectin was observed to be likely through inhibiting IMPa/f1-mediated nuclear
import of viral proteins as anticipated [198]. This drug is currently under a phase
3 clinical trial against COVID-19 in the USA, Pennsylvania, Temple University
(NCT04530474).

2.2.10 Tenofovir

Tenofovir, a nucleotide analog (NA) of adenosine 5’-monophosphate, is a reverse
transcriptase inhibitor with two different formulations, namely, tenofovir disoproxil
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fumarate (TDF) and tenofovir alafenamide (TAF) [35]. They are commercially
available prodrugs of tenofovir capable of improving their oral bioavailability and
membrane permeability [35, 36]. Tenofovir alafenamide is able to selectively acti-
vate presenting preferential distribution in lymphatic tissues, and it is formulated
to reduce adverse events associated with the administration of tenofovir disoproxil
fumarate [199]. Both of them are vital components for the treatment of HIV and
HBYV [35]. Tenofovir is one of the potential nucleotide analogs under investigation
for the treatment of SARS-CoV-2 [200]. A combinational administration of teno-
fovir/emtricitabine in addition to the use of personal protective equipment (PPE)
is currently under phase 2/3 of a clinical trial for COVID-19 patients by Hospital
Universitario San Ignacio, Colombia (NCT04519125).

2.2.11 Camostat Mesylate

Camostat mesylate, a serine protease inhibitor first used for the treatment of
dystrophic epidermolysis, chronic pancreatitis, and oral squamous cell carcinoma,
was initially manufactured by the Nichi-Iko Pharmaceutical Co., Ltd. in contribution
with Ono Pharmaceutical, Japan [38, 201]. It should be noted that the S protein of
human CoVs is primed by TMPRSS2, which is a serine protease [37]. In this regard,
camostat mesylate may be able to inhibit the SARS-CoV-2 entry into the host cell,
since it is a serine protease inhibitor blocking TMPRSS2 activity [39, 202]. In a
study conducted on a pathogenic animal model of SARS-CoV-1 infection, it was
observed that camostat has the potential to prevent viral spread and pathogenesis of
SARS-CoV-1 [203]. Camostat mesylate is currently under phase 3 of a clinical trial
for the treatment of COVID-19 patients in French (NCT04608266).

2.2.12 Nafamostat Mesylate

Nafamostat, a synthetic serine protease inhibitor that is known as an anticoagulant
in nature, was first brought to the Japanese market in 1986 for the treatment of
acute symptoms of pancreatitis and for applying to certain bleeding complications.
This drug is capable of inhibiting different enzymatic systems such as complement,
kallikrein-kinin, fibrinolytic systems, and coagulation. It has been also utilized for
the prevention of liver transplantation and post-transplant syndrome [5, 38, 204].
Nafamostat is able to prevent viral entry through the host cell surface membrane.
Hence, it is considered as one of the potential repurposing drugs against COVID-19
[205]. Its mechanism of action is anticipated to be through inhibiting the human
protein TMPRSS2, the S protein-dependent enzyme that cleaves and thereby acti-
vates the S protein for binding to ACE2 [206, 207]. In an in vitro study, nafamostat
prevented the entry of MERS-CoV, and it was demonstrated as the most potential
protease inhibitor among all 1000 drugs screened [40]. This drug is currently under
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phase 3 of the clinical trial on patients infected with COVID-19 by the University of
Edinburgh, the UK (NCT04473053).

2.2.13 Molnupiravir

Molnupiravir, or MK-4482/EIDD-2801, pro-drug of the nucleoside analog N4-
hydroxycytidine (NHC), is an RNA polymerase inhibitor that is orally available
and was originally developed for the treatment of influenza [43—45]. It has shown
appreciable anti-influenza activity in ferrets, mice, guinea pigs, and human airway
epithelium organoids [44, 208, 209]. As a result of the collaboration between Ridge-
back Biotherapeutics and Merck, molnupiravir is developing for the treatment of
COVID-19 patients [43]. In a study, the effect of molnupiravir in a Syrian hamster
SARS-CoV-2 infection model was investigated, and the results showed that molnupi-
ravir considerably decreased not only infectious virus titers but also viral RNA loads
in the lungs, thereby improving lung histopathology [210]. Moreover, in another
in vivo study conducted on animals infected with SARS-CoV-2, molnupiravir was
proved to be a potential oral drug capable of considerably decreasing the viral load
in the upper respiratory tract and preventing the spread to untreated contact animals
[45]. Molnupiravir administration is currently in phase 2/3 of a multicenter clinical
trial by Merck Sharp & Dohme Corp (NCT04575584).

2.2.14 Sofosbuvir

Sofosbuvir, a direct-acting antiviral drug that was initially approved as an anti-HCV,
could be utilized as a repurposed antiviral drug for the treatment of COVID-19 [46,
47]. Among the studies, it was predicted that sofosbuvir might be capable of binding
to the SARS-CoV-2 RdRp enzyme, thereby inhibiting its activity [64,211,212].Ina
single-center, randomized controlled trial in patients infected with moderate COVID-
19, patients received either a combination therapy of sofosbuvir/daclatasvir/ribavirin
or standard care. The results demonstrated that the combinational administration of
these three drugs engendered recovery and lower mortality rates for patients. Never-
theless, an imbalance was observed in the baseline characteristics between the arms.
Thus, larger randomized trials are needed to prove these results [213]. Additionally,
according to a molecular docking study, ribavirin, remdesivir, sofosbuvir, galidesivir,
and tenofovir are potent drugs against COVID-19 that tightly bind to the RdRp of the
SARS-CoV-2 strain, thereby preventing its function [214]. Sofosbuvir is currently
under phase 2/3 of a clinical trial in Egypt by Tanta University (NCT04497649).
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2.2.15 Famotidine

Famotidine, a histamine-2 receptor antagonist (H2RA), reduces the production of
gastric acid [50, 51]. An in vitro study of this drug demonstrated that H2RA has
anti-viral activity against HIV replication [215]. Regarding the treatment of COVID-
19, according to the results obtained from in silico molecular docking, Famotidine
could inhibit PLpro enzyme activity in the viral replication cycle [216]. Hence, this
drug is capable of inhibiting vital enzymes in the life cycle of SARS-CoV-2 and
consequently mediating the maturation of non-structural proteins [S1]. In a multi-
site, randomized, double-blind phase 3 clinical study, the efficiency of famotidine is
evaluating for COVID-19 patients in the USA (NCT04370262).

2.2.16 Nitazoxanide

Nitazoxanide, a synthetic nitrothiazolyl-salicylamide derivative, is a broad-spectrum
antiviral agent used for the treatment of a wide range of viruses, including influenza A,
B, and Ebola viruses [3, 6, 54]. Nitazoxanide demonstrated in vitro antiviral activity
against MERS-CoV and other CoVs; also, this drug suppresses the production of
pro-inflammatory cytokines in peripheral blood mononuclear cells and IL-6 in mice
[217]. Moreover, the antiviral activity of this drug could be attributed not to the virus-
specific pathways, but rather to its interference with host-regulated pathways involved
in viral replication [5, 217, 218]. Nitazoxanide is currently in phase 4 of clinical trials
for COVID-19 treatment in Mexico by Laboratorios Liomont (NCT04406246).

2.2.17 Nelfinavir

Nelfinavir, a non-peptidic, competitive HIV protease inhibitor, is considered as one
of the potential drugs against COVID-19 [55]. This drug was approved by the FDA
for the treatment of HIV infection in 1997 [219]. According to the results of a study
in which HIV protease inhibitors were screened to find potential drugs, CoVs, it
was indicated that nelfinavir is capable of inhibiting the replication cycle of SARS-
CoV-1 [56]. Similarly, in another in vitro study, it was shown that nelfinavir could
inhibit 3CLpro of the virus and consequently suppressing the replication cycle of
SARS-CoV-2 with EC50 and EC90 of 1.13 uM and 1.76 uM, respectively [57,
220]. According to an in silico study, based on the combinational administration of
nelfinavir and cepharanthine, nelfinavir could bind the SARS-COV-2 main protease,
thereby inhibiting the viral replication cycle, while cepharanthine is able to prevent
viral attachment and entry into cells. Hence, their combination could be a potent
multidrug for the treatment of COVID-19 [221].
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2.2.18 Auranofin

Auranofin is a gold-containing triethyl phosphine that has been explored for thera-
peutic applications against a wide range of diseases, including cancer, neurodegener-
ative disorders, HIV, as well as parasitic and bacterial infections [58, 59]. According
to the results of one in vitro study, auranofin inhibits the replication of SARS-COV-2
in human cells at a low micromolar concentration by reducing the viral RNA up to
95% at 48 h after infection [58]. Its mechanism of action consists of inhibiting the
redox enzymes as well as induction of ER stress, thereby interfering with the protein
synthesis of SARS-CoV-2 [58-61, 222].

2.2.19 Carmofur

Carmofur, an approved antineoplastic drug that was derived from 5-fluorouracil (5-
FU) and was explored for the treatment of breast, gastric, bladder, and colorectal
cancers, is shown to have inhibitory effects against SARS-CoV-2 [222-224]. It was
demonstrated that carmofur inhibits the main protease (3CLpro) activity of the SARS-
CoV-2 with an IC50 value of 1.82 wM and prevents viral replication in cells with an
EC50 value of 24.30 uM [63, 64].

2.2.20 Galidesivir

Galidesivir (BCX4430, Immucillin-A), an adenosine analog as well as RdRp
inhibitor that was first developed for the treatment of HCV, has shown antiviral
activity against a wide variety of viruses, including togaviruses, filoviruses,
arenaviruses, paramyxoviruses, orthomyxovirus bunyaviruses, CoVs, picornavirus,
and flaviviruses [38, 66, 67]. This drug is currently under phase 1 of clinical trials
for COVID-19 treatment in Brazil (NCT03891420).

2.2.21 Azvudine

Azvudine or 2'-deoxy-2’-B-fluoro-4’-azidocytidine (FNC) was first developed for
the treatment of HIV and has antiviral activity against HBV and HCV [68, 225].
Azvudine might be able to inhibit the reverse enzyme transcriptase vital in viral
transcription, thereby interfering with the replication of the CoVs [38]. This drug
is currently under phase 3 of a randomized clinical trial for patients infected with
COVID-19 in Brazil (NCT04668235).
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2.3 Immunomodulators and Anti-inflammatory Drugs

The immune (innate and adaptive) system includes cells, molecules, and processes
working together to provide the body protection against aggressive viruses, bacteria,
toxins, parasites, fungi, and cancer cells [7]. However, the immune system may be
weakened in individuals owing to high age or immunodeficiency disorders [1]. On
the other hand, the inflammatory phase, the third phase after the mild infection and
pulmonary phases, is initiated and accompanied by cytokine storm due to the exces-
sive immune response of the host upon infection and may create complications like
ARDS leading to death in many cases [148]. Considering the biology of SARS-
CoV-2 and by exploring the molecular mechanisms employed by the virus regarding
its interactions with host cells, the development of host immune response could be
illuminated, which may lead to proposing efficient drugs for inhibiting COVID-19
[7]. The medications that have the potential to interact with the host immune system
generally can fall into two main categories, the remedies with the aim of boosting the
immune system and the therapeutics that intervene in the host immune response and
play their role in immunomodulation or alleviating damages caused by the dysreg-
ulated inflammatory responses [1]. In this respect, many immunomodulatory thera-
pies and anti-inflammatory drugs such as NKs, IFNs, MSCs, convalescent plasma,
interleukin inhibitors, anticitokines, anticoagulants, corticosteroids, and monoclonal
antibodies have been administrated to control the symptoms, modulate the immune
system leading to COVID-19 treatment (Table 2.1) [1, 8, 85].

2.3.1 Natural Killer Cells

The higher mortality rate of elderly patients compared to other generation individ-
uals infected with COVID-19 could be explained by the weakening of the immune
system with age and considered somehow as aging-associated diseases in chronic
disease states [77, 101, 226]. NK cells as practical components of the innate immune
system are against viral infections. NK cells are able to rapidly release granzymes
and perforins inducing cell lysis. In addition, they are crucial sources of interferon-
gamma (IFN-y) capable of mobilizing antigen-presenting cells (APCs) and activating
antiviral immunity [7]. Hence, the injection of NK cells into elder and fragile patients’
bodies could be efficacious in SARS-CoV-2 clearance with no severe side effects [1,
77]. Chen et al. indicated that macrophages and NK cells have a crucial function
in the clearance of SARS-CoV-1 [227]. The safety and efficacy of CYNK-001, an
immunotherapy containing NK cells derived from human placental CD34 + cells on
moderate COVID-19 patients, are currently assessing in a phase 2/3 clinical study at
multicenters in the USA (NCT04365101).
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2.3.2 Mesenchymal Stem Cells

In severe patients, SARS-CoV-2 infection may generate a threatening cytokine storm
in the lungs. MSCs, as a safe and well-tolerated therapeutic option, can be used to
benefit through their immunomodulatory, antimicrobial, antiapoptotic, and regener-
ative effects [70]. The anti-inflammatory activity of MSCs has been associated with
decreasing pro-inflammatory cytokines and producing paracrine factors leading to
regenerative medicine in pulmonary epithelial cells [1]. MSCs are able to regulate the
function of both innate and adaptive immune systems through either passive or active
cell—cell interaction, secretion of trophic factors, or activation of regulatory T cells
[2, 70]. Clinically, the employing of intravenous transplantation of MSCs for severe
SARS-CoV-2 patients has been reported to be safe and effective [71, 228, 229]. It has
been reported that MSC therapy for COVID-19 patients exerts no adverse effects on
the patients [230, 231]. The efficacy and safety of the MSC remestemcel-L. admin-
istration are evaluating on COVID-19 patients with ARDS in phase 3 multicenter
clinical study in the USA (NCT04371393).

2.3.3 Interferons

IFNs are soluble endogenous signaling proteins with high antiviral activity secreted
by cells including cells with hematopoietic origin upon viral or bacterial infection.
The interferon-stimulating genes (ISG) generally associated with immunomodula-
tion, signaling, and inflammation are activated by the INF fixation on interferon o/
receptor (IFNAR), the receptors found at most cells plasma membrane [4, 232]. IFNs
have been utilized as a therapeutic option against autoimmune disorders, different
cancers, and viral infections including hepatitis B and C [1,232]. IFNs play significant
roles in enhancing the immune system by restricting the spread of infectious viral,
adjusting innate immunity responses, and activation of adaptive immune responses
[7, 233, 234]. Hence, employing recombinant human interferons (rhIFNs) has been
considered as a potential treatment method against COVID-19 while SARS-CoV-2
has shown sensitivity to some human type I IFNs like IFN-a and IFN-8 [94, 235,
236]. However, the adverse reactions of fever, myalgias, headaches, leukopenia,
lymphopenia, and autoimmune hepatitis may be associated with the administration
of IFNs [72].

2.3.3.1 Interferon-o

IFN-a is a cytokine secreted by the immune cells in the body capable of eliciting
a practical host-mediated immune cell response for various cancer treatments and
inhibition of replication of viruses like SARS-CoVs, HIV, and HCV while SARS-
CoV-2 has shown significantly high sensitivity to IFN-a [8, 72, 237]. IFN-a has
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been exploited as a favorable antiviral activity due to low toxicity and its crucial
roles in the inhibition of the virus replication at the early stage of infection, moder-
ating the symptoms of the acute phase of the disease, shortening the disease duration
leading to the survival of severe patient [8]. To enhance the stability of IFN-a and
prolong its half-life from 4.6 to 22-60 h, Pegylated IFN-a-2b has been utilized
providing a situation in which the lower dosing could be injected frequently [72].
In a retrospective multicenter cohort clinical trial, 242 of 446 COVID-19 patients
received IFN-a-2b as a treatment in Hubei, China. It was observed that early admin-
istration (<5 days after admission) of IFN-a-2b was responsible for the reduced
in-hospital mortality while peculiarly, late administration of IFN-a-2b was involved
with increased mortality [238]. In a phase 3 clinical study, the efficiency of rhIFN-
a-1b in preventing COVID-19 is currently assessing on a large number of patients
at Taihe Hospital Shiyan, Hubei, China (NCT04320238).

2.3.3.2 Interferon-p

IFN-B is a signaling cytokine that has a broad range of applications against viral
infections like HCV and HBV. It is able to activate cytoplasmic enzymes stimulating
them to prevent viral replication [38, 74]. IFN-B with the ability of maintaining
endothelial barrier activity, pro-inflammatory response, and defensive function in
the lungs has demonstrated the highest potency among the IFNs in prophylactic
protection and antiviral potential post-infection effects [74, 234, 239]. IFN-8-1 has
demonstrated efficacy against SARS-CoV-1 [240]. Consequently, on account of the
high similarity of SARS-CoV-1 with SARS-CoV-2, IFN-f-1 has been introduced as a
potential therapeutic in COVID-19 treatment [241]. Despite inhibiting the production
of IFN-B and obstructing the innate immune system response by SARS-CoV-2, the
virus has shown sensitivity to the antiviral activity of externally administrated type
I TFNs [236].

In a phase 2 clinical study (NCT04385095), safety and efficacy of inhaled nebu-
lized IFN-B-1-a (SNGO0O01) were assessed for the treatment of patients admitted to
hospital with COVID-19, and it was demonstrated that in comparison with patients
who received placebo, treated patients with SNGOO1 had a greater chance of treat-
ment with more rapid recovery [73]. Likewise, IFN-B-1-b has indicated potency
in inhibiting SARS-CoV-1, MERS-CoV, and SARS-CoV-2 infections [241]. Also, a
combination therapy of IFN-f-1-b, lopinavir/ritonavir, and ribavirin was evaluated on
COVID-19 patients admitted to hospital in a phase 2 clinical study (NCT04276688)
and demonstrated a high potential in alleviating symptoms and reducing the disease
duration and hospital stay in patients with mild to moderate SARS-CoV-2 infection
[174].
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2.3.4 Convalescent Plasma or Intravenous Immunoglobulin

The pooled plasma or hyperimmune immunoglobulins derived from recovered
patients of a disease, termed convalescent plasma (CP) has been widely employed to
treat many infectious diseases such as MERS-CoV, SARS-CoV-1, Ebola, and SARS-
CoV-2 with favorable outcomes through passive immunity delivery and replacement
therapy for antibody deficiencies [38, 242, 243]. On account of the fact that CP
or intravenous immunoglobulin (IVIG) possesses neutralizing antibodies to SARS-
CoV-2, which could be exploited as a potential therapy to directly neutralize the virus,
modulate the inflammatory response, and control the overactive immune system (i.e.,
cytokine storm) [75, 76, 243]. In the hope of minimizing morbidity and mortality, all
these benefits of CP are expected to be attained if used in early administration and
non-critically hospitalized patients [8, 76].

Improvement in the clinical status of small sample sizes of critically ill patients
was reported in some studies by the administration of CP with low serious adverse
reactions [243-247]. Despite the risks involved with CP and IVIG administration
for COVID-19 patients, including transfusion-associated lung injury and circulatory
overload, allergic/anaphylactic reactions and less common risks like transmission of
infections and red blood cell alloimmunization [41], very low adverse events have
been reported in a safety study of CP for 20,000 hospitalized patients implying that
CP is safe in hospitalized patients with COVID-19 [246]. In a phase 3 clinical trial,
CP has been employed for treating hospitalized COVID-19 patients in New York,
the USA (NCT04418518).

2.3.5 Anticitokines, Immunosuppressants, and JAK
Inhibitors

Since COVID-19 is associated with a significant increase in the level of serum
cytokines, that is, the cytokine storm, repurposing of available anticytokines with
proven safety has come to the fore [248, 249]. In this regard, considering the role
of the Janus kinase signal transducer and activator of transcription (JAK-STAT)
pathway in Angiotensin II type 1 receptor, the receptor that is expressed on peripheral
tissues and immune cells as cytokine receptors with the role of the renin-angiotensin
system (RAS) signal transduction, targeting of this pathway in hospitalized patients
by employing JAK and Adaptor-associated kinase (AAK) inhibitors like sirolimus,
baricitinib, ruxolitinib, imatinib, cyclosporine, and tofacitinib capable of inhibiting
type I/II cytokine receptors could not only reduce the clinical symptoms in organs
like lung, kidney, and heart but also inhibit the cytokine storm in ARDS condition
associated with severe SARS-CoV-2 infection [3, 250, 251].
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2.3.5.1 Sirolimus

Sirolimus, known as rapamycin (trademark name: Rapamune), is a natural product
isolated from the bacterium Streptomyces hygroscopicus in Easter Island. Sirolimus
was initially isolated as an antifungal agent with potential anticandida activity [92,
252]. Nevertheless, its antitumor/antiproliferative and immunosuppressive proper-
ties were proved by further studies [252]. Also, sirolimus is capable of weak-
ening the immune system, surprisingly strengthening T cells activity in the course
of pathogenic invasions, delaying age-related illnesses in humans, and having an
inhibitory effect on the mammalian target of rapamycin complex 1 (mTORC1)
receptor [91].

On account of the fact that mMTORCI has a pivotal role in the viral replication of
different viruses, including orthohantavirus and CoVs, sirolimus could be a potential
therapeutic agent for repurposing against COVID-19 [85, 91, 253]. According to
the results obtained from an in vitro study, sirolimus affected PI3K/AKT/mTOR
pathway, thereby inhibiting MERS-CoV activity [254]. Moreover, an in silico study
showed that sirolimus could be a potential drug for the treatment of patients infected
with COVID-19 using a network-based drug repurposing model [253]. This drug is
currently in phase 2 of a clinical trial for patients infected with COVID-19 performing
in the USA by the University of Cincinnati (NCT04341675).

2.3.5.2 Baricitinib

Baricitinib under the brand name olumiant, an inhibitor of cytokine-release approved
in 2018 for the treatment of rheumatoid arthritis, is a potential JAK inhibitor that
selectively inhibits the JAK1 and 2, consequently reducing inflammation in patients
infected with COVID-19 [3, 255-257]. Moreover, baricitinib is capable of inhibiting
AAKI1 and Cyclin G-associated kinase (GAK) [3]. Both AAK1 and GAK are impor-
tant regulators of endocytosis. Hence, targeting AAK1 and GAK makes baricitinib
also a potential candidate for not only inhibiting the viral entry but also interfering
with the virus assembly [258]. The effectiveness and safety of baricitinib have been
shown through conclusive results such as lower fatality rate and higher discharge rate
obtained from clinical studies conducted on COVID-19 patients receiving baricitinib
[256, 259]. This drug is undergoing phase 3 of a clinical study performing on 1400
COVID-19 patients in the USA (NCT04421027).

2.3.5.3 Ruxolitinib

Ruxolitinib, also known as INC424 or INCB18424, is a potent inhibitor of JAK1
and 2 that was approved by the FDA against myelofibrosis, polycythemia vera, and
acute graft-versus-host disease [38, 93, 260, 261]. Its main mechanism of action
includes interfering with the JAK-STAT, one of the chief regulator cell signaling
pathways, through interacting with JAK and preventing the activation of STAT,
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thereby reducing the elevated levels of cytokines [93, 257]. Given these points,
ruxolitinib could be considered as one of the potent drugs against a wide range
of diseases, including COVID-19. According to studies conducted on COVID-19
patients receiving ruxolitinib, obtained results demonstrated that this drug success-
fully reduced both the inflammatory blood cytokine levels such as IL-6 and the acute
phase protein ferritin; moreover, the administration of ruxolitinib brought about rapid
respiratory and cardiac improvement, significant chest computed tomography (CT)
improvement, faster recovery from lymphopenia, clinical stabilization, as well as
favorable side-effect profile [262, 263]. Ruxolitinib is under phase 3, randomized,
double-blind, placebo-controlled, multicenter clinical study on patients infected with
COVID-19 in the USA (NCT04377620).

2.3.5.4 Fingolimod

Fingolimod, known as FTY720, is an orally administered compound acting as the
modulator of sphingosine-1-phosphate (S1P) receptors and was chemically derived
from an immunosuppressive metabolite (myriocin) isolated from a fungus (Isaria
sinclairii) [38, 264, 265]. In fact, fingolimod could play a role as a potent functional
antagonist of S1P1 receptors on T cells subsequently sequestering lymphocytes in
lymph nodes [1]. This drug has shown conclusive results in the treatment of multiple
sclerosis (MS) on account of its capability to reduce the inflammatory damages and
effect on the central nervous system (CNS) [95, 266]. Based on pathological findings,
besides ventilator support, immune modulators such as fingolimod should be taken
into consideration, in that, their combination might prevent the progression of ARDS
[196].

2.3.5.5 Thalidomide

Thalidomide, which is an antiangiogenic, anti-inflammatory, as well as anti-fibrotic
agent, was initially synthesized by the CIBA pharmaceutical company in 1954 and
used as a sedative, antiemetic, and tranquilizer for morning sickness [267]. Thalido-
mide has inhibitory effects on TNF-a synthesis and is used for the treatment of
multiple inflammatory diseases, including Behgets’ disease and Crohn’s disease [77,
96]. Even though the exact mechanism of action for the anti-inflammatory effects
of thalidomide has yet to be found, researchers have attributed its anti-inflammatory
effects to its ability for accelerating the degradation of messenger RNA in blood cells,
thereby reducing the blood serum level of TNF-a, which is a cytokine involved in
systemic inflammation and cytokine storm [268, 269]. Due to its properties, clinical
studies are conducting to assess the immunomodulatory effects of thalidomide on
reducing lung damage caused by SARS-CoV-2 [77]. Thalidomide is under phase 2
of a randomized, multicenter, placebo-controlled, double-blind clinical trial on 100
patients infected with COVID-19 performing by Wenzhou Medical University in
China (NCT04273529).
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2.3.6 Non-steroidal Anti-inflammatory Drugs (NSAIDs)

NSAIDs have been widely utilized for controlling acute and chronic inflammatory
circumstances [270]. Generally, NSAIDs act by curbing prostaglandin synthases 1
and 2, known as cyclooxygenase enzymes (COX-1 and COX-2) that are respon-
sible for producing prostaglandins (PGs) and provoking pain and fever [271-273].
NSAIDs have been employed to reduce fever and muscle pain caused by COVID-19.
However, there is a heated controversy as to whether these drugs are safe [270]. On
account of the fact that most studies postulating not protective effects of NSAIDs
have been majorly in vitro or on animals rather than on humans [272], further studies
are needed to determine the role of NSAIDs in the context of SARS-CoV-2 infection.

2.3.6.1 Naproxen

Naproxen a member of NSAIDs is a propionic acid derivative, which is adminis-
tered orally and rectally, has been widely used against rheumatic diseases and non-
rheumatic circumstances [97, 98]. It was demonstrated by Zheng et al. that naproxen
is capable of exerting antiviral activity against influenza A and B viruses, in that this
drug obstructs the nuclear export of the viral nucleoproteins, hampering influenza
replication [274]. Additionally, in another study conducted on COVID-19 patients
receiving ibuprofen and naproxen, conclusive results such as diminishing the prob-
ability of hospitalization and requiring mechanical ventilation were obtained [275].
Currently, the efficacy of naproxen on hospitalized COVID-19 patients is assessing
through phase 3 of a randomized clinical study performing by Hdpitaux de Paris
(NCT04325633).

2.3.6.2 TIbuprofen

Ibuprofen is NSAID with analgesic, antipyretic, and anti-inflammatory properties,
which was first introduced in the UK in 1969 and has been used against symptoms
of acute pain, inflammation, fever, osteoarthritis, rheumatoid arthritis, ankylosing
spondylitis, gout, and Bartter’s syndromes [38, 276, 277]. Its mechanisms of action
consist of reducing the activity of COX enzyme, thereby inhibiting the production
of prostaglandins [278]. Regarding the effectiveness of ibuprofen against COVID-
19 infection, there are quite a few contradictory suggestions made by studies. For
example, whether ibuprofen could facilitate the cleavage of the ACE2 receptor on host
cells, thereby interfering with the viral entry, or whether ibuprofen may decrease the
excess inflammation or cytokine release in COVID-19 infection has been discussing.
However, due to a lack of substantiated evidence, these claims are just possible protec-
tive effects of ibuprofen against CoV infection [279, 280]. Moreover, even though
it is hypothesized that ibuprofen might increase the severity of COVID-19 infec-
tion, according to one study performed on 430 patients infected with COVID-19,
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ibuprofen was not associated with worse clinical outcomes, compared with parac-
etamol or no antipyretic. Nevertheless, further clinical studies are required to confirm
their results [281]. This drug is currently under phase 4 of a clinical study conducting
on 230 participants infected with COVID-19 by King’s College London in the UK
(NCT04334629).

2.3.6.3 Paracetamol

Paracetamol (acetaminophen), which was initially synthesized through its precursor,
that is, phenacetin in 1878, has been used to relieve acute and chronic pain world-
wide [282, 283]. This drug is currently the most prevalent analgesic in the world and
possesses weak inhibitory effects on the synthesis of prostaglandins [283, 284].
According to suggested warnings regarding the administration of ibuprofen for
COVID-19 patients, paracetamol was recommended as a safer option. Although
paracetamol has been reported to have no or insignificant anti-inflammatory and
antiplatelet activity, this drug has been constantly used for the control of COVID-
19 [285, 286]. Nonetheless, paracetamol might cause glutathione (GSH) depletion,
which might result in developing severe COVID-19, particularly in more vulnerable
groups. Therefore, clinical studies are needed to investigate the efficacy and adverse
effects of this drug on patients infected with COVID-19 [286].

2.3.7 Corticosteroids

Corticosteroids have been proposed to be utilized for the suppression of lung inflam-
mation in SARS-CoV-1 and MERS-CoV owing to their anti-inflammatory effects
and the potential in reducing mortality [72, 287]. Prognosis improvement and clin-
ical recovery promotion have been reported in a systematic review of corticosteroid
therapy for severe COVID-19 patients [288]. Nevertheless, the efficacy and safety
of the administration of corticosteroids like methylprednisolone, dexamethasone,
and budesonide for the management of SARS-CoV-2 infection are still controver-
sial [200, 287, 289]. The administration of corticosteroids in the management of
COVID-19 may bring the risk of damages like prolonged mechanical ventilation,
delayed viral clearance, and avascular necrosis. Thus, it demonstrates the need for
a high consideration in corticosteroid administration for COVID-19 patients while
also requiring more clinical data [289].

2.3.7.1 Methylprednisolone

Whether methylprednisolone could be a potential drug for the suppression of
unwanted immune reactions is questionable [1]. However, it is believed by many
medical researchers that methylprednisolone could improve the deregulation of the
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host immune response and increase the blood pressure where is low due to the
cytokine storm [85]. Wu et al. reported that the risk of mortality was decreased by
the administration of methylprednisolone for severe patients with ARDS. In fact,
23 of 50 (46%) patients who received methylprednisolone died while the mortality
rate in patients with no methylprednisolone treatment was higher (61.8% (21 of 34
patients)) [101]. The routine use of corticosteroids including methylprednisolone is
opposed by the Infectious Diseases Society of American. On the other hand, they
do recommend the administration of corticosteroids for the patients with developed
ARDS in order to set the cytokine storm in the context of a clinical trial [290]. The
efficacy of different hormone doses of methylprednisolone is evaluating on severe
COVID-19 patients in a phase 4 clinical study in Hubei, China (NCT04263402).

2.3.7.2 Dexamethasone

Dexamethasone is on the list of essential medicine of the WHO, which is avail-
able worldwide at low cost [291]. It is published that early treatment of ARDS with
dexamethasone could reduce the ventilator days and mortality in patients generally
with established moderate-to-severe ARDS [102]. A lower 28-day mortality was
reported by employing dexamethasone treatment at a dose of 6 mg once daily for
up to 10 days in hospitalized patients with COVID-19 who were receiving respi-
ratory support (NCT04381936) [291]. In a phase 3 clinical study (NCT04327401),
administration of intravenous dexamethasone plus standard care, compared with
standard care alone for the COVID-19 patients with moderate or severe ARDS,
showed promising results and caused a significant increase in the number of days
alive and free of mechanical ventilation over 28 days [103]. In a phase 4 clinical trial
in Brno, Czechia, the effect of two different doses of dexamethasone is assessing on
COVID-19 patients with ARDS (NCT04663555).

2.3.8 Antibiotics

2.3.8.1 Azithromycin

Azithromycin, a broad-spectrum antibiotic, is an orally administered acid-stable
antibacterial drug that is structurally related to erythromycin with analogous antimi-
crobial activity [38, 292, 293]. This drug is known for its antimicrobial activity
against some gram-negative organisms, especially Haemophilus influenza that is
associated with respiratory tract infections [293]. Besides its antibacterial activity,
azithromycin has shown a wide variety of antiviral and immunomodulatory activ-
ities. Hence, this drug could be a potent candidate in suppressing viral infections,
particularly COVID-19 [294]. Further, regarding SARS-CoV-2, it was shown that
azithromycin inhibits the viral entry into the host cells by interacting with SARS-
CoV-2 S protein and ACE2 [4, 100]. Also, it should be noted that, in the context
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of COVID-19, the combination of HCQ and azithromycin has been associated with
serious adverse events, including a higher risk of cardiac toxicity and arrhythmias
[294]. However, in one randomized-controlled clinical trial, results showed that treat-
ment with a combination of azithromycin and HCQ was associated with a reduction
in mortality of COVID-19 patients, and while administered alone, azithromycin did
not show a higher risk of adverse events compared with the administration of the
combination of HCQ and azithromycin or HCQ alone [295]. Azithromycin versus
usual care is under phase 3 of a multicenter open-label clinical trial in ambulatory
care of COVID19 by the collaboration of Pfizer in the UK (NCT04381962).

2.3.8.2 Teicoplanin

Teicoplanin is a glycopeptide antibiotic that besides its antibacterial activities against
gram-positive bacteria, including staphylococci, streptococci, and enterococci, has
shown conclusive results against the Ebola virus, influenza virus, flavivirus, HCV,
HIV, and CoVs such as MERS-CoV and SARS-CoV-1 [62, 296]. As for CoVs,
including SARS CoV-2, teicoplanin is capable of preventing the replication of the
virus-cell cycle by inhibiting the viral RNA release. This could happen simply
because teicoplanin inhibits the low pH cleavage of viral S protein by cathepsin
L in the endosome [4]. Moreover, the concentration of teicoplanin needed in vitro
for inhibiting 50% of SARS-CoV-2 viruses (IC50) was 1.66 wM, which was far
lower than the IC50 reached in human blood (8.78 wM for a daily dose of 400 mg)
[297, 298]. Nonetheless, these results are required to be confirmed by further clinical
studies.

2.3.8.3 Tetracyclines

Tetracyclines (doxycycline, tetracyclines, minocycline) are polyketide antibiotics
that have a broadspectrum antimicrobial activity [4, 299]. Tetracycline’s mecha-
nism of action, that is, blocking protein synthesis in staphylococcus aureus cells
and inhibiting cell growth in a bacteriostatic manner was first delineated in 1953;
further studies showed that these drugs act through binding to bacterial ribosomes
[300]. Studies on the skin showed that tetracyclines are also capable of reducing the
levels of inflammatory cytokines [301]. Thus, due to their anti-inflammatory effects,
tetracyclines could be considered for the treatment of COVID-19 patients. Another
possible mechanism of action of tetracyclines against COVID-19 is related to its
chelating activity. In better words, tetracyclines are capable of chelating zinc from
host matrix metalloproteinases (MMPs), thereby limiting viral replication, and this
happens because CoVs bind to the host MMPs for viral survival [302-304]. Doxycy-
cline is under phase 3 of a multicenter, randomized, clinical study performed on 330
COVID-19 patients receiving either doxycycline or placebo conducting by Nantes
University Hospital in France (NCT04371952).
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2.3.9 Low Molecular Weight Heparins as Anticoagulants

Owing to the fact that coagulopathy has been one of the major causes of morbidity
and mortality in COVID-19 patients, anticoagulation therapy has been considered as
one of the potential ways of combating COVID-19 [305]. In this regard, heparins are
clinically approved anti-coagulants, and low molecular weight heparins (LMWHs),
derived from unfractionated heparins either by chemical or by enzymatic depoly-
merization, are glycosaminoglycans that have been utilized in the prophylaxis of
post-surgical venous thromboembolism as well as non-surgical patients with acute
pathology and reduced mobility [77, 99, 306]. Due to the fact that unfraction-
ated heparins and LMWHSs have inhibitory effects on proteases, including factor
Xa, thrombin, furin, and cathepsin-L, it has been hypothesized that LMWH and
unfractionated heparin could be considered as potential drugs for not only targeting
protease cleavage but also the viral entry of SARS-CoV-2 [307]. Nevertheless, these
suggestions need to be confirmed by in vitro and clinical studies. According to a
retrospective clinical study, from among 42 patients with COVID-19, 21 underwent
LMWH treatment, and 21 were assigned to the control group during hospitaliza-
tion. Results showed that LMWH treatment not only caused improvement in the
coagulation dysfunction of patients but also exerts anti-inflammatory effects through
reducing IL-6 and increasing lymphocyte percent [308]. Another retrospective study
was performed to assess the safety of intermediate-dose regimens of one LWMH, that
is, enoxaparin in COVID-19 patients with pneumonia, especially in older patients.
Their results proposed that the use of an intermediate dose of LWMH seems to be safe
and possible for COVID-19 patients, but further clinical studies are needed to substan-
tiate these suggestions [305]. LMWH is currently under phase 4 of a randomized
clinical trial performing by Ain Shams University of Egypt (NCT04584580). More-
over, another phase 3 ongoing clinical trial, in the USA, is performing to compare
the effects of full dose administration of enoxaparin vs. prophylactic or intermediate
dose of enoxaparin in high-risk COVID-19 patients (NCT04401293).

2.3.10 Adjunctive Supplements and Vitamins

2.3.10.1 Vitamin D

Vitamin D, a crucial group of fat-soluble secosteroids, is generally known for its func-
tions in the maintenance of bone health and calcium-phosphorus metabolism [309].
A wide range of antioxidant, immunomodulatory, anti-inflammatory, and antifibrotic
functions have been recently attributed to vitamin D. It has been considered to be
able to inhibit cytokine storm in SARS-CoV-2 infection and decrease the expression
levels of pro-inflammatory type 1 cytokines like IL-12, IL-16, IL-8, TNF-a, IFN-y
while increasing regulatory T cells and type 2 cytokines including IL-4, IL-5, IL-10
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[69, 104, 309]. The elderly patients and individuals with common variable immun-
odeficiency and bronchiectasis who are recognized with vitamin D deficiency are
reported to be at a high risk of viral respiratory tract infections, acute lung injury,
and particularly COVID-19 infection [104, 310]. On the contrary, no relationship
between vitamin D concentration and the severity of COVID-19 in hospitalized
patients was reported by Herndndez et al. [311]. However, considering the several
beneficial functions of vitamin D and its effects on immune cell proliferation and
activity, pulmonary ACE2 expression, and priming effects against the viral replica-
tion, it has been proposed to employ high-dose vitamin D as a safe adjuvant thera-
peutic intervention to reduce the risk of COVID-19 severity and mortality [38, 104,
309]. Nevertheless, further studies are still needed to validate this association between
vitamin D and COVID-19. Two clinical trials are currently in phase 4 to evaluate the
efficiency of high doses of cholecalciferol (vitamin D3) on morbidity and mortality
of COVID-19 patients in Spain and Argentina (NCT04552951, NCT04411446).

2.3.10.2 Vitamin C

Vitamin C (ascorbic acid) as an essential micronutrient and a potent antioxidant
agent could play significant roles in neutralizing free radicals, preventing cellular
damage, and associating with immune health [105]. Vitamin C has been reported
to be effective against viruses like influenza viruses and reducing the duration and
severity of upper respiratory infections [69, 85]. Many studies have demonstrated
that vitamin C could involve with the development and maturation of T lymphocytes
and NKs in the immune defense. Generally, it accumulates in phagocytic cells like
neutrophils and can contribute to enhancing chemotaxis, phagocytosis, inhibition of
reactive oxygen species (ROS) generation, preventing the neutrophils accumulation
in the lung, and modulation of cytokine production network in the host inflamma-
tion response. Hence, employing vitamin C appears to be effective in preventing and
treating respiratory and systemic infections [85, 105, 312]. The high dosage adminis-
tration of vitamin C, a safe supportive treatment with no major side effects, has been
considered as a potential treatment for reducing the cytokine storm and recovering
COVID-19 patients [38, 85, 313, 314]. Currently, in a phase 3 clinical trial, the effect
of high-dose intravenous vitamin C is evaluated on the mortality or persistent organ
dysfunction of COVID-19 patients in Canada (NCT04401150).

2.3.10.3 Zinc

Zinc, as a micronutrient food supplement, has anti-inflammatory and antioxidant
activities with an evident function in immunity on account of its roles as a cofactor,
signaling molecule, and a structural element [69, 315]. Zinc deficiency has been
reported to be responsible for the up-regulation of TNF-a, IFN-y, JAK signaling
in the lungs, cytokine production, and induction of apoptosis in lung epithelial cells
[316]. Zinc could play its role in preventing viral pathogenesis through inhibiting viral
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entry, fusion, and replication alongside attenuating the risk of hyper-inflammation,
preserving natural tissue barriers while protecting cells and tissues from oxidative
damage and dysfunction [69, 106, 315]. The administration of zinc as a potential
well-tolerated supplementary therapeutic against COVID-19 has been considered in
several studies owing to its possible anti-inflammatory, antioxidant, immunomodu-
latory, and direct antiviral effects [69]. The efficacy of zinc in higher risk COVID-19
outpatients is currently assessing in a phase 4 clinical placebo-controlled trial in the
USA (NCT04621461).

2.3.11 Miscellaneous Therapies

2.3.11.1 Nitric Oxide

Nitric oxide (NO) is an important cellular signaling molecule that is produced
by nitric oxide synthase (NOS) by converting arginine and oxygen into citrulline
and nitric oxide [317-319]. NOS exists in a wide range of cells such as neurons,
macrophages, airway epithelial cells, and vascular endothelial cells, and mediate
neurotransmission, smooth muscle contraction, and mucin secretions [2]. It was
demonstrated that NO possesses broadspectrum antiviral activity against ectromelia
virus, vaccinia virus, herpes simplex type 1 viruses, CoVs, and influenza A and B
viruses [319-321]. Besides, different inflammatory stimuli like cytokines can bring
about high and sustained production of NO by inducible nitric oxide synthase (iNOS).
Furthermore, iNOS causes anti-inflammatory or pro-inflammatory responses, cyto-
toxicity, or cytoprotection [319]. Concerning SARS-CoV-2, inhalation of nitric oxide
is being evaluated for use against COVID-19, because inhaled NO has a chief role
in pulmonary and cardiovascular physiology [322]. Inhaled nitric oxide gas is under
phase 2 of a randomized clinical trial performing on 470 COVID-19 patients by
Massachusetts General Hospital (NCT04312243).

2.3.11.2 Statins

Statins are inhibitors of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) with
anti-inflammatory and immunomodulatory, anti-thrombotic, and antioxidant activ-
ities. Therefore, they could be considered as repurposing drugs for restoring viral
infection-induced endothelial dysfunction, decreasing the severity of the lung injury
and mortality rate caused by SARS-CoV-2, and maintaining the homeostasis of
the patients [5, 323]. Moreover, it was postulated that stains might decrease the
fatality rate caused by MERS-CoV [324]. Nevertheless, studies on animal models
infected with SARS and MERS infections proposed that the administration of
statins that suppress the myeloid differentiation primary response protein (MYD88)
signaling might worsen the disease condition [5, 325]. It should be noted that since
statins have a potency for drug—drug interaction with some protease inhibitor drugs,
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their co-administration is contraindicated [326]. Additionally, myopathy and severe
rhabdomyolysis are two major side effects of statins, and less prevalent adverse
effects include peripheral neuropathy, hepatotoxicity, impaired myocardial contrac-
tility, and autoimmune diseases [327]. Phase 2 of a randomized clinical study is
currently conducting on COVID-19 patients to assess the efficacy of atorvastatin as
an adjunctive treatment by Mount Auburn hospital in the USA (NCT04380402).

2.3.11.3 Losartan

Losartan, an angiotensin-receptor antagonist without agonist properties, is a selec-
tively and orally available ACE?2 inhibitor that plays a role by blocking the vaso-
constrictor and aldosterone-secreting effects of angiotensin 2 through inhibiting the
binding of it to the angiotensin II type 1 receptor [38, 328]. Thus, it is considered as
arepurposing drug against COVID-19 infection. While orally administered, roughly
14% of the losartan is converted to its metabolite, E 3174, which is 10-to-40-fold
more active compared with its original compound, with an estimated terminal half-
life from 6 to 9 h [328]. Losartan is currently under phase 3 of a multicenter clinical
trial for assessing its protective effect against COVID-19 (NCT04606563).

2.4 Recombinant Proteins and Monoclonal Antibodies

Three phases of infection have been proposed for COVID-19, the first one is
mild infection requiring only symptomatic treatment. The pulmonary phase is the
second phase necessitating mostly antiviral treatment where recombinant proteins
like APNO1, meplazumab and novaferon could play a vital role by inhibiting the viral
entry and replication. The third phase of the SARS-CoV-2 infection is the inflam-
matory response phase mainly experienced by severe COVID-19 patients. The third
phase is generally associated with complications and immune-inflammatory response
accompanied by abundant macrophages, neutrophils, lymphocytes, immune media-
tors, and pro-inflammatory cytokines. IL-1, IL-6, and TNF-« are the most prominent
pro-inflammatory cytokines in the body [62, 148].

IL-1 binds to the IL-1 receptor to modulate its function leading to the production
of other pro-inflammatory cytokines. IL-6, another key pro-inflammatory cytokine,
binds to the IL-6 receptor expressed on monocytes, neutrophils, macrophages, and
other leukocytes and interact with membrane-bound gp130 to activate its down-
stream JAK signal. The excessive IL-6 signaling may cause a faster decline of lung
elasticity, more severe bronchoalveolar inflammation, and organ damages. The need
for mechanical ventilation has been recently reported to be strongly connected to
the elevated IL-6 [1, 148, 329]. In this regard, the administration of monoclonal
antibodies (mAbs) and recombinant proteins could be highly effective. Several
mAbs and proteins such as tocilizumab, sarilumab, bevacizumab, and anakinra
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have been utilized to reduce hyper inflammation and the risk of ARDS and organ
dysfunction (Table 2.1) [38, 330].

2.4.1 APNOI

APNO1, a recombinant human ACE2 (thACE2) that was originally developed by
Apeiron Biologics, is currently utilized for the treatment of patients infected with
COVID-19 [38, 41]. APNO1, which is a soluble recombinant ACE2, may prevent
SARS-CoV-2 entry, as it imitates the innate human enzyme ACE2 on the surface of
the host cells employed by the virus for entering the cells [3, 42]. By so doing, the S
protein of the virus binds not to the ACE2 on the host cell, but rather to the soluble
ACE2, (APNOL1), thereby preventing viral infection and increasing the viral load [77].
In the meantime, APNOI decreases damaging inflammatory reactions in the lungs
and reduces lung injuries [3, 331]. It was demonstrated that the administration of
APNOI as a therapeutic could decrease the level of Angiotensin II, thus preventing
the ACE enzyme from accessing its substrate. This mechanism has the potential to
inhibit further activations of the ACE2 angiotensin receptor [77, 332]. In a study, it
was demonstrated that APNO1 can reduce SARS-CoV-2 recovery from Vero cells by
afactor of 1,000-5,000 in a dose-dependent manner [333]. APNOI is currently under
phase 2 in a randomized, double-blind clinical trial for COVID-19 therapy, which
is performing in a multicenter in Austria, Denmark, Germany, Russian Federation,
and the UK by Apeiron Biologics (NCT04335136).

2.4.2 Novaferon

Novaferon (Nova) is a novel recombinant IFN-a like protein with 176 amino acids.
Novaferon has exhibited anticancer and antiviral activities. In China, this drug has
been approved for the treatment of chronic HBV. Li et al. in 2014, by studying the
antitumor effects of novaferon and comparing it with recombinant humanized IFN-
a-2b (rhIFN-a-2b), demonstrated that novaferon has stronger antitumor effects than
rhIFN-a-2b [334, 335]. Novafen is able to block the virus replication in COVID-19-
infected cells and also prevent the virus from entering healthy cells.

Zhang et al. reported a significantly higher clearance rate of SARS-CoV-2
employing novafron alone or by its combination with lopinavir/ritonavir compared
with lopinavir/ritonavir alone [52, 53, 336]. Novaferon is currently under Phase
3 of randomized, double-blind clinical trials for hospitalized COVID-19 patients’
treatment (NCT04669015).
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2.4.3 Tocilizumab

Tocilizumab or atlizumab is a recombinant humanized monoclonal antibody (rhmAb)
against IL-6 under the trade name Actemra [337]. It has FDA approval for the treat-
ment of rtheumatoid and polyarticular juvenile idiopathic arthritis and systematic
juvenile idiopathic. Tocilizumab plays its role through the membrane and soluble
IL-6 receptor blockade and inhibiting the cytokine release syndrome process (CRS)
[38]. Actemra is able to restrain the cytokine storm induced by SARS-CoV-2 [330].
Several studies have shown that a single dose of 400 ml administration of tocilizumab
could render benefits through better breathing, faster fever reduction while it is also
capable of reducing the inflammation response, vasopressor support, and mortality
rate in COVID-19 [8, 77, 338]. Nevertheless, some side effects regarding the adminis-
tration of tocilizumab have been reported including increased upper respiratory infec-
tions, hypertension, hematological effects, gastrointestinal perforation and hepato-
toxicity [77]. For the management of the severe SARS-CoV-2 infection, tocilizumab
has been employed in phase 4 and 3 clinical trials (NCT04377750, NCT04320615).

2.4.4 Sarilumab

Sarilumab, developed by Regeneron Pharmaceuticals and Sanofi, is another
immunomodulatory drug. In May 2017, the FDA approved Sarilumab for the treat-
ment of rheumatoid arthritis under the Kevzara brand name. Sarilumab has the poten-
tial to suppress the growth of some xenograft prostate and lung tumors either as a
single drug or in combination with other therapeutics [339, 340]. Sarilumab, like
tocilizumab, is an IL-6 rhmAb that could suppress COVID-19-associated overac-
tive inflammatory immune responses and cytokine storm. The most common side
effects of this drug include cough or sore throat, thrombocytopenia, blocked or runny
nose, urinary and respiratory tract infections, neutropenia, hypercholesterolemia,
mild hepatotoxicity, and cold sores [78, 341]. In a randomized, embedded, multifac-
torial, adaptive platform trial for community-acquired pneumonia (REMAP-CAP), a
clinical phase 4 study, the efficiency of a range of interventions including sarilumab
has been evaluating on ICU admitted COVID-19 patients (NCT02735707).

2.4.5 Eculizumab

Eculizumab has the FDA approval for the treatment of atypical hemolytic uremic
syndrome (aHUS), paroxysmal nocturnal hemoglobinuria (PNH) diseases [342].
One of the most effective methods for preventing tissue damage is to suppress the
production of excessive inflammation responses and cytokines caused by SARS CoV-
2. Eculizumab with the brand name of soliris as a rhmAb against the complement
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protein C5 could inhibit the cleavage of C5 into C5a and C5b [343]. Consequently,
it is able to prevent the terminal complement complex C5b-9 and subsequently the
membrane attack complex formation, production of reactive oxygen species, and
initiation of releasing cytokine storm. In addition, it could inhibit the formation of the
C5a, responsible for the development of acute lung injury [80]. Despite the benefits
of eculizumab, it may exhibit some side effects such as bradycardia, atrioventricular
block, and hypertension in some patients [79]. Eculizumab is currently under phase
2 clinical trial against COVID-19 in France (NCT04346797).

2.4.6 Bevacizumab

Bevacizumab (under brand name avastin) is a humanized monoclonal antivascular
endothelial growth factor (anti-VEGF) antibody that has been approved for the treat-
ment of several cancers such as breast, brain, and renal cancers by the FDA. Studies
have shown that upon ARDS the amount of VEGF produced by epithelial and inflam-
matory cells increases in patients. The increase in VEGF causes vascular permeability
and pulmonary edema [1, 344, 345]. Bevacizumab with a specific ability in binding
to VEGF and subsequent inhibition of its linking to VEGF receptor on the surface
of endothelial cells could be a potential therapeutic for the treatment of ARDS and
ALI caused by COVID-19 [81, 346]. However, the administration of bevacizumab
is associated with an increased risk of cardiovascular events in some cases [347].
In multiple cohort randomized controlled trials, bevacizumab is under phase 2 for
COVID-19 treatment at Hopitaux de Paris in France (NCT04344782).

2.4.7 Infliximab

Infliximab is a chimeric monoclonal anti-tumor necrosis factor (anti-TNF) alpha
antibody (IgG1), which could inhibit TNF from binding to its receptors by targeting
it [82, 84]. TNF is a cytokine that releases in the acute phase of inflammation
and binds to its receptors (TNFRI and TNFRII) in all cells except erythrocytes.
Several signaling pathways including transcription factor activation (nuclear factor-
kB), proteases (caspases), and protein kinases (MAP kinase, c-Jun N-terminal kinase)
are activated by connecting TNF to its receptor leading to the activation of the target
cells for immune and inflammatory responses by the release of apoptotic pathway
initiation and several cytokines. TNF also plays role in the activation of lymphocytes
(B, T) and macrophages, production of proinflammatory cytokines such as IL-1, IL-
6, and expression of adhesion molecules (ICAM-1, E-selectin) [83]. Studies have
shown that TNF could induce cytokine cascade in rheumatoid arthritis and promote
pathogenesis in SARS-CoV-2 [348]. Infliximab has been approved in the USA since
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1988 as a drug for the treatment of some autoimmune inflammatory diseases. Inflix-
imab could be a proper option to reduce inflammation, cytokine storm, and subse-
quent organ failure due to COVID-19 [82, 84, 349]. Some reactions may occur
upon infliximab Infusion, which could be prevented by employing antihistamines,
acetaminophen, and corticosteroids as pre-medications [83]. Infliximab is currently
under phase 3 of clinical trials for severe COVID-19 patients in multi centers of the
USA (NCT04593940).

2.4.8 Anakinra

Anakinra under the brand name of kinert is a modified recombinant human IL-1
receptor antagonist with a short half-life of about 3—4 h and a proper safety profile that
is approved for use in rheumatoid arthritis and neonatal-onset multisystem inflam-
matory treatment [85, 86]. IL-1 receptors induce the innate immune response and are
associated with excessive inflammation response of the host [350]. It has been hypoth-
esized that anakinra could assist in neutralizing the SARS-CoV-2-related hyperin-
flammatory state, one of the main causes of ARDS in COVID-19 patients [86, 351].
Anakinra was administered for severe COVID-19 patients in a cohort study and it
was observed that it can reduce both the need for invasive mechanical ventilation and
mortality without serious side effects [86]. As an anti-proinflammatory cytokine drug,
it has been employed in several clinical studies against COVID-19 with encouraging
results and it is currently under phase 3 in multi centers of Greece (NCT04680949).

2.4.9 Emapalumab

Emapalumab is a humanized monoclonal anti-IFN-y antibody, which is known as
gamifant brand name. FDA approved Emapalumab for the treatment of hemophago-
cytic lymphohistiocytosis (HLH) (an illness caused by an overactive immune system)
[87, 148, 352, 353]. Emapalumab could prevent the binding of IFN-y to its cell
surface receptors subsequently inhibiting the activation of inflammatory signals and
cytokine release syndrome caused by SARS-COV-2 [88, 148]. In order to minimize
the rate of inflammation, and the needing mechanical ventilation emapalumab was
utilized in combination with anakinra in a phase 2/3 multicenter randomized clinical
trial against COVID-19 (NCT04324021). Immunosuppression is reported as one of
the side effects of utilizing emapalumab in some patients. Thus, patients with weak
immune systems should take this drug with caution [87].
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2.4.10 Meplazumab

The main entry route of the virus is to bind host cells through ACE?2 receptors at
the surface of the host cells. SARS-CoV-2 can also enter the host cells through
the cluster of differentiation 147 (CD147). In fact, CD147 can act as a receptor
for the SARS-CoV-2 spike protein [89, 354]. Moreover, CD147 could function as
a mediator in the inflammatory response as a receptor for cyclophilin A (CyPA),
the activator of the intracellular antiviral response, and a potent chemotactic factor
for inflammatory leukocytes [90, 355]. Meplazumab is a humanized monoclonal
anti-CD147 antibody (IgG2) that inhibits SARS-CoV-2 from entering the cell by
blocking the expression of CD147 and reducing the infection caused by the virus.
Meplazumab also plays a critical role in reducing the cytokine storm caused by
COVID-19 by suppressing cyclophilin A from linking to CD147 [356, 357]. In
a phase 2/3 multicenter clinical study, the safety and efficacy of meplazumab are
assessing for hospitalized COVID-19 patients (NCT04586153).

2.5 Bioactive Natural Compounds and Herbal Medicines

Natural compounds as highly safe and available products have exhibited promising
biological and pharmacological activities including anticancer, antiviral, antimicro-
bial, anti-inflammatory, and antioxidant properties. Medicinal plant-based natural
compounds and traditional herbal medicines have demonstrated antiviral proper-
ties against several viruses like the influenza virus, HBV, HCV, SARS-CoV-1,
and MERS-CoV. The intervention in both the viral life cycle and host response is
attributed to the antiviral functions of natural compounds [358, 359]. Due to the high
similarity between SARS-CoV-2 and SARS-CoV-1 in respect to genomics, epidemi-
ologic, and pathogenesis, some herbal and natural medicines are used for the treat-
ment of SARS-CoV-1 could be employed for inhibiting SARS-CoV-2 as well [85].
In this regard, natural compounds and herbal medicines such as theaflavin, cepharan-
thine, lectins, silvestrol, tryptanthrin, hirsutenoone, tanshinones I-VII, celastrol, pris-
timererin, iguesterin, tingenone have indicated the potential to prevent SARS-CoV-2
infection through inhibiting RdRp, ACE2, PLpro, or 3CLpro [94, 358, 359].

On the other hand, curcumin and piperine, quercetin, emodin, and scutellarein
have been reported to be able to associate with the inhibition of COVID-19 while
rendering their anti-inflammatory activities [358]. Particularly, extracted food supple-
ments from plants like curcumin, piperine, and quercetin have the potential to
interfere in cellular entry and replication of SARS-CoV-2 and play their roles by
immune-boosting, antioxidant and anti-inflammatory functions and by repairing the
tissue damages induced by COVID-19. The immunomodulatory and anticytokine
effects are also proposed for these agents. Furthermore, these drugs are highly
potent to be employed as adjuvants to enhance the bioavailability of other drugs
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by rendering their multidrug resistance (MDR) effect [69, 360-362]. The nanoen-
capsulation of quercetin, curcumin/piperine has been practiced and developed due to
their hydrophobicity and utilized for the treatment of cancer cells with the capability
of suppressing MDR [363, 364]. Likewise, despite the uncertainty of the precise
mechanism of many natural compounds, Traditional Chinese Medicines (TCMs)
like Glycyrrhiza uralensis, Saposhnikoviae divaricata, Astragalus membranaceus,
Rhizoma Atractylodis Macrocephalae have been reported to be effective in inhibiting
COVID-19 and its subsequent lung inflammation or acute lung injury [85, 94].

2.6 Combination Therapy Approach for COVID-19

Numerous drugs have been reported to be effective against SARS-CoV-2 infec-
tion employing the drug repurposing approach that targets viral entry, fusion, repli-
cation, and translation alongside regulating immunity and inflammatory response
attenuating [234, 365]. In this respect, antivirals, immunomodulators, and anti-
inflammatory drugs possessing different mechanisms of action could be exploited
in combination to simultaneously inhibit viral functions while providing support
and symptomatic treatment for SARS-CoV-2 patients. Besides, the treatment of the
severe COVID-19 patients, most at the risk of dying due to the cytokine storm should
be practiced with utmost importance by the combination therapy while considering
drug—drug interactions and side effects [234, 366]. Some promising combinational
administrations of drugs for COVID-19 therapy are presented in Table 2.2.

2.7 Perspectives and Conclusion

SARS-CoV-2 infection is associated with both direct damages induced by the
virus and host inflammatory and immune response. In this regard, many antivi-
rals have been administered to inhibit the virus while immunomodulators and anti-
inflammatory drugs, as well as biological and natural compounds, have been utilized
to either enhance the innate immune system or manage the deregulated inflamma-
tory responses and control the symptoms leading to quick recovery of patients and
reducing mortality. Accordingly, combination therapy could be more effective against
SARS-CoV-2 infection in the case being utilized timely by taking drug-drug interac-
tions into account. In many clinical trials, combinational administration of antivirals,
immunomodulators, and anti-inflammatory drugs has been proposed considering
different targets to inhibit the infection.

Alternatively, nanotechnology as a promising strategy could be applied to the
COVID-19 treatment principle. Highly biocompatible natural-based vehicles such
as proteins and polysaccharides are highly potent to be employed to encapsulate the
potential COVID-19 therapeutics and deliver them in an efficient way by enhancing
the stability and bioavailability of drugs like favipiravir alongside reducing their
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side effects. Besides, by utilizing the targeted delivery, the nanoparticle-based ther-
apeutics could be triggered toward susceptible alveolar cells prone to be infected
by SARS-CoV-2 to either protect them against COVID-19 or provide them with
inhibitory drugs. It is worth noting that the nanoparticle-based vaccines have already
been taken into consideration for the control of the COVID-19 pandemic and prevent
its higher outbreak.

As we obtain more information about the potency of the drug formulations against
COVID-19 with respect to their mechanism of action particularly in severe patients,
we will be better equipped to optimize therapeutic strategies.
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Chapter 3 ®)
Structure of SARS-CoV-2 Proteins Chack or

Shokouh Rezaei and Yahya Sefidbakht

3.1 Introduction

Coronaviruses (CoVs) belong to the Coronaviridae family, which is classified into
four lineages namely a, B, y, and 3 [1]. Among the lineages, o coronaviruses and
B coronaviruses lead to respiratory disease in humans [2]. So far, SARS-CoV-2,
MERS-CoV, and novel Coronavirus 2019 (nCoV-2019), named SARS-CoV-2, are
identified as important members of lineage B coronaviruses [3]. Due to the risk of
previous B-coronaviruses and SARS-CoV-2 outbreaks, it is important to develop an
effective and safe vaccine against these viruses that cause infectious diseases [4]. In
recent years, structural biology has made it possible to study the complete structure
of the virus and the three-dimensional structure of the virus proteins [5]. In fact,
investigation of accurate structural information, provides an essential insight into
the determinant of viral epitopes and solves some of the challenging problems of
virus vaccine production [5, 6]. Therefore, investigation of SARS-CoV-2 structure
[7] and structural vaccinology [5, 8] can help design an efficient vaccine to fight
SARS-CoV-2.

3.2 Morphology (Size, Structure, and Shape)
of SARS-CoV-2

The SARS-CoV-2 is mostly pleomorphic and has a spherical or elliptical shape,
with its diameter altering between nearly 60-140 nm [9, 10]. The SARS-CoV-2
has a positive-sense and single-strand RNA genome containing 29891 nucleotides
(~30 kb) with 5'-cap structure and 3’-poly-A tail (Fig. 3.1), which encodes 9860

S. Rezaei - Y. Sefidbakht ()
Protein Research Center, Shahid Beheshti University, Tehran, Iran
e-mail: y_sefidbakht@sbu.ac.ir

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2021 91
M. Rahmandoust and S.-O. Ranaei-Siadat (eds.), COVID-19,
https://doi.org/10.1007/978-981-16-3108-5_3


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-3108-5_3&domain=pdf
mailto:y_sefidbakht@sbu.ac.ir
https://doi.org/10.1007/978-981-16-3108-5_3

92 S. Rezaei and Y. Sefidbakht

|:En\'o|opcj |

| Membersae | | Nucleo-

Hetcase|

Fig. 3.1 Circular and linear representation of the whole-genome of SARS-CoV-2

amino acids [10, 11]. The SARS-CoV-2 genome is organized as 5'-3" (Fig. 3.1B)
and contains replicase ORFlab, S, ORF3a, E, M, ORF6, ORF7a, ORF7b, ORFS,
N, and ORF10 [12]. The four main structural proteins (spike (S), membrane (M),
envelope (E), and nucleocapsid (N) proteins) are encoded within the 3’ end of the
viral genome (Fig. 3.1) [13]. In addition, there is another class of proteins, namely,
accessory proteins (ORF3, ORF6, ORF7, ORF8, ORF9, and ORF10), which are
also encoded by SARS-CoV-2 genome [14]. It seems that these proteins might not
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be essential for viral replication or structure of virus, but play a role in the viral
pathogenicity through modulating the host interferon signaling pathways [15].

3.2.1 Structural Proteins

3.2.1.1 Spike(S) Glycoprotein

Spike glycoprotein is a homotrimer and class I viral fusion protein with multiple
glycosylation sites. This protein contains 1273 amino acids and identifies as glyco-
protein having multiple domains [16]. As shown in Fig. 3.2, the surface of the
spike glycoprotein consists of several (22) potential N-linked glycosylation sites
per monomer [17]. The S proteins of coronavirus contain three domains; including
(i) an extracellular domain (EC), (ii) a transmembrane anchor domain, and (iii) a
short intracellular tail [18, 19]. The EC consists of receptor-binding subunit (S1) and
a membrane-fusion subunit (S2), which are two functional and noncovalently asso-
ciated subunits [18]. The S1 subunit has two independent domains, an N-terminal
domain (S1-NTD) and receptor-binding domain (RBD) [18, 20].

Fig. 3.2 Glycan sites of Spike glycoprotein are presented
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The SARS-CoV-2RBD (residues Arg319—-Phe541), a significant domain of whole
spike protein, plays an essential role in receptor recognition and binding [21].
To interact with host ACE2, RBD uses hinge-like conformational movements that
temporarily hide or expose the determinants of receptor binding [22]. These move-
ments create two states, which are called “down” and “up” conformations [23]
(Fig. 3.3A). Down conformation of RBD is related to the unexposed state, and
up conformation is related to the exposed state, which is less stable and binds to
ACE2 [24]. RBD contains short connecting helices, loops, and a twisted five-stranded
antiparallel  sheet; include B1, 2, 83, B4, and p7 [25]. Also, RBD structure consists
of an extended insertion, which is called RBM and contains the short 5 and $6
strands, a4 and oS helices, and loops. In fact, RBM (residues Asn437-Tyr508) has
most of the connecting residues of SARS-CoV-2 RBD that bind to host ACE2 [26,
27] (Fig. 3.3B, C). On the other hand, there are nine cysteine residues in the RBD,
eight of which contribute to forming four pairs of disulfide bonds. Three of these

Receptor-binding Domain

(RBD)

L] 541

VelBLVEEVRFBNI TNLC RBM 15 7LV N[

EEINERNIDEESHEG N v N v ¥y BIAIREEI L EETE 1Y QA G
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B

Fig.3.3 A Receptor-Binding Motif (RBM) of SARS-CoV-2 RBD, B Up state (left/pink) and Down
state (right/pink) of RBD, and C Interaction between RBD and ACE2
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’sI;?lI:(l:fu::élo fASZli{n;r_nca(r)y{]f)zf Number | Spike protein Amino acid
spike protein 1 S1 subunit 14-685
2 N-terminal domain 14-305
3 receptor-binding domain (RBD) 319-541
4 receptor-binding motif (RBM) 437-508
5 Cleavage site 685-686
6 Cleavage site 815-816
7 S2 subunit 686-1273
8 Fusion Peptide (FP) 788-806
9 HRI1 912-984
10 HR2 1163-1213

four pairs including Cys336—Cys361, Cys379—Cys432, and Cys391-Cys525, boost
stabilizing of the B sheet structure, and the Cys480-Cys488 pair binds the loops in
the distal end of the RBM [27].

In addition, four additional amino acid residues (-PRRA-) or twelve nucleotides
were inserted at the interface of S1/S2 subunits of SARS-CoV-2 spike, which
suggested insertions affect the efficiency of cleavage of S protein [28]. The pres-
ence of a leading proline (P) residue creates the turn, which affects the cleavability
of the S1/S2 junction and impacts the accessibility of the cleavage loop with the active
site of the protease [29, 30]. Also, it seems that the leading proline residue enables the
addition of O-linked glycans to neighboring residues [30]. The S2 subunit consists of
one or more fusion peptides (FP), a second proteolytic site (S2'), and two conserved
heptad repeats (HRs) [31]. The FP consists of a short segment of conserved residues
of the viral family and contains mainly hydrophobic amino acids, including glycine
(G) or alanine (A) [32]. After S protein cut at the cleavage sites, the fusion peptide,
plays a key role in the fusion of viral membrane into the membrane of host cells
and mediates SARS-CoV-2 entry into the host cells [33]. HR1 and HR2 create the
six-helical bundle, which is important for the viral fusion [34]. Table 3.1 summarizes
some of the important parts of the SARS-CoV-2 spike structure.

3.2.1.2 Effect of Spike Protein Mutations on Viral Fusion

Typically, genetic changes affecting the RBD in the S1 subunit are significant because
of the importance of this domain in receptor binding, but studies have shown that
there are other key mutations in other S protein domains. For example, a spike muta-
tion is identified, namely, D614G that shows a high frequency [35]. D614 is pock-
eted adjacent to the fusion peptide (FP) that is the functional fusogenic element of S
protein, which is near the predicted cleavage sites [36]. Therefore, studies suggest that
the G614 variant might have changed the conformation of Spike protein, affecting
the dynamics of the spatially proximal fusion peptide, and subsequently, G614 in
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comparison with D614 exhibit different fusion ability and it causes higher transmis-
sion of virus [36, 37]. It seems that unlike D416G mutation, D839Y (located in FP)
mutation can directly change the FP and could also have shaped this motif towards
a better-fitted fusion of SARS-CoV-2 with membrane of human cells [36, 38].

3.2.1.3 Envelope (E) Protein

The envelope (E) protein is identified as the smallest (8—12 KDa) of all the structural
proteins [39]. The E protein consists of three domains; include a short hydrophilic
N-terminus domain (7—12 amino acids), hydrophobic transmembrane domain (25
amino acids), and long hydrophilic C-terminal region [40]. The E protein forms
a homopentameric (Fig. 3.4A) cation channel [41, 42]. This protein contains 35
a-helices and 40 loops (Fig. 3.4A) that can affect ion channel activity and help
pathogenesis by SARS-CoV-2 in this way [43]. The pore of the channel contains
hydrophobic residues such as Asn15, Leul8, Leu21, Val25, Leu28, Ala32, and Thr35
(Fig. 3.4A), which indicate N/C-terminal of the E protein, where Asnl5 and Lys28
are the first pore-contacting residues (Fig. 3.4B) [42]. In addition, UCSF Chimera
[44] was used to indicate the electrostatics surface of N/C-terminals of the E protein
(Fig. 3.40).

3.2.1.4 Nucleocapsid (N) Protein

The nucleocapsid (N) phosphoprotein consists of an N-terminal (NTD) and a C-
terminal (CTD) domain. All of N protein domains indicate the RNA binding affinity
[45]. In contrast, the CTD binds the membrane (M) protein, which creates the physical
junction between the envelope and positive-RNA [46]. Investigation of the structure
of the SARS-CoV-2 N protein indicated that both of the NTD and CTD of SARS-
CoV-2 N protein are rich in B-strands, whereas the CTD show several short helices
[47]. Particularly, the structure of N protein indicated the right hand-like fold and a
B-sheet core with an extended central loop in which the core region consists of a five-
stranded U-shaped right-handed antiparallel B-sheet platform (B4—2—-B3-B1-P5)
and flanked by two short a-helices [48].

3.2.1.5 Membrane (M) Protein

The Membrane (M) protein consists of three TM domains with C-terminal inside
(long) and N-terminal (short) outside [49]. The M protein plays a main role in main-
taining the shape of the virus envelope, which is performed through interacting with
S, M, N proteins [49]. The details of the protein structure are available in UniProt
(https://covid-19.uniprot.org/uniprotkb/PODTCS).


https://covid-19.uniprot.org/uniprotkb/P0DTC5
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Fig. 3.4 Structure of
SARS-CoV-2 E protein. A
Pentamer structure contains
five chains (A-E) and
hydrophobic residues of
channel pore are indicated. B
Asnl5 and Lys28 are
identified as the first
pore-contacting residues. C
Surface electrostatics of the
N/C-terminal E protein is
shown

3.2.1.6 Physicochemical Properties of Structural Proteins

The ProtParam [50] is used to investigate several physicochemical properties of
SARS-CoV-2 structural proteins (Table 3.2). These properties contain molecular
(M) weight, theoretical pl, number of negative and positive charged residues, the
formula of proteins, the total number of atoms, instability index, aliphatic index,
grand average of hydropathicity (GRAVY), and estimated half-life. The importance
of studying the physicochemical properties of SARS-CoV-2 proteins is due to the
fact that these properties are valuable for drug design and vaccine development [51,
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Table 3.3 Features of secondary structure of structural proteins

Alpha helix (%) Extended strand (%) Beta turn (%) | Random coil (%)
S protein 28.59 23.25 3.38 44.78
E protein 44.00 26.67 9.33 20.00
N protein 18.62 15.99 7.16 58.23
M protein | 34.68 21.17 6.76 37.39

52]. The SOPMA server [53] was used for the secondary structure prediction of
the structural proteins. This server presented the conformational information of the
a-helices, B-strands, turns, and random coils (Table 3.3).

3.2.2 Accessory Proteins

Another class of SARS-CoV-2 proteins has been identified as accessory proteins.
Although very little information is available about the activity of these proteins, in
this chapter, the most important properties of the six accessory proteins (ORF3a,
ORF6, ORF7a, ORF7b, ORFS, and ORF10) are represented.

3.2.2.1 ORF6

ORF6 (amino acid 61) is known as a membrane-associated interferon antagonist
protein [54]. ORF6 interacts with the NSP8 and it can enhance RNA polymerase
action [55]. In addition, it has been suggested that ORF6 and ORFS can inhibit the
interferon (type I) signaling pathway [55].

3.2.2.2 ORF7a

ORF7a (amino acid 121) with S, M, and E protein has a critical role in viral assembly,
so this protein is important for the viral replication [54, 56]. It seems that ORF7a
causes the activation of pro-inflammatory cytokines and chemokines, and previous
studies indicated, ORF7a of SARS-CoV with E protein, activates apoptosis [54, 57].
Overall, there is very little information to support a role of ORF7a or ORF7b in the
SARS-CoV-2 replication cycle.

3.2.2.3 ORF8

ORFS8 (amino acid 121) is identified as a unique accessory protein in SARS-CoV-2
and also, this protein is indicated to cause structural alterations that can affect the
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ability of the virus outspread [58]. SARS-CoV-2 ORFS interacts with MHC (class
I) molecules and decreases their surface expression on various cells [59].

3.2.24 ORF10

ORF10 (amino acid 38) has been known as a unique protein because this accessory
protein has 11 cytotoxic T-cell epitopes (with nine amino acids length) [55, 60].

3.2.3 Non-structural Protein

The third class of SARS-CoV-2 proteins includes Non-Structural Proteins (NSPs).
The long polyprotein of SARS-CoV-2 encode by ORF1lab and it is processed into 16
NSP by two proteases; including PLpro (NSP3) and 3CLpro (NSP5) [61]. ORF1b
(3’ half of ORF1ab) encodes several critical enzymes for viral RNA replication and
viral protein translation; including NSP12, NSP13, NSP14, NSP15, and NSP16 [61—
63]. NSPs (ORF1a) such as NSP7, NSP8, and NSP10 are identified as a cofactor
for NSPs with enzymatic activity (Table 3.4) [64]. Herein, identity and similarity
were computed with EMBOSS Needle from alignments of the NSPs sequence of
SARS-CoV-2 and SARS-CoV (Table 3.5).

ORFla creates a large polyprotein that cleaved into 11 NSPs; including NSP1-
NSPI11 (66), and ribosomal slippage at an RNA pseudoknot structure and slippery
sequence at the end of ORF1a, which occasionally led to a frameshift and translation
of a joint ORFla and ORF1b polyprotein (67).

Programmed —1 ribosomal frameshifting (—1 PRF) is one of the important mech-
anisms during translation of the SARS-CoV-2 RNA genome, which is used for the
expression of open reading frames (ORFs) (68). Especially —1 PRF mechanism was
shown to be required to translate ORF1ab, which determined that cis-acting elements

Table 3.4 Classification of NSPs that have enzymatic activity

NSPs | Enzymatic activity Co-factor Source PDB code
NSP3 | PLpro SARS-CoV2 | 6M2Q
NSP5 | 3CLpro SARS-CoV2 | 6M2Q
NSP9 | RNA-replicase SARS-CoV2 | 6WXD
NSP12 | RNA-dependent RNA polymerase (RdRp) | NSP7, NSP8 | SARS-CoV2 | 6M71
NSP13 | Helicase NSP10 SARS-CoV2 | 6XEZ
NSP14 | 3'-5’ Exo-ribonuclease, ExoN; Guanine-N7 | NSP10 SARS-CoV2 | -
methyltransferase, N7-MTase
NSP15 | Endo-ribonuclease SARS-CoV2 | 6WO01
NSP16 | 2’-O-ribose methyltransferase NSP10 SARS-CoV2 | 6W4H
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Table 3.5 Identity and

similarity between NSPs of Protein name Identity (%) Similarity (%)

SARS-CoV-2 and NSP1 84.4 91.1

SARS-CoV are shown NSP2 68.3 82.9
NSP3 76.0 86.5
NSP4 80.0 90.8
NSP5 (MP©) 95.5 98.1
NSP6 87.2 94.8
NSP7 93.2 943
NSP8 95.1 96.6
NSP9 90.1 90.9
NSP10 88.8 90.8
NSP12 (RdRp) 93.9 95.8
NSP13 (Helicase) 99.8 100
NSP14 (G-N7-MTase) 95.1 98.7
NSP15 (NendoU) 88.7 95.7
NSP16 (2'-O-MTase) 80.8 84.9

in the mRNA direct elongating ribosomes to shift reading frame using 1 base in
the 5’ direction (68). This mechanism is essential for the synthesis of viral RNA-
dependent RNA polymerase (RdRp) and downstream viral non-structural proteins in
which these proteins with their enzymatic functions play main roles in the capping
of RNA, RNA modification and processing, and RNA proof-reading (69).

3.2.3.1 Non-structural Protein 1 (NSP1)

Among the NSPs translated by ORF1a, Non-Structural protein 1 (Nsp1) has a signif-
icant role and also, it is identified as a leader protein since this protein is the first
production by the N-terminal region of the viral genome [65]. The NSP1 is the main
virulence factor of coronaviruses, which binds to the 40S ribosomal subunit and
inhibits host gene expression [65]. Comparative structural studies between SARS-
CoV-2 and SARS-CoV NSP exhibited that both NSP1 have similar a/B-folds, which
contains a six-stranded f-barrel and a long o 1-helix coating one opening of the barrel;
also, in SARS-CoV-2 nspl (153-179 aa), a short C-terminal structure was identified
that contains two helices, which may contribute an essential effect in host protein
synthesis inhibition and inhibit the type I interferon response [66, 67]. Currently,
V121D substitution was known as a key mutation that can destabilize NSP-1 and
inactivate the host type-1 Interferon-induced antiviral system [68].
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3.2.3.2 Non-structural Protein 3 (NSP3)

NSP3 (1945 aa) has been identified as the largest of the NSPs, which is a 217 kDa
[69] protein. This NSP is a multi-domain protein that has several catalytic activities,
and plays an essential role during the formation of virus replication complex [70, 71].
ADP-ribose has been known as a macrodomain of NSP3 [72]. In addition, PLpro is
one of the two known coronavirus proteases produced by NSP3 and is important for
the efficient cleaves between NSP1-NSP2, NSP2-NSP3, and NSP3-NSP4 to release
NSP1, NSP2, and NSP3 from the viral polypeptide [73]. Biophysical and structural
studies of PLpro have indicated this domain of NSP3 has other functions including
(a) hydrolyzing ubiquitin chains that are important for inflammatory responses, and
(b) eliminating interferon stimulated gene 15 (ISG15) modifications from proteins
that cause reversing antiviral responses [71]. Overall, the results of the amino acid
sequence alignment revealed that the NSP3 of SARS-CoV-2 shares 76.0% identity
and 86.5% similarity with the NSP3 of SARS-CoV. Especially, investigation of both
PLpro shows an 82.9% sequence identity [69, 74]. Interestingly, SARS-CoV-2 PLpro
like SARS-CoV PLpro has several key residues (such as Tyr269 and GIn270) that
play a critical role in binding to small molecules (Fig. 3.5) [74, 75]. In addition,
structural studies have indicated the PLpro structure is similar to ubiquitin-specific
proteases (USPs) in humans, which seems like an open hand and contains four
domains; including ubiquitin-like modifier (UBL), thumb, palm, and fingers [69,
76].

Fig. 3.5 Structure
comparison. Two key Tyr269 GIn270
residues in PLpro of both - ;
CoVs are represented
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3.2.3.3 Non-structural Protein 5 (NSP5)

NSP5 (amino acids 306) was identified as Main protease (MP™) or 3-chymotrypsin-
like cysteine protease (3CLpro), which is one of the SARS-CoV-2 enzymes that plays
an essential role in polyprotein processing [77-79]. MP™ is active in a homodimer
form and each protomer of enzyme consists of three domains [80, 81]; including
domain I (residues 8—101) and domain II (residues 102—184) that contain an antipar-
allel p-barrel structure, and domain III (residues 201-303) that has five a-helices
arranged into a largely antiparallel globular cluster (Fig. 3.6) [78, 81]. Domain III is
linked to domain II through a long loop region (residues 185-200) [81]. In addition,
M has a catalytic dyad (His41 and Cys145 residues) that is located in a cleft between
domains I and II [82].

Long loop

(185-200)

Fig. 3.6 Structure of the SARS-CoV-2 Mpro; catalytic dyad residues (H41 and C145) are indicated
by magenta color
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3.2.3.4 NSP3/NSP4/NSP6 Complex

The co-expression of three NSPs including Nsp3, Nsp4, and Nsp6 induces double-
membrane vesicles (DMVs), which the virus uses to evade detection by host innate
immune sensors and to translate its accessory proteins [83].

3.2.3.5 NSP11

SARS-CoV-2 has a short protein namely NSP11 that has only 13 amino acids [77].
In fact, the cleavage of polyprotein 1a by 3CLpro (NSP5) at the NSP10-11 junction
leads to produce NSP11 protein [62].

3.2.3.6 NSP7/NSP8/NSP12 Complex

Non-Structural Protein 12 (Nsp12) is a large enzyme that consists of two conserved
domains; including the NiRAN and the polymerase domains [84, 85]. The form of
NiRAN domain is determined by an o + § fold that consists of eight o helices and a
five-stranded p-sheet [85]. It seems the core protein consists of a single chain (nearly
900 amino acids) that is identified with minimal activity [86]. With the binding of
other essential subunits to the core protein, polymerase activity is increased [86,
87]. In fact, RNA-dependent RNA polymerase (RdRp) of SARS-CoV-2 identified
as NSP12, catalyzes the synthesis of viral RNA and thus plays a central role in the
replication and transcription cycle of COVID-19 virus [88]. For the RdRp activity,
several cofactors are required that contain NSP/NSP8, and additional NSP8 [87].
As shown in Fig. 3.7, the binding site for the second additional NSPS is different.
Generally, the shape of the RdRp looks like a closed right hand that consists of
the finger subdomain (residues 398581, 628—687), palm subdomain (residues 582—
627,688-815), and thumb subdomain (residues 816-919) [89, 90]. For the structural
stability, RdRp requires two Zn ions [86], one of the Zn ions is bound to residues
His295, Cys301, Cys306, and Cys310 (in N-terminal), and the other Zn ion is bound
to residues Cys487, His642, Cys645, Cys646 (in finger subdomain) [87, 91]. Inter-
estingly, the outer surface of nsp12 has a mainly negative electrostatic potential while
the RNA template and NTP binding sites contain positive electrostatic potential [87].
Also, the other sites such as binding of NSP7/8 complex, additional NSPS site, and
the template exit site are neutral [86, 87].

The nidovirus-unique domain can be divided into two different regions including
the NiRAN (residues 117-250) and an Interface region (residues 251-398) [87].
The interface region is known as a protein-interaction junction that contacts with the
NiRAN, the fingers domain, and the additional NSP8 [87]. Although the exact role
of NiRAN is not known, structural analysis has suggested that the NiRAN domain
indicates structural properties of kinase-like folds, so this domain can be suggested
as a target for kinase inhibitors [85].
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NSP12
NiRNA RdRp
1-83 1-198
NSP7 NSP8

Fig. 3.7 Structure of NSP12/NSP8/NSP7 complex is shown

3.2.3.7 Non-structural Protein 13 (NSP13)

Non-structural protein 13 (NSP13) has two activities including RNA helicase and
nucleoside triphosphate hydrolase (NTPase), which is dependent on the special diva-
lent metallic ions [92]. The helicase can open double-stranded RNA and double-
stranded DNA using a 5'-ss tail along the polarity of 5’ to 3’ [93]. The Nsp13 (heli-
case) of SARS-CoV-2 shares a 99.8% sequence identity with NSP13 (helicase) of
SARS-CoV (with only one single residue difference) [94]. This enzyme also can
hydrolyze all deoxyribonucleotide and ribonucleotide triphosphates [95]. Helicase
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Fig. 3.8 Structure of
SARS-CoV-2 Nsp13
(helicase) is indicated

is composed of five domains, namely, 1A, 2A, 1B domain, N-terminal Zinc binding
domain (ZBD), and the stalk domain (Fig. 3.8) [85].

3.2.3.8 Non-structural Protein (Nsp15)

NSP15 protein is an endonuclease from SARS-CoV-2 that plays an important
role in the proofreading of viral RNA [96]. This protein Nspl5 is identified as
a nidoviral RNA uridylate-specific endoribonuclease and possesses a C-terminal
catalytic domain, which is specific for uridine acting on ssSRNA and dsRNA [97].

3.2.3.9 Complex of Nsp10/Nsp14/Nsp16

The Nspl4 and nspl6 play a role in the methylation of the cap on the guanine of
the GTP and the C2’ hydroxyl group of the following nucleotide, respectively. These
NSPs are S-adenosylmethionine (SAM)-dependent methyltransferases (MTases) and
known as essential factors for the viral lifecycle. The NSP10 increases enzymatic
activities of both nsp14 and nsp16, which is a key cofactor for their correct function
[98, 99]. Particularly, NSP14 is a bi-functional protein that consists of 3’-to-5" exori-
bonuclease (ExoN) and guanine-N7-methyltransferase (N7-MTase) domains [100].
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Fig. 3.9 Structure of SARS-CoV-2 NSP16/NSP10 complex (Color pattern: NSP16 (Magenta) and
NSP10 (Cyan))

The N7-MTase activity depends on the integrity of the N-terminal ExoN domain,
and the flexibility of the whole NSP14 is modulated by a hinge region linking the
two domains [101].

The structure of SARS-CoV-2 nsp10 comprises residues 19-133, which contains a
positively charged and hydrophobic surface that interacts with a hydrophobic pocket
and a negatively charged surface from nsp16 (Fig. 3.9) [102]. The structure of nsp10
of SARS-CoV-2 contains a central antiparallel pair of B-strands surrounded on one
side by a crossover large loop. In addition, there is a helical domain with loops that
form two zinc fingers [102]. The nsp16 structure has all 298 amino acids that formed
through a B-sheet with the canonical 3-2-1-4-5-7-6 arrangement, in which f7 is the
only antiparallel strand. This f-sheet is sandwiched by loops and a-helices [102].

3.3 Disorder Intrinsically Region (DIR)

The Intrinsically disordered proteins (IDPs) and intrinsically disordered protein
regions (IDPRs) are identified as functional proteins and protein regions without
unique structures, and usually, play critical roles in various biological processes
[103, 104]. It seems that IDRs of a virus’s structure can affect an RNA virus’s adap-
tive capacity [105, 106]. In addition, it was identified that high IDR fraction in some
of the virus proteomes contribute to their wider host range, interactions between
viral protein and host cell, host tropism, and cross-species transmission compared
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with other viruses [107-109]. It has been predicted that IDRs may show weak or
even completely non-immune responses, thus during the antigen selection step, IDRs
should be considered [110].

It seems the SARS-CoV-2 proteome has a significant content of ordered proteins
[54]. While several proteins such as Nucleocapsid, Nsp8, ORF6, and cleavage sites
in replicase lab polyprotein are identified to be highly disordered (Fig. 3.10) [54,
111]. Since the disordered region in proteins has consequences for the structured and
unstructured biology of SARS-CoV-2, therefore, the investigation of these regions
is of specific importance.

3.4 Importance of Virus Structure on Vaccine Development

Historically, it has been determined that high rate transmission and easy spread of
some viruses such as coronaviruses can cause an epidemic risk [112]. Therefore,
with the fast increase in infectious cases and its high mortality rate due to epidemics,
the world needs an urgent, efficient, and safe vaccine [113—115]. Currently, COVID-
19 caused by SARS-CoV-2 is identified as an epidemic, and according to previous
studies, it seems that investigating the structure of the virus and key proteins that have
been considered as candidates for the vaccine development process are significant
[116]. Structural studies indicated that among all proteins of SARS-CoV-2 (structural
and Non-structural), spike glycoprotein can be the major antigen for the vaccine
design because it can induce neutralizing antibodies and protective immunity [117,
118]. There are many reasons for selecting spike protein as an antigen: it does not
belong to the high-disorder proteins [54]; it plays an important role in binding to
the host cell receptor [119]; this protein is a virus surface protein that facilitates the
neutralization process [120]; in addition, spike is a large protein and contains several
domains such as RBD that was known to be one of the key antigens of the virus
[7, 121].

3.5 Substitution Mutations

In this study, mutations with a high frequency of SARS-CoV-2 proteins are collected
in Table 3.6. The introduction of these mutations is important because these substitu-
tions can affect the structure and function of proteins [122]. Importantly, if the viral
protein is the target of the drug or vaccine development, its mutations may affect the
stability and function of the protein and lead to disruption of the interaction between
target and drug/antibody, such as mutations of receptor-binding domain (RBD) of
spike protein [27]. It seems that RBD mutations change the pathogenicity of the
virus (UK variants) [123], which these substitutions probably alter binding affinity
between protein and drug/antibody. Therefore, the investigation of mutations in virus
proteins is significant [122].
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Table 3.6 Mutations of
SARS-CoV-2 protein with
high frequency are collected

S. Rezaei and Y. Sefidbakht

Protein Mutation Frequency
Spike D614G 404007
A222V 95338
L18F 43355
P681H 40812
N501Y 39067
T716l1 38065
S982A 37780
A570D 37777
D1118H 37763
S47TN 22801
N439K 9861
W1214G 7141
Nucleocapsid R203K 154733
G204R 153506
A220V 94576
S235F 38826
D3L 37374
S194L 25853
P199L 22012
M2341 19304
P67S 16599
A376T 11401
P365S 8799
P151L 7220
Envelope P71L 1063
Membrane D3G 1725
T175M 1428
A2S 1172
NSP1 R24C 2225
H110Y 1845
D144A 1122
D48G 1060
NSP2 T851 63760
1120F 16828
L550F 4659
V381A 3374
P585S 2628
NSP3 T1831 38397
11412T 37570
A890D 37371
11683T 9382
M17881 7117
S543p 6791
H295Y 5822
T4281 5103

(continued)
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Table 3.6 (continued)

111

Protein Mutation Frequency
NSP4 M3241 11831
F17L 3801
F308Y 1891
A380V 1582
A231V 1489
NSP5 L89F 19780
GI15S 8082
P108S 7558
K90R 6763
G71S 3075
NSP6 L37F 24736
A54S 4253
V149F 3393
K270R 3371
MS861 3258
NSP7 L142F 6,307
S25L 4,305
M751 2,640
M3l 1116
NSP8 T1451 2685
Q24R 2090
NSP9 MI1011 7163
165V 1115
NSP10 T58I 608
Ti12I 476
T1021 465
N85D 461
A32V 420
NSP12 P323L 402962
V776L 12022
A185S 11608
V7201 7176
A423V 6911
NSP13 K460R 15875
E261D 11793
K218R 11527
H290Y 9882
A598S 7302
NSP14 N129D 16868
P43L 5614
M5011 4443
NSP15 T33I 6409
V127F 2851
R206S 2450
A81V 1876
D132Y 1481

(continued)
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Table 3.6 (continued) Protein Mutation Frequency
NSP16 R216C 15799
R2871 5245
K160R 1966
ORF 3a Q57H 95091
G172V 16365
T2231 6886
G251V 6230
V202L 5760
Q38R 5366
G172R 5322
ORF6 133T 1349
ORF 7a T141 2884
ORF 7b S5L 4216
H37L 1215
C41F 975
ORF8 Y73C 37639
R521 37422
S24L 25244
L84S 8324
A65V 5299
ORF 10 V30L 94745

3.6 Conclusion

In this chapter, we have tried to examine all the proteins of the SARS-CoV-2 and
evaluate them based on the classification of the proteins (structural, non-structural,
and accessory proteins). According to previous studies, the structure of all proteins
has been described in detail. It is important to investigate the structure of proteins
because this information can be used in pharmacology in order to design drugs
and vaccines based on structure. Substitution mutations in viral proteins (with high
frequency) were also introduced, as these mutations can greatly assist in the selec-
tion of protein as a therapeutic target; because mutations can change the structure,
function, and binding affinity of a protein relative to other molecules (proteins and
small molecule).

References

1. He G, Sun Z, Zhao Y, Zhang S, Chen H, Zhao Z, Yang G, Zhou Q (2020) B-coronavirus
infectious diseases: recommended strategies for the prevention and control of transmission.
Int J Clin Exp Pathol 13:1060-1065

2. Madjid M, Safavi-Naeini P, Solomon SD, Vardeny O (2020) Potential effects of coronaviruses
on the cardiovascular system: a review. JAMA Cardiol 5:831-840. https://doi.org/10.1001/


https://doi.org/10.1001/jamacardio.2020.1286

3 Structure of SARS-CoV-2 Proteins 113

10.

11.

12.

13.

14.

15.

16.

19.

20.

jamacardio.2020.1286

. Liu Z, Xiao X, Wei X, Li J, Yang J, Tan H, Zhu J, Zhang Q, Wu J, Liu L (2020) Composi-

tion and divergence of coronavirus spike proteins and host ACE2 receptors predict potential
intermediate hosts of SARS-CoV-2. J Med Virol 92:595-601. https://doi.org/10.1002/jmv.
25726

. Ong E, Wong MU, Huffman A, He Y (2020) COVID-19 coronavirus vaccine design using

reverse vaccinology and machine learning. Front Immunol 11:1581. https://doi.org/10.3389/
fimmu.2020.01581

. Anasir MI, Poh CL (2019) Structural vaccinology for viral vaccine design. Front Microbiol

10:1-11. https://doi.org/10.3389/fmicb.2019.00738

. Xiang S-H (2014) Recent advances on the use of structural biology for the design of novel

envelope immunogens of HIV-1. Curr HIV Res 11:464—-472. https://doi.org/10.2174/157016
2x113116660053

. Zhang J, Zeng H, Gu J, Li H, Zheng L, Zou Q (2020) Progress and prospects on vaccine

development against sars-cov-2. Vaccines 8:1-12. https://doi.org/10.3390/vaccines8020153

. Dormitzer PR, Grandi G, Rappuoli R (2012) Structural vaccinology starts to deliver. Nat Rev

Microbiol 10:807-813. https://doi.org/10.1038/nrmicro2893

. ZhuN, Zhang D, Wang W, Li X, Yang B, Song J, Zhao X, Huang B, Shi W, Lu R, Niu P, Zhan

F, Ma X, Wang D, Xu W, Wu G, Gao GF, Tan W (2019) A novel coronavirus from patients
with pneumonia in China. N Engl J Med 382(2020):727-733. https://doi.org/10.1056/nejmoa
2001017

Cascella M, Rajnik M, Cuomo A, Dulebohn SC, Di Napoli R (2020) Features, evaluation,
and treatment of coronavirus. StatPearls 1-22

Ortega, JT, Serrano ML, Pujol FH, Rangel HR, Biology S (2020) Original article: role of
changes in SARS-COV-2 spike protein in the interaction with the human ACE2 receptor.
Excli J 410417

Velazquez-Salinas L, Zarate S, Eberl S, Gladue DP, Novella I, Borca MV (2020) Positive
selection of ORF1ab, ORF3a, and ORFS genes drives the early evolutionary trends of SARS-
CoV-2 during the 2020 COVID-19 pandemic, front. Microbiol 11 (2020). https://doi.org/10.
3389/fmicb.2020.550674

Yoshimoto FK (2020) The proteins of severe acute respiratory syndrome coronavirus-2 (SARS
CoV-2 or n-COV19), the cause of COVID-19. Protein J 39:198-216. https://doi.org/10.1007/
$10930-020-09901-4

Li Q, Kang CB (2020) Progress in developing inhibitors of sars-cov-2 3c-like protease.
Microorganisms. 8:1-18. https://doi.org/10.3390/microorganisms8081250

Michel CJ, Mayer C, Poch O, Thompson JD (2020) Characterization of accessory genes in
coronavirus genomes. Virol J 17:1-13. https://doi.org/10.1186/s12985-020-01402-1
Mohammad S, Salauddin A, Barua R (2020) Since January 2020 Elsevier has created a
COVID-19 resource centre with free information in English and Mandarin on the novel
coronavirus COVID- 19. The COVID-19 resource centre is hosted on Elsevier Connect, the
company’s public news and information

. KeZ,OtonJ, QuK, Cortese M, Zila V, McKeane L, Nakane T, Zivanov J, Neufeldt CJ, Cerikan

B, Lu JM, Peukes J, Xiong X, Krdusslich HG, Scheres SHW, Bartenschlager R, Briggs JAG
(2020) Structures and distributions of SARS-CoV-2 spike proteins on intact virions. Nature
588 (2020) https://doi.org/10.1038/s41586-020-2665-2

. Huang Y, Yang C, Feng X, Xu W, Wen Liu S (2020) Structural and functional properties

of SARS-CoV-2 spike protein: potential antivirus drug development for COVID-19. Acta
Pharmacol Sin 41:1141-1149 (2020). https://doi.org/10.1038/s41401-020-0485-4

Shang J, Wan Y, Luo C, Ye G, Geng Q, Auerbach A, Li F (2020) Cell entry mechanisms of
SARS-CoV-2. Proc Natl Acad Sci USA 117. https://doi.org/10.1073/pnas.2003138117

Yan R, Zhang Y, Li Y, Xia L, Guo Y, Zhou Q (2020) Structural basis for the recognition of
SARS-CoV-2 by full-length human ACE2. Science (80-367):1444—1448 (2020). https://doi.
org/10.1126/science.abb2762


https://doi.org/10.1001/jamacardio.2020.1286
https://doi.org/10.1002/jmv.25726
https://doi.org/10.3389/fimmu.2020.01581
https://doi.org/10.3389/fmicb.2019.00738
https://doi.org/10.2174/1570162x113116660053
https://doi.org/10.3390/vaccines8020153
https://doi.org/10.1038/nrmicro2893
https://doi.org/10.1056/nejmoa2001017
https://doi.org/10.3389/fmicb.2020.550674
https://doi.org/10.1007/s10930-020-09901-4
https://doi.org/10.3390/microorganisms8081250
https://doi.org/10.1186/s12985-020-01402-1
https://doi.org/10.1038/s41586-020-2665-2
https://doi.org/10.1038/s41401-020-0485-4
https://doi.org/10.1073/pnas.2003138117
https://doi.org/10.1126/science.abb2762

114

21

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

S. Rezaei and Y. Sefidbakht

. Wang Q, Zhang Y, Wu L, Niu S, Song C, Zhang Z, Lu G, Qiao C, Hu Y, Yuen KY, Wang Q,
Zhou H, Yan J, Qi J (2020) Structural and functional basis of SARS-CoV-2 entry by using
human ACE2. Cell 181:894-904. https://doi.org/10.1016/j.cell.2020.03.045

Pierri CL (2020) SARS-CoV-2 spike protein: flexibility as a new target for fighting infection.
Signal Transduct Target Ther 5:4—6. https://doi.org/10.1038/s41392-020-00369-3
Henderson R, Edwards RJ, Mansouri K, Janowska K, Stalls V, Gobeil SMC, Kopp M, Li D,
Parks R, Hsu AL, Borgnia MJ, Haynes BF, Acharya P (2020) Controlling the SARS-CoV-2
spike glycoprotein conformation. Nat Struct Mol Biol 27:925-933. https://doi.org/10.1038/
s41594-020-0479-4

Wrapp D, Wang N, Corbett KS, Goldsmith KA, Hsieh C, Abiona O, Graham BS, Mclellan JS
(2020) Cryo-EM structure of the 2019-nCoV spike in the prefusion conformation 1263:1260—
1263

LanJ, GeJ, YuJ, Shan S, Zhou H, Fan S, Zhang Q, Shi X, Wang Q, Zhang L, Wang X (2020)
Structure of the SARS-CoV-2 spike receptor-binding domain bound to the ACE2 receptor.
Nature 581:215-220. https://doi.org/10.1038/s41586-020-2180-5

Shang J, Ye G, Shi K, Wan Y, Luo C, Aihara H, Geng Q, Auerbach A, Li F (2020) Structural
basis of receptor recognition by SARS-CoV-2. Nature 581:221-224. https://doi.org/10.1038/
s41586-020-2179-y

Rezaei S, Sefidbakht Y, Uskokovi¢ V (2020) Comparative molecular dynamics study of the
receptor-binding domains in SARS-CoV-2 and SARS-CoV and the effects of mutations on
the binding affinity. J Biomol Struct Dyn 0:1-20. https://doi.org/10.1080/07391102.2020.186
0829

Wang Q, Qiu Y, Li JY, Zhou ZJ, Liao CH, Ge XY (2020) A unique protease cleavage site
predicted in the spike protein of the novel pneumonia coronavirus (2019-nCoV) potentially
related to viral transmissibility. Virol. Sin. 35:337-339. https://doi.org/10.1007/s12250-020-
00212-7

Liu Z, Zheng H, Lin H, Li M, Yuan R, Peng J, Xiong Q, Sun J, Li B, Wu J, Yi L, Peng X,
Zhang H, Zhang W, Hulswit RJG, Loman N, Rambaut A, Ke C, Bowden TA, Pybus OG, Lu
J (2020) Identification of common deletions in the spike protein of SARS-CoV-2. J Virol 1-9
(2020). https://doi.org/10.1128/jvi.00790-20

Andersen KG, Rambaut A, Lipkin WI, Holmes EC, Garry RF (2020) The proximal origin of
SARS-CoV-2. Nat Med 26:450-452. https://doi.org/10.1038/s41591-020-0820-9

Huang Y, Yang C, Feng Xu X, Xu W, Wen Liu S (2020) Structural and functional properties
of SARS-CoV-2 spike protein: potential antivirus drug development for COVID-19, Acta
Pharmacol Sin (2020). https://doi.org/10.1038/s41401-020-0485-4

Millet JK, Whittaker GR (2018) Physiological and molecular triggers for SARS-CoV
membrane fusion and entry into host cells. Virology 517:3-8. https://doi.org/10.1016/j.virol.
2017.12.015

Duan L, Zheng Q, Zhang H, Niu Y, Lou Y, Wang H (2020) The SARS-CoV-2 spike glycopro-
tein biosynthesis, structure, function, and antigenicity: implications for the design of spike-
based vaccine immunogens. Front Immunol 11:1-12. https://doi.org/10.3389/fimmu.2020.
576622

Xia S, Zhu 'Y, Liu M, Lan Q, Xu W, Wu Y, Ying T, Liu S, Shi Z, Jiang S, Lu L (2020) Fusion
mechanism of 2019-nCoV and fusion inhibitors targeting HR1 domain in spike protein. Cell
Mol Immunol 17:765-767. https://doi.org/10.1038/s41423-020-0374-2

Zhang L, Jackson C, Mou H, Ojha A, Rangarajan E, Izard T, Farzan M, Choe H (2020)
The D614G mutation in the SARS-CoV-2 spike protein reduces S1 shedding and increases
infectivity. BioRxiv Prepr Serv Biol. https://doi.org/10.1101/2020.06.12.148726

Borges V, Isidro J, Cortes-Martins H, Duarte S, Vieira L, Leite R, Gordo I, Caetano CP, Nunes
B, S4 R, Oliveira A, Guiomar R, Gomes JP (2020) On the track of the D839Y mutation in the
SARS-CoV-2 Spike fusion peptide: emergence and geotemporal spread of a highly prevalent
variant in Portugal. MedRxiv. 20171884 (2020)

Chen C-Y, Chou Y-C, Hsueh Y-P (2020) SARS-CoV-2 D614 and G614 spike variants impair
neuronal synapses and exhibit differential fusion ability. BioRxiv


https://doi.org/10.1016/j.cell.2020.03.045
https://doi.org/10.1038/s41392-020-00369-3
https://doi.org/10.1038/s41594-020-0479-4
https://doi.org/10.1038/s41586-020-2180-5
https://doi.org/10.1038/s41586-020-2179-y
https://doi.org/10.1080/07391102.2020.1860829
https://doi.org/10.1007/s12250-020-00212-7
https://doi.org/10.1128/jvi.00790-20
https://doi.org/10.1038/s41591-020-0820-9
https://doi.org/10.1038/s41401-020-0485-4
https://doi.org/10.1016/j.virol.2017.12.015
https://doi.org/10.3389/fimmu.2020.576622
https://doi.org/10.1038/s41423-020-0374-2
https://doi.org/10.1101/2020.06.12.148726

3 Structure of SARS-CoV-2 Proteins 115

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Korber B, Fischer W, Gnanakaran S, Yoon H, Theiler J, Abfalterer W, Foley B, Giorgi E,
Bhattacharya T, Parker M, Partridge D, Evans C, Freeman T, de Silva T, LaBranche C,
Montefiori D (2020) Spike mutation pipeline reveals the emergence of a more transmissible
form of SARS-CoV-2. https://doi.org/10.1101/2020.04.29.069054

Schoeman D, Fielding BC (2019) Coronavirus envelope protein: current knowledge. Virol J.
16:1-22. https://doi.org/10.1186/s12985-019-1182-0

Sarkar M, Saha S (2020) Structural insight into the role of novel SARSCoV-2 E protein: a
potential target for vaccine development and other therapeutic strategies. PLoS ONE 15:1-25.
https://doi.org/10.1371/journal.pone.0237300

Singh Tomar PP, Arkin IT (2020) SARS-CoV-2 E protein is a potential ion channel that can be
inhibited by Gliclazide and Memantine. Biochem Biophys Res Commun 530:10-14. https://
doi.org/10.1016/j.bbrc.2020.05.206

Mandala VS, McKay MJ, Shcherbakov AA, Dregni AJ, Kolocouris A, Hong M (2020) Struc-
ture and drug binding of the SARS-CoV-2 envelope protein transmembrane domain in lipid
bilayers. Nat Struct Mol Biol 27 (2020). https://doi.org/10.1038/s41594-020-00536-8

Gupta MK, Vemula S, Donde R, Gouda G, Behera L, Vadde R (2020) In-silico approaches
to detect inhibitors of the human severe acute respiratory syndrome coronavirus envelope
protein ion channel. J Biomol Struct Dyn 1-11. https://doi.org/10.1080/07391102.2020.175
1300

Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, Meng EC, Ferrin TE (2004)
UCSF chimera—a visualization system for exploratory research and analysis. ] Comput Chem
25:1605-1612. https://doi.org/10.1002/jcc.20084

Kang S, Yang M, Hong Z, Zhang L, Huang Z, Chen X, He S, Zhou Z, Zhou Z, Chen Q,
Yan Y, Zhang C, Shan H, Chen S (2020) Crystal structure of SARS-CoV-2 nucleocapsid
protein RNA binding domain reveals potential unique drug targeting sites. Acta Pharm Sin B
10:1228-1238. https://doi.org/10.1016/j.apsb.2020.04.009

Khan MT, Zeb MT, Ahsan H, Ahmed A, Ali A, Akhtar K, Malik SI, Cui Z, Ali S, Khan
AS, Ahmad M, Wei DQ, Irfan M (2020) SARS-CoV-2 nucleocapsid and Nsp3 binding: an in
silico study. Arch Microbiol. https://doi.org/10.1007/s00203-020-01998-6

Zeng W, Liu G, Ma H, Zhao D, Yang Y, Liu M (2020) Since January 2020 Elsevier has
created a COVID-19 resource centre with free information in English and Mandarin on the
novel coronavirus COVID-19. The COVID-19 resource centre is hosted on Elsevier Connect,
the company’ s public news and information

Dinesh DC, Chalupska D, Silhan J, Veverka V, Boura E (2020) Structural basis of RNA
recognition by the SARS-CoV-2 nucleocapsid phosphoprotein. https://doi.org/10.1101/2020.
04.02.022194

Prajapat M, Sarma P, Shekhar N, Avti P, Sinha S, Kaur H, Kumar S, Bhattacharyya A, Kumar
H, Bansal S, Medhi B (2020) Drug targets for corona virus: a systematic review. Indian J
Pharmacol 52:56-65. https://doi.org/10.4103/ijp.1JP_115_20

Gasteiger E, Hoogland C, Gattiker A, Duvaud S, Wilkins MR, Appel RD, Bairoch A (2005)
The proteomics protocols handbook. Proteomics Protoc Handb 571-608. https://doi.org/10.
1385/1592598900

Scheller C, Krebs F, Minkner R, Astner I, Gil-Moles M, Witzig H (2020) Physicochemical
properties of SARS-CoV-2 for drug targeting, virus inactivation and attenuation, vaccine
formulation and quality control. Electrophoresis 41:1137—-1151. https://doi.org/10.1002/elps.
202000121

Almansour I, Alhagri M, Alfares R, Alshehri M, Bakhashwain R, Maarouf A (2019) IRAM:
Virus capsid database and analysis resource. Database 2019:1-7. https://doi.org/10.1093/dat
abase/baz079

Geourjon C, Deléage G (1995) Sopma: Significant improvements in protein secondary
structure prediction by consensus prediction from multiple alignments. Bioinformatics
11:681-684. https://doi.org/10.1093/bioinformatics/11.6.681


https://doi.org/10.1101/2020.04.29.069054
https://doi.org/10.1186/s12985-019-1182-0
https://doi.org/10.1371/journal.pone.0237300
https://doi.org/10.1016/j.bbrc.2020.05.206
https://doi.org/10.1038/s41594-020-00536-8
https://doi.org/10.1080/07391102.2020.1751300
https://doi.org/10.1002/jcc.20084
https://doi.org/10.1016/j.apsb.2020.04.009
https://doi.org/10.1007/s00203-020-01998-6
https://doi.org/10.1101/2020.04.02.022194
https://doi.org/10.4103/ijp.IJP_115_20
https://doi.org/10.1385/1592598900
https://doi.org/10.1002/elps.202000121
https://doi.org/10.1093/database/baz079
https://doi.org/10.1093/bioinformatics/11.6.681

116

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

S. Rezaei and Y. Sefidbakht

Giri R, Bhardwaj T, Shegane M, Gehi BR, Kumar P, Gadhave K, Oldfield CJ, Uversky VN
(2020) Understanding COVID-19 via comparative analysis of dark proteomes of SARS-CoV-
2, human SARS and bat SARS-like coronaviruses. Springer International Publishing. https://
doi.org/10.1007/s00018-020-03603-x

Hassan SS, Choudhury PP, Uversky VN, Dayhoff GW, Aljabali AAA, Uhal BD, Lundstrom
K, Rezaei N, Seyran M, Pizzol D, Adadi P, Lal A, Soares A, Abd El-Aziz TM, Kandimalla
R, Tambuwala M, Azad GK, Sherchan SP, Baetas-da-Cruz W, Takayama K, Serrano-Aroca
A, Chauhan G, Palu G, Brufsky AM (2020) Variability of accessory proteins rules the SARS-
CoV-2 pathogenicity, BioRxiv. https://doi.org/10.1101/2020.11.06.372227

Holland LRA, Kaelin EA, Magsood R, Estifanos B, Wu LI, Varsani A, Halden RU, Hogue
BG, Scotch M, Lim ES (2020) An 81 base-pair deletion in SARS-CoV-2 ORF7a identified
from sentinel surveillance in Arizona. MedRxiv 2—4 (2020). https://doi.org/10.1101/2020.04.
17.20069641

Ostaszewski M, Mazein A, Gillespie ME, Kuperstein I, Niarakis A, Hermjakob H, Pico AR,
Willighagen EL, Evelo CT, Hasenauer J, Schreiber F, Driger A, Demir E, Wolkenhauer
O, Furlong LI, Barillot E, Dopazo J, Orta-Resendiz A, Messina F, Valencia A, Funahashi
A, Kitano H, Auffray C, Balling R, Schneider R (2020) COVID-19 disease map, building
a computational repository of SARS-CoV-2 virus-host interaction mechanisms. Sci Data
7:8-11. https://doi.org/10.1038/s41597-020-0477-8

Pereira F (2020) Evolutionary dynamics of the SARS-CoV-2 ORF8 accessory gene. Infect
Genet Evol 85: https://doi.org/10.1016/j.meegid.2020.104525

Hassan SS, Ghosh S, Attrish D, Choudhury PP, Seyran M, Pizzol D, Adadi P, Abd El-Aziz
TM, Soares A, Kandimalla R, Lundstrom K, Tambuwala M, Aljabali AAA, Lal A, Azad GK,
Uversky VN, Sherchan SP, Baetas-Da-Cruz W, Uhal BD, Rezaei N, Brufsky AM (2020) A
unique view of SARS-CoV-2 through the lens of ORF8 protein. BioRxiv. https://doi.org/10.
1101/2020.08.25.267328

Hassan SS, Attrish D, Ghosh S, Choudhury PP, Uversky VN, Uhal BD, Lundstrom K, Rezaei
N, Aljabali AAA, Seyran M, Pizzol D, Adadi P, El-Aziz TMA, Soares A, Kandimalla R,
Tambuwala M, Lal A, Azad GK, Sherchan SP, Baetas-Da-Cruz W, Palu G, Brufsky AM
(2020) Notable sequence homology of the ORF10 protein introspects the architecture of
SARS-COV-2. BioRxiv 1-13. https://doi.org/10.1101/2020.09.06.284976

Sun Y, Abriola L, Surovtseva YV, Lindenbach BD, Guo JU (2020) Restriction of SARS-CoV-2
Replication by targeting programmed—1 ribosomal frameshifting in vitro. BioRxiv

Chan JFW, Kok KH, Zhu Z, Chu H, To KKW, Yuan S, Yuen KY (2020) Genomic characteri-
zation of the 2019 novel human-pathogenic coronavirus isolated from a patient with atypical
pneumonia after visiting Wuhan. Emerg Microb Infect 9:221-236. https://doi.org/10.1080/
22221751.2020.1719902

Gasmalbari E, Abbadi OS (2020) Non-structural proteins of SARS-CoV-2 as potential sources
for vaccine synthesis, 1-7

Qiu 'Y, Xu K (2020) Functional studies of the coronavirus nonstructural proteins. STEMedicine
1: https://doi.org/10.37175/stemedicine.v1i2.39

Thoms M, Buschauer R, Ameismeier M, Koepke L, Denk T, Hirschenberger M, Kratzat H,
Hayn M, MacKens-Kiani T, Cheng J, Straub JH, Stiirzel CM, Frohlich T, Berninghausen O,
Becker T, Kirchhoff F, Sparrer KMJ, Beckmann R (2020) Structural basis for translational
shutdown and immune evasion by the Nsp1 protein of SARS-CoV-2. Science (80-369):1249—
1256. https://doi.org/10.1126/science.abc8665

Min YQ, Mo Q, Wang J, Deng F, Wang H, Ning YJ (2020) SARS-CoV-2 nsp1: bioinformatics,
potential structural and functional features, and implications for drug/vaccine designs. Front
Microbiol 11:1-12. https://doi.org/10.3389/fmicb.2020.587317

Nomburg J, Meyerson M, DeCaprio JA (2020) Noncanonical junctions in subgenomic RNAs
of SARS-CoV-2 lead to variant open reading frames. BioRxiv

Novel Mutations in NSP1 and PLPro of SARS-CoV-2 NIB-1 Genome Mount for Effective
Therapeutics (2020)


https://doi.org/10.1007/s00018-020-03603-x
https://doi.org/10.1101/2020.11.06.372227
https://doi.org/10.1101/2020.04.17.20069641
https://doi.org/10.1038/s41597-020-0477-8
https://doi.org/10.1016/j.meegid.2020.104525
https://doi.org/10.1101/2020.08.25.267328
https://doi.org/10.1101/2020.09.06.284976
https://doi.org/10.1080/22221751.2020.1719902
https://doi.org/10.37175/stemedicine.v1i2.39
https://doi.org/10.1126/science.abc8665
https://doi.org/10.3389/fmicb.2020.587317

3 Structure of SARS-CoV-2 Proteins 117

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

Armstrong L, Lange SM, de Cesare V, Matthews SP, Nirujogi RS, Cole I, Hope A, Cunningham
F, Toth R, Mukherjee R, Bojkova D, Gruber F, Gray D, Wyatt PG, Cinatl J, Dikic I, Davies
P, Kulathu Y (2020) Characterization of protease activity of Nsp3 from SARS-CoV-2 and its
in vitro inhibition by nanobodies, BioRxiv

Debnath P, Debnath B, Bhaumik S, Debnath S (2020) In silico identification of potential
inhibitors of ADP-ribose phosphatase of SARS-CoV-2 nsP3 by combining E-pharmacophore-
and receptor-based virtual screening of database. Chem Select 5:9388-9398. https://doi.org/
10.1002/s1ct.202001419

Klemm T, Ebert G, Calleja DJ, Allison CC, Richardson LW, Bernardini JP, Lu BG, Kuchel NW,
Grohmann C, Shibata Y, Gan ZY, Cooney JP, Doerflinger M, Au AE, Blackmore TR, Heden
van Noort GJ, Geurink PP, Ovaa H, Newman J, Riboldi-Tunnicliffe A, Czabotar PE, Mitchell
JP, Feltham R, Lechtenberg BC, Lowes KN, Dewson G, Pellegrini M, Lessene G, Komander
D (2020) Mechanism and inhibition of the papain-like protease, PLpro, of SARS-CoV-2.
EMBO J 39:1-17. https://doi.org/10.15252/embj.2020106275

Frick DN, Virdi RS, Vuksanovic N, Dahal N, Silvaggi NR (2020) Molecular basis for ADP-
ribose binding to the Macl domain of SARS-CoV-2 nsp3. Biochemistry 59:2608-2615.
https://doi.org/10.1021/acs.biochem.0c00309

McClain CB, Vabret N (2020) SARS-CoV-2: the many pros of targeting PLpro. Signal
Transduct Target Ther 5:1-2. https://doi.org/10.1038/s41392-020-00335-z

Ibrahim TM, Ismail MI, Bauer MR, Bekhit AA, Boeckler FM (2020) Supporting SARS-CoV-2
papain-like protease drug discovery: in silico methods and benchmarking. Front Chem 8:1-17.
https://doi.org/10.3389/fchem.2020.592289

Ratia K, Pegan S, Takayama J, Sleeman K, Coughlin M, Baliji S, Chaudhuri R, Fu W, Prab-
hakar BS, Johnson ME, Baker SC, Ghosh AK, Mesecar AD (2008) A noncovalent class of
papain-like protease/deubiquitinase inhibitors blocks SARS virus replication. Proc Natl Acad
Sci USA. 105:16119-16124. https://doi.org/10.1073/pnas.0805240105

Bosken YK, Cholko T, Lou Y-C, Wu K-P, Chang CA (2020) Insights into dynamics of inhibitor
and ubiquitin-like protein binding in SARS-CoV-2 papain-like protease. Front Mol Biosci
7:1-14. https://doi.org/10.3389/fmolb.2020.00174

Chen Y, Liu Q, Guo D (2020) Emerging coronaviruses: genome structure, replication, and
pathogenesis. J Med Virol 92:418-423. https://doi.org/10.1002/jmv.25681

Goyal B, Goyal D (2020) Targeting the dimerization of the main protease of coronaviruses:
a potential broad-spectrum therapeutic strategy. ACS Comb Sci 22:297-305. https://doi.org/
10.1021/acscombsci.0c00058

Lee J, Worrall L], Vuckovic M, Rosell FI, Gentile F, Ton AT, Caveney NA, Ban F, Cherkasov
A, Paetzel M, Strynadka NCJ (2020) Crystallographic structure of wild-type SARS-CoV-2
main protease acyl-enzyme intermediate with physiological C-terminal autoprocessing site.
Nat Commun 11. https://doi.org/10.1038/s41467-020-19662-4

Zhang L, Lin D, Sun X, Curth U, Drosten C, Sauerhering L, Becker S, Rox K, Hilgenfeld
R (2020) Crystal structure of SARS-CoV-2 main protease provides a basis for design of
improved a-ketoamide inhibitors. Science 80-368:409—412. https://doi.org/10.1126/science.
abb3405

Jin Z, Du X, Xu Y, Deng Y, Liu M, Zhao Y, Zhang B, Li X, Zhang L, Peng C, Duan Y, Yu J,
Wang L, Yang K, Liu F, Jiang R, Yang X, You T, Liu X, Yang X, Bai F, Liu H, Liu X, Guddat
LW, Xu W, Xiao G, Qin C, Shi Z, Jiang H, Rao Z, Yang H (2020) Structure of Mpro from
SARS-CoV-2 and discovery of its inhibitors. Nature 582:289-293. https://doi.org/10.1038/
s41586-020-2223-y

Dash ]J, Purohit P, Muya JT, Meher BR (2020) Drug repurposing of allophenylnorstatine
containing HIV-protease inhibitors against SARS-CoV-2 Mpro: insights from molecular
dynamics simulations and binding free energy estimations (2020). https://doi.org/10.26434/
chemrxiv.12402545

Santerre M, Arjona SP, Allen CN, Shcherbik N, Sawaya BE (2020) Why do SARS-CoV-2
NSPs rush to the ER? J Neurol. https://doi.org/10.1007/s00415-020-10197-8


https://doi.org/10.1002/slct.202001419
https://doi.org/10.15252/embj.2020106275
https://doi.org/10.1021/acs.biochem.0c00309
https://doi.org/10.1038/s41392-020-00335-z
https://doi.org/10.3389/fchem.2020.592289
https://doi.org/10.1073/pnas.0805240105
https://doi.org/10.3389/fmolb.2020.00174
https://doi.org/10.1002/jmv.25681
https://doi.org/10.1021/acscombsci.0c00058
https://doi.org/10.1038/s41467-020-19662-4
https://doi.org/10.1126/science.abb3405
https://doi.org/10.1038/s41586-020-2223-y
https://doi.org/10.26434/chemrxiv.12402545
https://doi.org/10.1007/s00415-020-10197-8

118

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

S. Rezaei and Y. Sefidbakht

. Zhang WF, Stephen P, Stephen P, Thériault JF, Wang R, Lin SX (2020) Novel coronavirus
polymerase and nucleotidyl-transferase structures: potential to target new outbreaks. J Phys
Chem Lett 11:4430-4435. https://doi.org/10.1021/acs.jpclett.0c00571

Romano M, Ruggiero A, Squeglia F, Maga G, Berisio R (2020) A structural view of SARS-
CoV-2 RNA replication machinery: RNA synthesis, proofreading and final capping, cells 9.
https://doi.org/10.3390/cells9051267

Ahmad J, Ikram S, Ahmad F, Rehman IU, Mushtaq M (2020) SARS-CoV-2 RNA dependent
RNA polymerase (RdRp)—a drug repurposing study. Heliyon 6: https://doi.org/10.1016/j.hel
iyon.2020.e04502

Kirchdoerfer RN, Ward AB (2019) Structure of the SARS-CoV nsp12 polymerase bound to
nsp7 and nsp8 co-factors. Nat Commun 10:1-9. https://doi.org/10.1038/s41467-019-10280-3
Gao Y, Yan L, Huang Y, Liu F, Zhao Y, Cao L, Wang T, Sun Q, Ming Z, Zhang L, Ge J,
Zheng L, Zhang Y, Wang H, Zhu Y, Zhu C, Hu T, Hua T, Zhang B, Yang X, Li J, Yang H,
Liu Z, Xu W, Guddat LW, Wang Q, Lou Z, Rao Z (2020) Structure of the RNA-dependent
RNA polymerase from COVID-19 virus. Science 80-368:779-782. https://doi.org/10.1126/
science.abb7498

Picarazzi F, Vicenti I, Saladini F, Zazzi M, Mori M (2020) Targeting the RdRp of emerging
RNA viruses: The Structure-based drug design challenge. Molecules 25. https://doi.org/10.
3390/molecules25235695

Mcdonald SM (2013) RNA synthetic mechanisms employed by diverse families of RNA
viruses. Wiley Interdiscip Rev RNA 4:351-367. https://doi.org/10.1002/wrna.1164
Pormohammad A, Monych NK, Turner RJ, Pormohammad A (2021) Zinc and SARS-CoV-2:
a molecular modeling study of Zn interactions with RNA-dependent RNA-polymerase and
3C-like proteinase enzymes. Int ] Mol Med 47:326-334. https://doi.org/10.3892/ijmm.2020.
4790

Shu T, Huang M, Wu D, Ren Y, Zhang X, Han Y, Mu J, Wang R, Qiu Y, Zhang DY, Zhou X
(2020) SARS-coronavirus-2 Nsp13 possesses NTPase and RNA helicase activities that can
be inhibited by bismuth salts. Virol Sin 35:321-329. https://doi.org/10.1007/s12250-020-002
42-1

Jang KJ, Jeong S, Kang DY, Sp N, Yang YM, Kim DE (2020) A high ATP concentra-
tion enhances the cooperative translocation of the SARS coronavirus helicase nsP13 in the
unwinding of duplex RNA. Sci Rep 10:1-13. https://doi.org/10.1038/s41598-020-61432-1
White MA, Lin W, Cheng X (2020) Discovery of COVID-19 inhibitors targeting the SARS-
CoV2 Nspl3 helicase. BioRxiv. https://doi.org/10.1101/2020.08.09.243246

White MA, Lin W, Cheng X (2020) Discovery of COVID-19 inhibitors targeting the SARS-
CoV-2 Nsp13 helicase. J Phys Chem Lett 11:9144-9151. https://doi.org/10.1021/acs.jpclett.
0c02421

Sada M, Saraya T, Ishii H, Okayama K, Hayashi Y, Tsugawa T, Nishina A, Murakami K,
Kuroda M, Ryo A, Kimura H (2020) Detailed molecular interactions of favipiravir with SARS-
CoV-2, SARS-CoV, MERS-CoV, and influenza virus polymerases in silico. Microorganisms
8:1-9. https://doi.org/10.3390/microorganisms8101610

Sinha SK, Prasad SK, Islam MA, Gurav SS, Patil RB, Al Faris NA, Aldayel TS, Al Kehayez
NM, Wabaidur SM, Shakya A (2020) Identification of bioactive compounds from Glycyrrhiza
glabra as possible inhibitor of SARS-CoV-2 spike glycoprotein and non-structural protein-15:
a pharmacoinformatics study. J Biomol Struct Dyn 1-15

Decroly E, Imbert I, Coutard B, Bouvet M, Selisko B, Alvarez K, Gorbalenya AE, Snijder EJ,
Canard B (2008) Coronavirus nonstructural protein 16 Is a Cap-0 binding enzyme possessing
(Nucleoside-2'0)-methyltransferase activity. J Virol 82:8071-8084. https://doi.org/10.1128/
jvi.00407-08

LiJ, Guo M, Tian X, Liu C, Wang X, Yang X, Wu P, Xiao Z,Qu Y, Yin Y, FuJ, Zhu Z, Liu Z,
Peng C, Zhu T, Liang Q (2020) Virus-host interactome and proteomic survey of PMBCs from
COVID-19 patients reveal potential virulence factors influencing SARS-CoV-2 pathogenesis.
https://doi.org/10.1101/2020.03.31.019216


https://doi.org/10.1021/acs.jpclett.0c00571
https://doi.org/10.3390/cells9051267
https://doi.org/10.1016/j.heliyon.2020.e04502
https://doi.org/10.1038/s41467-019-10280-3
https://doi.org/10.1126/science.abb7498
https://doi.org/10.3390/molecules25235695
https://doi.org/10.1002/wrna.1164
https://doi.org/10.3892/ijmm.2020.4790
https://doi.org/10.1007/s12250-020-00242-1
https://doi.org/10.1038/s41598-020-61432-1
https://doi.org/10.1101/2020.08.09.243246
https://doi.org/10.1021/acs.jpclett.0c02421
https://doi.org/10.3390/microorganisms8101610
https://doi.org/10.1128/jvi.00407-08
https://doi.org/10.1101/2020.03.31.019216

3 Structure of SARS-CoV-2 Proteins 119

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Mers-cov R, Ogando NS, Zevenhoven-dobbe JC, Van Der Meer Y, Bredenbeek PJ (2020) The
enzymatic activity of the nsp14 exoribonuclease is critical 94:1-24

Ogando NS, Zevenhoven-Dobbe JC, van der Meer Y, Bredenbeek PJ, Posthuma CC, Snijder
EJ (2020) The enzymatic activity of the nsp14 exoribonuclease is critical for replication of
MERS-CoV and SARS-CoV-2. J Virol 94. https://doi.org/10.1128/jvi.01246-20
Rosas-Lemus M, Minasov G, Shuvalova L, Inniss N, Kiryukhina O, Wiersum G, Kim Y,
Jedrzejczak R, Maltseva N, Endres M, Jaroszewski L, Godzik A, Joachimiak A, Satchell K
(2020) The crystal structure of nsp10-nsp16 heterodimer from SARS-CoV-2 in complex with
S-adenosylmethionine. BioRxiv Prepr Serv Biol 1-22. https://doi.org/10.1101/2020.04.17.
047498

Uversky VN (2019) Intrinsically disordered proteins and their “Mysterious” (meta)physics.
Front Phys 7:8-23. https://doi.org/10.3389/fphy.2019.00010

Vacic V, Markwick PRL, Oldfield CJ, Zhao X, Haynes C, Uversky VN, Iakoucheva LM
(2012) Disease-associated mutations disrupt functionally important regions of intrinsic protein
disorder. PLoS Comput Biol 8. https://doi.org/10.1371/journal.pcbi.1002709

CharonJ, Barra A, Walter J, Millot P, Hébrard E, Moury B, Michon T (2018) First experimental
assessment of protein intrinsic disorder involvement in an RNA virus natural adaptive process.
Mol Biol Evol 35:38-49. https://doi.org/10.1093/molbev/msx249

Walter J, Charon J, Hu Y, Lachat J, Leger T, Lafforgue G, Barra A, Michon T (2019) Compar-
ative analysis of mutational robustness of the intrinsically disordered viral protein VPg and
of its interactor eIF4E. PLoS ONE 14:1-13. https://doi.org/10.1371/journal.pone.0211725
Mozzi A, Forni D, Cagliani R, Clerici M, Pozzoli U, Sironi M (2020) Intrinsically disordered
regions are abundant in simplexvirus proteomes and display signatures of positive selection.
Virus Evol 6:1-12. https://doi.org/10.1093/ve/veaa028

Barik S (2020) Genus-specific pattern of intrinsically disordered central regions in the nucle-
ocapsid protein of coronaviruses. Comput Struct Biotechnol J 18:1884—1890. https://doi.org/
10.1016/j.¢sbj.2020.07.005

Sen S, Dey A, Bandhyopadhyay S, Uversky VN (2012) Understanding structural malleability
of the SARS-CoV-2 proteins and their relation to the comorbidities SARS-CoV-2 774, pp
1-17

Macraild CA, Richards JS, Anders RF, Norton RS (2016) Antibody recognition of disordered
antigens. Structure 24:148-157. https://doi.org/10.1016/j.str.2015.10.028

Giri R, Bhardwaj T, Shegane M, Gehi B, Kumar P, Gadhave K, Oldfield C, Uversky V (2020)
When darkness becomes a ray of light in the dark times: understanding the COVID-19 via the
comparative analysis of the dark proteomes of SARS-CoV-2, human SARS and bat SARS-like
coronaviruses, 1-63 (2020). https://doi.org/10.1101/2020.03.13.990598

Yang Y, Peng F, Wang R, Guan K, Jiang T, Xu G, Sun J, Chang C (2020) The deadly
coronaviruses: the 2003 SARS pandemic and the 2020 novel coronavirus epidemic in china,
the company’s public news and information. J Autoimmun 109:

Gillim-ross L, Subbarao K (2006) Emerging respiratory viruses: challenges and vaccine.
Strategies 19:614-636. https://doi.org/10.1128/CMR.00005-06

Lee HY, Nyon MP, Strych U (2016) Vaccine Dev Against Middle East Respir Syndr 3:80-86.
https://doi.org/10.1007/s40475-016-0084-0

Zhang Y, Zeng G, Pan H, Li C, Hu Y, Chu K, Han W, Chen Z, Tang R, Yin W, Chen
X (n.d.) Articles safety, tolerability, and immunogenicity of an inactivated SARS-CoV-2
vaccine in healthy adults aged 18-59 years. Lancet Infect Dis. https://doi.org/10.1016/s1473-
3099(20)30843-4

Sheikhshahrokh A, Ranjbar R, Saeidi E, Sa F (2020) Frontier therapeutics and vaccine
strategies for SARS-CoV-2 (COVID-19). A Rev 49:18-29

Khalaj-Hedayati A (2020) Review article protective immunity against SARS subunit vaccine
candidates based on spike protein : lessons for coronavirus vaccine development

Jackson LA, Anderson EJ, Rouphael NG, Roberts PC, Makhene M, Coler RN, McCullough
MP, Chappell JD, Denison MR, Stevens LJ, Pruijssers AJ, McDermott A, Flach B, Doria-Rose
NA, Corbett KS, Morabito KM, O’Dell S, Schmidt SD, Swanson PA, Padilla M, Mascola


https://doi.org/10.1128/jvi.01246-20
https://doi.org/10.1101/2020.04.17.047498
https://doi.org/10.3389/fphy.2019.00010
https://doi.org/10.1371/journal.pcbi.1002709
https://doi.org/10.1093/molbev/msx249
https://doi.org/10.1371/journal.pone.0211725
https://doi.org/10.1093/ve/veaa028
https://doi.org/10.1016/j.csbj.2020.07.005
https://doi.org/10.1016/j.str.2015.10.028
https://doi.org/10.1101/2020.03.13.990598
https://doi.org/10.1128/CMR.00005-06
https://doi.org/10.1007/s40475-016-0084-0
https://doi.org/10.1016/s1473-3099(20)30843-4

120

119.

120.

121.

122.

123.

S. Rezaei and Y. Sefidbakht

JR, Neuzil KM, Bennett H, Sun W, Peters E, Makowski M, Albert J, Cross K, Buchanan W,
Pikaart-Tautges R, Ledgerwood JE, Graham BS, Beigel JH (2020) An mRNA vaccine against
SARS-CoV-2—preliminary report. N Engl ] Med. https://doi.org/10.1056/nejmoa2022483
Benton DJ, Wrobel AG, Xu P, Roustan C, Martin SR, Rosenthal PB, Skehel JJ, Gamblin
SJ (2020) Receptor binding and priming of the spike protein of SARS-CoV-2 for membrane
fusion. Nature 588 (2020). https://doi.org/10.1038/s41586-020-2772-0

Spike P, Huo J, Zhao Y, Ren J, Fry EE, Owens RJ, Stuart DI, Huo J, Zhao Y, Ren J, Zhou D,
Duyvesteyn HME, Ginn HM (2020) Article neutralization of SARS-CoV-2 by destruction of
the 1l neutralization of SARS-CoV-2 by destruction of the prefusion spike. Cell Host Microbe
28:445-454. https://doi.org/10.1016/j.chom.2020.06.010

To L, T.H.E. Editor (2020) A novel receptor-binding domain (RBD)-based mRNA vaccine
against SARS-CoV-2, 2-5 (2020). https://doi.org/10.1038/s41422-020-0387-5

Wau S, Tian C, Liu P, Guo D, Zheng W, Huang X, Zhang Y, Liu L (2020) Effects of SARS-
CoV-2 mutations on protein structures and intraviral protein—protein interactions. J Med Virol.
https://doi.org/10.1002/jmv.26597

Kirby T (2021) New variant of SARS-CoV-2 in UK causes surge of COVID-19. Lancet Respir.
Med 9:e20—e21. https://doi.org/10.1016/s2213-2600(21)00005-9


https://doi.org/10.1056/nejmoa2022483
https://doi.org/10.1038/s41586-020-2772-0
https://doi.org/10.1016/j.chom.2020.06.010
https://doi.org/10.1038/s41422-020-0387-5
https://doi.org/10.1002/jmv.26597
https://doi.org/10.1016/s2213-2600(21)00005-9

Chapter 4 ®
The Main Protease of SARS COV-2 ez
and Its Specific Inhibitors

Abdulrahman Ghassemlou, Yahya Sefidbakht, and Moones Rahmandoust

4.1 Introduction

The recent outbreak of coronavirus infection in China caused by the SARS-CoV-2
virus (COVID_19) has become a matter of serious concern to the world community,
This virus belongs to the Coronaviruses family which caused two epidemics before,
the severe acute respiratory syndrome coronavirus (SARS-CoV) and the middle east
respiratory syndrome coronavirus (MERS-CoV) [1]. This virus possesses a positive-
sense single-stranded RNA genome and causes disease in fishes, birds and mammals
[2, 3].

Sequence analysis of SARS-CoV-2 isolates indicates that the 30 kb genome
produces five major open reading frames (ORFs), containing a 5’ frameshifted
polyprotein (ORF1a/ORFlab) and four canonical 3’ structural proteins, namely,
the spike (S), envelope (E), membrane (M) and nucleocapsid (N) proteins, which
are common to all coronaviruses [4]. ORFla and ORF1b encode two overlap-
ping polyproteins, ppla and pplab, which are auto-proteolytically processed into
16 Non-Structural Proteins (NSP1-NSP16) followed by the replicase—transcriptase
complex formation in the host cell. The replicase—transcriptase complex consists of
multiple enzymes, including the papain-like protease (NSP3), 3-chymotrypsin-like
protease (NSP5), the NSP7-NSP8 primase complex, the primary RNA-dependent
RNA polymerase (NSP12), a helicase—triphosphatase (NSP13), an exoribonuclease
(NSP14), an endonuclease (NSP15), N7-methyltransferases (N7-MTase) (NSP10)
and 2’O-methyltransferases) NSP16 (Fig. 4.1) [5-8]. Ppla and pp1b undergo prote-
olytic processing by papain-like protease (PLpro) and 3-chymotrypsin-like protease
(3CLpro, also known as the main protease or Mpro) which is essential for viral
replication and transcription [8, 9].
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Fig. 4.1 Organization of the RNA genome of SARS-CoV-2 with selected genes and schematic
representation of polyprotein cleavage sites of SARS-CoV-2. As shown in Figure, ppla cleaves at
3 distinct sites, the Mpro cleaves at 11 distinct sites

4.2 Proteolytic Process

Various studies suggested that the proteolytic process is a multi-step mechanism.
After the cysteine side chain proton is abstracted by the imidazole of histidine,
the yield thiolate nucleophile interacts with the amide bond of the substrate. The N-
terminal peptide product is unleashed by proton abstraction from histidine before the
thioester is hydrolyzed to release the C-terminal product and restore the catalytic dyad
[10, 11]. Mpro (NSP5) auto cleaves itself between NSP4 and NSP6 [12, 13], before
processing the overlapping polyproteins pplaand pplab at 11 cleavage sites (Fig. 4.1)
[14-16]. Mpro mainly identifies substrate residues ranging from P4 to P1’ [17]. Frist
site recognition beyond P1’ is not conserved. Specificity is mostly determined by P1,
P2 and P1’, which show the highest degree of conservation amongst the cleavage sites
[16].In P1, glutamine is highly conserved in all polyprotein cleavage sites of SARS-
CoV, MERS-CoV and SARS-CoV-2. In P2, hydrophobic residues are tolerated with
clear precedence for leucine. P1’ tolerates small amino acids like alanine or serine
[18-23].

In all polyprotein cleavage sites processed by Mpro for three CoVs (SARS-CoV,
MERS-CoV and SARS-CoV-2), substrate recognition profiles are very similar to
each other. The preference for glutamine in P1 must be considered for inhibitor
design [24].
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4.3 Why Mpro Is a Potent Target for Drug Design?

The Mpro particularly cleaves polypeptide sequences after a glutamine residue,
positioning the Mpro as a good drug target because, until now, no human host-
cell proteases are known with this substrate specificity. The catalytic dyad of Mpro
(cysteine and histidine) is located in its active center. In comparison with other
cysteine and serine proteases, SARS-CoV-2 MP™ includes a buried water molecule
that occupies this place in the active site, which this differences in the active site of
SARS-COV-2 Mpro make it more specified to drug design [5].

Also, there is information about protein—protein interaction networks, which
reveals the role of Mpro in blocking the inflammatory and interferon pathway in
humans by inhibiting the nuclear transport of epigenetic regulatory proteins. These
properties indicate the extremely important role of Mpro in the virus life cycle and
stimulating an immune response and makes this enzyme one of the most appropriate
targets for drug design [25]. Due to the role of Mpro as a key enzyme in the viral
replication, its inhibition can stop the production of infectious viral particles and thus
alleviate disease symptoms [26—29].

There are other targets for the development of antiviral drugs, such as an
Angiotensin-converting enzyme II (ACE2) entry receptor, RNA-dependent RNA
polymerase (RdRp) and papain-like protease (PLpro). But inhibitors that targeting
ACE2 (aiming to block coronavirus host interactions, which is critical for virus
survival) did not advance clinically due to their side effects. Also, RdRp inhibitors
appeared to be not very specific and showed low potency, likewise to ACE2 inhibitors
some side effects have been seen in patients which used RdRp inhibitors [30]. On the
other hand, enzymes such as RdRp cannot fully function without a prior proteolytic
release process which depends on Mpro [18, 31]. The papain-like protease recog-
nizes the C-terminal sequence of ubiquitin. Therefore, it seems that substrate-derived
inhibitors of PLpro maybe also inhibit host cells [5].

On the other hand, the Mpro of SARS-CoV-2 has very high sequence similarity
with the Mpro of SARS-CoV, so if the active site of Mpro of SARS-CoV and SARS-
CoV-2 share a high structural similarity, then reported inhibitors of SARS-CoV Mpro
can be a considerable option for drug design against the new virus [32].

4.4 Mpro Properties

The homology models of SARS-CoV-2 Mpro demonstrated that close structural simi-
larity to other coronaviral Mpro amino acid sequence alignments reveals ~96% iden-
tity with the previous SARS-CoV Mpro (Fig. 4.2) [5]. The alignment was generated
using ESPript 3.0 [33].

The Mpro’s weight is almost 33.8 kDa, and it is denied as a homodimer with the
two protomers connected at right angles to each other (Fig. 4.3) [34]. The Mpro’s total
mass is 33792.690 a.m.u., and its total charge is —4 e [35]. Each protomer contains
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Fig. 4.2 Alignment of sequences and structures of crystallized main proteases of SARS-CoV-2
(PDB: 6Y2E), SARS-CoV (PDB: 2BX4) and MERS-CoV (PDB: 5C3N) are shown. Domains I,
II and III comprise residues 8-101, 102—-184 and 201-306, respectively. The catalytic dyads are
indicated by asterisks, also possible substrate attachment sites are marked with green circles

306 amino acid residues with a 4682 total number of atoms and consists of three
domains [7]. In SARS-CoV and SARS-CoV-2, domains I and II contain residues 8—
101 and 102-184, respectively, and include an antiparallel B-barrel which is similar
to trypsin-like serine proteases [34]. Domain II and Domain III are connected to
each other (residues via a longer loop region. Domain III is known by its cluster
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Fig. 4.3 Mpro homodimer is visualized by Discovery studio visualizer (Color pattern: protomer A
(red) and protomer B (yellow)

of five a-helices, which plays a role in regulating the dimerization of the Mpro
(Fig. 4.4) [36], predominantly through a salt-bridge interaction between Glu290 of
one protomer and Arg4 of the other. The tight dimer formed by SARS-CoV-2 Mpro
has a contact interface (~1394 A) mostly between the domain II (molecule A) and the
NH2-terminal residues (“N-finger”’) of molecule B, with the two molecules oriented
vertically to one another. The N-finger of each of the two protomers interacts with
Glul66 of the other one and as a result, helps to shape the S1 pocket of the substrate-
binding site. To provide this interaction site, the N-finger is compressed between
domains II and III of the parent monomer and domain II of the other monomer [33,
35-41]. It characterizes that the Mpro monomer is basically inactive so the interface
in dimerization can be a suitable option for inhibiting Mpro and drug discovery [10,
27].

The oxyanion hole contains backbone amides or positive-charged amino acids,
which is directly corresponded to the Mpro activity and substrate binding. In ligand-
bound Mpro, structures of the oxyanion hole consist of a loop (residues 140-145),
negatively charged residues Glul66, positively charged residues His172, His163,
His41 and remains in an active conformation (Fig. 4.5) [36, 42].

The Pi-stacking (also called —mt stacking) interaction (Phe140/His163) is found
in the oxyanion hole. Formation of hydrogen bond and salt bridge due to interaction
between Glul66 with water as well as His172 at domain II cause further stability of
the oxyanion hole. The oxyanion loop consists of residues 137-145, which is less
well ordered and the side chains of Glu166 and Phe140 cannot be fit well because of
poor density in the apo state structure. The salt bridge and Pi-stacking interactions
between Glu166/His172 and Phe140/His163 are broken, resulting in rearrangements
in this region and further collapses of the oxyanion hole (Fig. 4.6) [36]. The N-finger
plays a vital role in the formation of Mpro. The active site and auto cleavage activity
of Gly2 have interactions with Gly143 in the oxyanion loop in the neighboring
protomer, stabilizing the active site and dimer in the active conformation [36].

His163 forms hydrogen bonds with water molecules in our structure, which is
not seen in the ligand-bound structures. Another water molecular is found near
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Fig. 4.4 The domain I (residues 8-101) is comprised of three small a-helices and six B-strands.
The domain II (residues 102—184) consists of six B-strands. The domain III is composed of five
a-helices, which are closely related to the proteolytic activity

the Cys145-His41 catalytic dyad in the active site, acting as a bridge for proton
transfer. probably These water molecules influence the negative-charged oxygen of
the substrate or inhibitor, which makes rational drug design more difficult (Fig. 4.6)
[36].

The analysis and comparisons of Mpro in different states indicate that the
substrate-binding site and the active site are more flexible in the apo state than that
in the ligand-bound structures. For drug discovery campaigns, the water molecules
Embedded in the oxyanion hole and the related interactions should be considered.
The ligand-bound structure has no water molecule, while the oxyanion hole in the
apo state structure has two water molecules, in the same region. The water molecules,
which are found near His163 and His41 in the involved pocket, stabilize the positive-
charged His residues and increasing the steric hindrance that may affect the catalytic
efficiency of the enzyme [36].

In the SARS-CoV, there is a polar interaction between the two domains III
involving a 2.60 A hydrophobic contact between the side chain of 11e286 and Thr285
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Fig. 4.5 Structure of Mpro
binding site with 11b in an
active conformation.
Hydrogen bonds are shown
as a black thin line

PHE140

HIS142
Fig. 4.6 Structure of Mpro
in the apo state. Water 1 and
2 are shown in red spheres.
Hydrogen bonds are
indicated by thin black lines
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supports hydrogen bond between the side-chain hydroxyl groups of residues Thr285
of each protomer, these properties have not seen in SARS-CoV-2. In SARS-CoV-2,
the Thr is substituted by Ala and the isoleucine by Leu. It was previously indicated
that the replacing of Ser284 by Thr285 and I1e286 by alanine residues in SARS-
CoV Mpro leads to an increase in the catalytic activity of the protease by a factor
of 3.6, concurrent with a slightly closer packing of the two domains III of the dimer
against one another [37, 43]. This was accompanied by changes in Mpro dynamics
that transmit the effect of the mutation on the catalytic center. Thr285 — Ala285
substitution observed in the Mpro of SARS-CoV-2, which leads to approach the two
domains III to each other more closely (the distance between the Ca atoms of residues
285 in molecules A and B is 6.77 A in SARS-CoV Mpro and 5.21 A in SARS-CoV-2
Mpro, and the distance between the centers of mass of the two domains III shrinks
from 33.4 A to 32.1 A). However, the catalytic efficiency of SARS-CoV-2 Mpro is
indicated slightly higher. Further, the dissociation constant of dimerization for both
Mpro is the same (~2.5 mM) [37]. It seems that SARS-COV-2 Mpro has slightly
higher catalytic efficiency compared to SARS-COV [37].

The mutations Ser284Ala, Thr285Ala and Ile286Ala in SARS-CoV Mpro results
in increasing catalytic activity [43]. Two similar mutations including Thr285Ala and
[le286Leu are observed in SARS-CoV-2 Mpro, which tells us why higher activity
was observed for SARS-CoV-2 Mpro compared to SARS-CoV Mpro [7, 37]. It seems
that Thr285Ala and Ile286Leu lead to bring domain III of both protomers closer to
each other and these mutations can produce a significant change in the dimerization
process [5, 32].

The substrate-binding site is the deep cleft between domain I and II which lined
by hydrophobic residues with the catalytic site present in the center of the cleft [44].
Mpro features unique catalytic residues (Cys145 and His41) dyad and surrounded
by other residues which help to substrate specificity. The N-terminal peptide of
Mpro prefers Thr-Ser-Ala-Val-Leu- Gln as positions P6 to P1, which interact with
the substrate-binding site amino acids [26, 45, 46]. Despite the S46A mutation, the
active sites of SARS-CoV and SARS-CoV-2 Mpro are highly conserved [47, 48].

In the S1 subsite, the imidazole side chain of conserved histidine interacts with the
carboxamide side-chain of P1; this interaction is generally accepted to be conducive
of specificity for glutamine residue at P1 (Fig. 4.7) [14, 44, 49]. The side chain of Leu-
P2 and Thr-P4 is stabilized by deep hydrophobic S4 and S2 subsites, respectively. Ser-
PS5 and Thr-P6 interact with Pro168 and Alal191 of the Mpro by van der Waals(VDW)
interactions [26, 46, 50]. On the C-terminal side of the substrate, the P1 is occupied
by a small residue such as Ala, Ser and Gly which directly interact with the S1°
subsite by VDW interactions [45]. A long side-chain leucine is accommodated by
the hydrophilic S2’ subsite of the Mpro [45]. These structural attributes of the Mpro
are essential for substrate binding and have a crucial role in the activity of Mpro
(Fig. 4.7) [49].

The catalytic mechanism of Mpro starts with the deprotonation of the thiol group
of Cys145 followed by a nucleophilic attack of resulting sulfur anion on the substrate
carbonyl carbon [10, 51]. This step leads to the release of a peptide product with an
amide terminus, and in concert His41 residue is restored to its deprotonated form [ 10,
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Fig. 4.7 Substrate binding subsites (S1, S2, S4, S5, S1’) of Mpro from SARS CoV-2

38]. The last step is the hydrolysis of the resultant thioester to release a carboxylic
acid which then results in the regeneration of the protease [10, 38, 52]. This general
acid-base mechanism which processes the hydrolysis of the substrate defines the
catalytic action of Mpro [49].

4.5 Drug Design

Understanding the mechanism of action at the atomic level may provide insights
for more rational drug design [53]. Computational methods are commonly used for
structure-based drug discovery (SBDD) and ligand-based drug discovery (LBDD)
[54]. LBDD is a technique for searching and designing new drugs based on exper-
imental information and structural information of known compounds [55, 56]. On
the other hand, SBDD is a method based on the tertiary structural information of
the target protein [57]. Molecular dynamics (MD) simulations, which analyzed the
dynamics of biopolymers in solution at the atomic level, is a typical SBDD method
used to predict the interaction between proteins and inhibitors [58]. MD simulations
can be applied to clarify the binding mechanism between proteins and ligands at the
molecular level, which is highly useful for rational drug design [58, 59].
Fortunately, many complex structures of SARS-CoV Mpro and inhibitors are
available in the Protein Data Bank. Therefore, by modelling the complex structure of
SARS-CoV-2 Mpro and its inhibitors and using the information on the known struc-
tures of SARS-CoV-Mpro, it is possible to analyze the characteristics of functional
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groups needed for the molecular detection of ligands through SARS-CoV-2 Mpro.
His41and GIn189 are adjacent to the HBD sphere, and Gly143, Ser144, Cys145 and
Glu166 are adjacent to the HBA sphere. The side chain of His41 is located where the
lone pair of nitrogen atoms on the imidazole ring can contact the donor sphere. In
addition, the carbonyl oxygen in the side chain of GIn189 is posited near the donor
sphere. These residues probably create hydrogen bonds with the HBD located on
the donor sphere. On the other hand, the HBA sphere is posited near the main chain
of three significant residues (Gly143, Ser144, and Cys145). The HBA sphere has a
high affinity to the backbone NH Group. The backbone of Glul66 is also posited
near the HBA sphere, which authorizes the NH group on the Glu166 backbone to
bind with the HBA sphere. The distance between His41, Gly143, Met145, Glul66,
GIn189, and each pharmacophore sphere is 3.58 A, 3.16 A, 3.12 A, 3.37 A, 1.72 A,
respectively (Fig. 4.8) [54].

His41, Gly143, Ser144, Cys145, Glu166, and GIn189 of SARS-CoV Mpro were
located near these pharmacophore spheres. Since these amino acids are conserved in
SARS-CoV-2 MP™ (Fig. 4.9) [54], it seems SARS-CoV MP™ inhibitors are located
at similar positions in SARS-CoV-2 MP™ and thus have the potential to inhibit
SARSCoV-2 Mpro. Also, the three-dimensional structure of SARS-CoV Mpro and
SARS-CoV-2 Mpro is almost conserved, and the amino acid sequence identity value
shows 96%. The pharmacophores do not contain non-conserved amino acid residues.
Thus, inhibitors that are matched with SARS-CoV Mpro pharmacophore may have
the same potential to inhibit SARSCoV-2 Mpro [54].

Fig. 4.8 The amino acid residues around the chemical groups which are defined as the
pharmacophore
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Fig. 4.9 Alignment of
SARS-CoV and
SARS-CoV-2 Mpro X-ray
structure. Sphere model
indicates residues that are 594A
not conserved between both
sequences
TasV

4.5.1 Investigation of Interactions Between SARS-CoV-2
Mpro and the Inhibitors

The interaction with His41 was maintained with a high probability in all MD results
(78, 92, and 94%) [54]. There are two types of Interactions with His41: Pi-stacking
and hydrogen bonding. During simulation, His41 hydrogen bonds to Gly143 and
Cys145 were observed with a probability of over 50% [54]. Interaction of His41,
Gly143, Met165, and Glul66 was observed in all MD simulations [54]. The main
chains of Gly143 and Glul66 and the side chains of His41 were involved in the
interaction, and Met165 creates VDW interaction with the inhibitors. It seems that
Gly143 (Acceptor) and Met145 (Acceptor) involved in the same pharmacophore
point. Among pharmacophore interaction, His41-Donor and Glul66-Acceptor are
highly stable during MD simulation for all ligands. The main chains of Ser144,
Gly143 and Cys145 also interact with each inhibitor this suggests that the inter-
action with these amino acid residues may not be affected by side-chain mutations
unless the dynamics of each chain or binding site shape are changed. Interactions with
His41 were affirmed as hydrogen bonding and Pi-stacking. In the hydrogen bond,
NH in the imidazole ring of His41 works as HBD. Also, the imidazole ring of His41
forms Pi-stacking with each inhibitor. The results of pharmacophore modeling and
the MD simulations suggested that His41 works as HBD. In contrast, the HBD phar-
macophore sphere is located near His41. Therefore, HBA functional group has the
potential to interact with His41. MD simulations also suggested that aromatic func-
tional groups have a high affinity to His41. In each MD simulation, Gly143, Ser144,
Cys145, Glul66, and GIn189 interact with functional groups defined as pharma-
cophore of peptide-like inhibitors [54]. Therefore, interactions with these residues
are important for binding to SARS-CoV-2 Mpro. In the MD simulation results, all
ligand has one or two water bridges. Therefore, maybe that water bridges are involved
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Fig. 4.10 Alignment of a-ketoamide inhibitors and pharmacophore models. SARS-CoV-2 Mpro
with a-ketoamide inhibitors (PDBID: 6Y2G) was aligned for 6L.U7 and pharmacophore model

in Mpro and ligand complex structures to stabilize the structure; functional groups
of ligands can be extended to the space occupied by these waters [54].

A study on SARS-CoV-2 Mpro with a-ketoamide inhibitors shows that one
hydroxyl group and two carbonyl groups of a-ketoamide inhibitors are matched
the pharmacophore model (Fig. 4.10) [54]. Comparing the structures of GIn189 in
Figs. 4.8 and 4.10, the conformations of the side chains are different. It suggested that
the side-chain conformation of GIn189 flexibly changes depending on the binding
inhibitor [54].

Kneller et al. identified the room temperature X-ray structure of the ligand-free
Mpro and compared it with the low temperature one of ligand-free Mpro and N3
inhibitor covalently bound to Mpro. They found that the active site of Mpro had
flexible conformation and the conformational change was induced by ligand binding
[60]. Teruhisa et al. [61] found five representative drug binding sites on Mpro and
named them as “sites 1-5” (Fig. 4.11) [61]. This study investigated the access of drugs
to these binding sites, on the fluctuating surface of Mpro by analysis MD trajectories
analysis of dimeric Mpro with several HIV inhibitors, including indinavir, lopinavir,
darunavir, ritonavir, saquinavir, nelfinavir, and tipranavir. The results showed that
most of the contacts were located at the predicted binding sites. The frequent contacts
with the active site (site 1) were achieved for indinavir, nelfinavir, tipranavir and
ritonavir; site 1 contains catalytic amino acids [61].

Adjacent to the active site, a mostly observed site existed at the border of the chains,
indicated as “site 4”, except lopinavir all other ligands visited this site frequently. The
contact frequency to site 2 was high for lopinavir, ritonavir and saquinavir, modest



4 The Main Protease of SARS COV-2 and Its Specific Inhibitors 133

site1

site4

site2

Fig. 4.11 Structural information of dimeric Mpro. The catalytic dyad, His41 and Cys145 are
represented by the space-filling model. The five possible ligand binding sites were predicted

for darunavir, indinavir and nelfinavir, and weak for tipranavir. In domain III, another
shallow site “site 5 was observed for lopinavir, nelfinavir, and tipranavir (Fig. 4.11)
[61].

The contact frequency to site 3 was generally low, except for lopinavir. These
values of contact strength should be analyzed carefully since they could observe
only a few unbinding events, and they did not accurately reflect the quantified values
in equilibrium [61].

Understanding the structural dynamic processes can guide researchers for rational
drug design. The analysis of B’-factor profiles from PDB structures can be utilized for
this aim [62]. B’-factor analysis can be used to differentiate between protein binding
sites and crystal packing. Contacts to estimate protein-ligand binding affinities, fluc-
tuations in B’-factors, show an enhancement or weakening of molecular interactions
on an atomic resolution level.

The binding of reversible ligands to their targets usually leads to tighten of the
protein scaffold and show itself in a decrease in the B’-factor which approximately
correlate to the binding strength of the ligand [62]. Here we used (https://bandit.uni-
mainz.de) [62] to check B’-factor and AB’-factor of SARS-COV-2 and SARS-COV
Mpro, which provide a deeper insight about structural based drug design against
SARS-COV-2 (Fig. 4.12).
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Fig. 4.12 Representation of B’-factor analysis of SARS-COV Mpro (2XB4) and SARS-COV-2

(6Y2E) Mpro

Table 4.1 Proposed compounds to inhibition of Mpro [49]

Drug Description

Flavonoids Group of polyphenolic plant metabolites with a general
structure consisting of two phenyl rings and a
heterocyclic ring

Peptides Compounds which sport the chemical structure typical
of a peptide classifying them as peptide inhibitors

Terpenes Constitute a large hydrocarbon class constructed from
five-carbon isoprene units which are combined in a
great variety of skeletons

Quinolines These compounds have a characteristic structure of a

benzene ring fused with a pyridine making it a
double-ringed heterocyclic aromatic organic compound

Nucleoside and nucleotide analogues

A popularly identified drug with potential antiviral
activity against several RNA viruses

Protease inhibitor

Protease inhibitors (PIs) are a class of antiviral drugs
that are widely used to treat HIV/AIDS and hepatitis C

Phenalene

Polycyclic aromatic hydrocarbons

Antibiotic derivatives

Compounds which destroy or slow down the growth of
bacteria

Indoles

Compounds classified as indoles are characterized with
a benzene ring fused with a pyrrole ring
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4.6 Inhibitors

As shown in Table 4.1, different types of compounds for inhibition of SARS-COV-2
Mpro are identified, where the corresponding IC50 values for inhibition of the SARS-
CoV Mpro and the MERS CoV Mpro should be considered as 0.90 & 0.29 mM and
0.58 £ 0.22 mM, respectively [37, 63].

4.6.1 First-Line SARS-COV-2 Mpro Inhibitors

4.6.1.1 Ebselen and N3

Ebselen and N3 illustrated the strongest antiviral effects at a specific concentration
(10 wM) treatment in SARS-CoV-2-infected Vero cells. Ebselen and N3 displayed
inhibition against SARS-CoV-2 with individual half-maximal effective concentration
(EC50) values of 4.67 WM and 16.77 wM, respectively. The dose-response curves
suggest that these compounds are probably able to penetrate the cellular membrane
to connect their targets. The structure of SARS-COV-2 Mpro with N3 is available
on RCSB with PDB ID:6LU7 [7].

Ebselen is an organoselenium compound with anti-oxidant, anti-inflammatory and
cytoprotective properties. This compound has been investigated for the treatment of
multiple diseases, including hearing loss and bipolar disorders [64—66]. Ebselen
known for its low cytotoxicity (the median lethal dose in rats is >4,600 mg kg~!,
when taken orally) [7], and its safety in humans has been evaluated in a number of
clinical trials. These data strongly suggest the clinical potential of Ebselen for the
treatment of coronaviruses [65-67] (Fig. 4.13).
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Fig. 4.13 Left: N3 (Source RCSB) and Right: Ebselen (Source PubChem)
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Fig. 4.14 Carmofur (Source 0}
PubChem) H

4.6.1.2 Carmofur

In the previous study [68] clinical isolation of SARS-CoV-2 was proliferated in Vero
EG6 cells, and Vero E6 cells were from ATCC with authentication [68]. The results
show that Carmofur inhibits viral replication in cells (EC50 = 24.30 puM), and it can
be a suitable candidate to design new antiviral for COVID-19 [68]. Carmofur EC50
is 24.30 pM, and its IC50 is 1.82 wM. [68]. Coordinates and structure factors for
SARS-CoV-2 Mpro in complex with Carmofur have been deposited in Protein Data
Bank (PDB code 7BUY) [68] (Fig. 4.14).

4.6.1.3 Lopinavir and Ritonavir

Lopinavir is an HIV-1 protease inhibitor, which is combined with ritonavir to increase
its plasma half-life. Also, Lopinavir is an inhibitor of SARS-CoV’s main protease
[69]. In another study, 199 patients with SARS-CoV-2 infection were investigated
[70]. 99 patients were assigned to the lopinavir—ritonavir group, and 100 patients
were considered as the standard care group. Mortality at 28 days was similar in both
groups (19.2% vs. 25.0%; difference, —5.8% points). The percentages of patients
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with detectable viral RNA at various time points were similar. In a modified intention-
to-treat analysis, lopinavir-ritonavir led to a median time to clinical improvement
that was shorter by one day than that observed with standard care (hazard ratio, 1.39)
[70]. Lopinavir—ritonavir group shows more Gastrointestinal adverse events, but
serious adverse events were more common in the standard-care group [70]. However,
there are some reports about the beneficial role of lopinavit/ritonavir as a treatment
of COVID-19 [71]. A retrospective study including 120 patients shows that early
administration of ritonavir-lopinavir could shorten the time of virus shedding [72].
A controlled study on 47 patients with COVID-19 infection showed that a combina-
tion of ritonavir-lopinavir and adjuvant drugs can significantly decrease the number
of days for virus clearance compared to adjuvant drugs alone [73]. Another set of
studies [74] investigated ritonavir-lopinavir’s or ritonavir-lopinavir combined with
arbidol effectiveness against COVID-19, and the results show no evidence proved
that ritonavir, lopinavir or ritonavir-lopinavir combined with arbidol can shorten the
disease course [74]. In another retrospective cohort study, 50 patients were investi-
gated and they were divided into the ritonavir-lopinavir group and results indicated
that viral clearance is faster in the arbidol group [74].

In another study, the effect of a triple combination of lopinavir—ritonavir, interferon
beta-1b, and ribavirin against COVID19 was investigated [75]. Between February
and March 2020, 127 patients were investigated; 86 patients were randomly assigned
to the combination group and 41 patients were considered as the control group.
The median time from symptom onset to start of study treatment was five days.
The combination group had a significantly shorter median time from the start of
study treatment to negative nasopharyngeal swab (seven days) than the control group
(12 days; hazard ratio 4-37, p = 0-0010). One patient in the control group stopped
using lopinavir—ritonavir because of biochemical hepatitis. No one died during the
study. It seems that early triple antiviral therapy was safe and more effective compared
to lopinavir-ritonavir alone and its shortening the duration of viral shedding and
hospital stay and alleviating symptoms in patients with mild to moderate COVID-19
[75] (Fig. 4.15).

4.6.1.4 Atazanavir

One study showed that [76] atazanavir docks in the active site of SARS-CoV-2 Mpro
with greater strength than lopinavir. They confirmed that atazanavir inhibits SARS-
CoV-2 replication, alone or in combination with ritonavir (ritonavir) in Vero cells
and a human pulmonary epithelial cell line. Atazanavir/ritonavir also impaired virus-
induced enhancement of interleukin 6 (IL-6) and tumor necrosis factor-alpha (TNF-
a) levels. Together, their data strongly suggest that atazanavir and atazanavir/ritonavir
should be considered among the candidate repurposed drugs undergoing clinical trials
in the fight against COVID-19 [76] (Fig. 4.16).
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4.6.1.5 Nelfinavir

It is an HIV-1 protease inhibitor [77]. In one study, researchers found that nelfinavir
is most probably a multi-target agent. Therefore, its antiviral activity was performed
and repeated three times in duplicates in Vero E6 cells. The SARS-CoV-2 virus



4 The Main Protease of SARS COV-2 and Its Specific Inhibitors 139

Fig. 4.17 Nelfinavir (Source
PubChem)
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was isolated from a clinical isolate of SARS-CoV-2 infected patients [77]. The half-
maximal effective concentration (EC50) of nelfinavir mesylate against the SARS-
CoV-2 was determined to be 2.89 + 0.65 uM [77]. In other study, the effective
concentrations for 50% and 90% inhibition (EC50 and EC90) of nelfinavir were
1.13 wM and 1.76 wM, respectively [78]. Hirofumi Ohashi and co-workers found
that the combining Nelfinavir/Cepharanthine can be a good option for the treatment
of COVID-19 [79] (Fig. 4.17).

4.6.2 New Synthetic Compounds

4.6.2.1 11a and 11b Compounds

Dai and coworkers designed two Mpro inhibitors 11a and 11b, which showed perfect
anti-COVID-19 activity. The structure—function relationship showed that the alde-
hyde group of the two compounds can covalently link to the Mpro Cys145 residue,
and the IC50 for 11a is 0.053 + 0.005 wM and this number for 11b is 0.040 +
0.002 uM [42] (Fig. 4.18).
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Fig. 4.18 Left: 11a (left) and Right: 11b (Source PubChem)

4.6.2.2 11r Compound

Zhang and co-workers reported the complex structure of SARS-COV-2 Mpro and
11r, and they found that 11r showed excellent inhibitory activity and potent anti-
COVID-19 activity. 11r could be used as a lead compound to develop potent
inhibitors of COVID-19 Mpro, and the IC50, for 11r calculated 0.18 £ 0.02 mM
[37] (Fig. 4.19).
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4.6.3 Natural Products Derived from Chinese Traditional
Medicines

Su and co-workers investigated the inhibition of COVID-19 Mpro by natural
products derived from Chinese traditional medicines. They found that baicalein
and baicalin showed non-covalent, non-peptidomimetic inhibition of SARS-COV-2
Mpro, and shows efficient antiviral activities in both in vitro and in a cell-based
system. The in vitro study results and favorable safety data from clinical trials
showed that baicalein has great potential to become a candidate for a much-needed
anti-coronaviral drug [80].

4.7 Conclusion

The SARS-COV-2 virus infected people across the planet; due to the high range of
mutations, probably this virus stays longer in the societies, and unfortunately, the
vaccines have not been accessible for a significant percentage of people so far, due
to their price and geographical aspects and transportations. On the other hand, even
after the advances in the global vaccination, there is still a considerable demand for
the development of antiviral drugs. SARS-COV-2 Mpro differs significantly from
human proteases and has a high sequence similarity to the two previous coron-
aviruses Mpro. This chapter provided some information about Mpro structure and
its attributes and also presented and argued about several known compounds against
this enzyme, which can give a wider view to researchers. Due to text and previous
research’s, using synthetic compounds such as 11a,11b and 11r must be especially
considered, and also combination drug strategy seems to be a good option for fighting
against the disease. It seems that SARS-CoV-2 is not the last human coronavirus;
the previous experiences about SARS-COV disease indicated the long-term nature
of drug discovery projects, so the virus changes and their impacts on mechanisms
and its attributes must be constantly monitored to shorten the drug development time
and increase the readiness of the scientific community to fight new coronaviruses’
diseases.
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5.1 Introduction

Coronavirus Disease 2019 (COVID-19), caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), was first discovered in Wuhan, China, in late 2019
[1]. As of 24 December 2020, COVID-19 has spread to more than 200 countries and
territories and has infected more than 78.7 million people and killed more than 1.7
million people globally and counting [2]. Elderly and those with underlying ailments
such as diabetes, hypertension, heart disease, chronic respiratory disease, and cancer
are at a higher risk of getting infected and exhibiting symptoms [3]. COVID-19
can be easily transmitted by inhalation of respiratory droplets and human-to-human
contact [4]. Hence, most countries have implemented lockdowns and stringent social
distancing policies.

Coronaviruses (CoVs) are enveloped, positive-sense single-stranded RNA
(ssRNA) viruses that belong to the Coronaviridae family [5]. Currently, seven genera
of CoVs that can cause infection in humans have been identified. Four of these viruses,
including human (h)CoV 229E, hCoV OC43, hCoV NL63, and hCoV HKU, are all
associated with relatively mild symptoms [6]. The remaining three genera of CoVs are
highly pathogenic and can sometimes be fatal. The potentially lethal CoVs, severe
acute respiratory syndrome (SARS), Middle East respiratory syndrome (MERS),
and the newly discovered SARS-CoV-2 have caused or continue to cause severe
illness in humans. Most human CoVs cause mild upper respiratory tract infections
like common cold, unlike SARS-CoV, MERS-CoV, and SARS-CoV-2 which cause
severe pneumonia [7, 8]. However, in comparison to SARS-CoV and MERS-CoV,
SARS-CoV-2 has a lower fatality but higher transmission rate [8].

RNA viruses like CoVs evolve by mutations and homologous and non-
homologous recombination, which facilitates the crossing of species barriers. It is
still unclear as to how SARS-CoV-2 was first transmitted to humans. Its origin can
be traced to bats, which is also the original host for other CoV infections in humans
[O-11].

The genome and sub-genomes of a typical CoV include at least six open reading
frames (ORFs). The first ORFs (ORF1a/b), which is about two-thirds of the whole
genome length, encodes 16 NSPs (NSP1-16). The remaining one-third encodes at
least four key structural proteins: spike (S) protein, envelope (E) protein, membrane
(M) protein, and nucleocapsid (N) protein (Fig. 5.1) [12]. The S protein, which is
expressed on the surface of the virus, is required for cell entry and plays a key
role in eliciting immune response during disease progression [13]. The trimeric S
protein consists of two subunits (S1 and S2), which mediate receptor binding (S1)
and membrane fusion (S2). These subunits are further split into different functional
domains. The S1 subunit includes a fragment called receptor-binding domain (RBD)
that binds to angiotensin-converting enzyme 2 (ACE2), a receptor which is expressed
in all organs [14], but primarily found in the lungs [15], brain [16], and gut [17]. After
binding, the S protein is cleaved and activated by host transmembrane protease, serine
2 (TMPRSS2), for cell entry [18]. Studies based on the full-length genome phyloge-
netic analysis show that SARS-CoV-2 shares approximately 79% sequence identity
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Fig. 5.1 Schematic representation of structure and genome of SARS-CoV-2 a SARS-CoV-2 is an
enveloped RNA virus with four main structural proteins: spike (S), membrane (M), envelope (E) and
nucleocapsid (N) proteins. b The single-stranded RNA genome of COVID-19 encodes two large
overlapping open reading frames (ORFs) that makeup about two-thirds of the viral genome. These
two ORFs encode 16 non-structural proteins (nsp1-nsp16). The 3’-end (the remaining one-third of
the viral genome) encodes the four structural proteins (S, M, E and N) and accessory proteins

and has a similar cell entry mechanism and human receptor usage as SARS-CoV
[10]. The SARS-CoV-2 genome shares about 50% sequence identity with MERS-
CoV [9]. Therefore, previous investigations mostly on SARS-CoV and to some extent
on MERS-CoV can provide insights into vaccination strategies for COVID-19.

It is indisputable that the world will not return to normality until an anti-SARS-
CoV-2 vaccine is developed. Therefore, a lot of efforts are being put into developing
safe and effective vaccines against SARS-CoV-2. Some vaccines are currently in
advanced clinical stages, and a few of them have already received emergency autho-
rization in some countries. Here, we summarize the SARS-CoV-2-immune system
interaction and provide an overview of previous efforts made on SARS-CoV and
MERS-CoV vaccine development. In addition, we will discuss recent efforts made
towards COVID-19 vaccine development.
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5.2 COVID-19 and Immune System Interaction

5.2.1 Innate Immunity

The first line of defense against viral infections is known as the innate immunity. The
innate immunity provides an initial, non-specific response, with no memory induced
[19]. Due to its novelty, our understanding of the human immune response against
SARS-COV-2 is in its infancy and much remains to be understood. However, the
virus-host interactions in SARS-CoV-2 are most likely to recapitulate many of those
that are seen in previously discovered CoVs due to their resemblance [19].

Upon binding of SARS-CoV-2 and entry to the cells through the ACE2 receptor,
the innate immune system gets triggered [13]. The innate immune response is key for
targeting and restricting infected cells and for the subsequent activation of the adap-
tive immune response. The host immune system recognizes the pathogen via pattern-
recognition receptors (PRRs) signaling such as toll-like receptors (TLRs), a family
of 11 transmembrane receptor proteins that recognize pathogen-associated molec-
ular patterns (PAMPs) [20, 21]. TLRs are important sensor molecules that detect a
wide range of microbial pathogens. For RNA viruses like CoVs, the receptors, TLR3
and TLR7, recognize the viral single-stranded RNA (ssRNA) and double-stranded
RNA (dsRNA) [22]. After PRR activation, downstream signaling cascade leads to
the secretion of proinflammatory cytokines including type I/III interferons (IFNs),
interleukin-1 (IL-1), IL-2, IL-6, IL-7, IL-18, and tumor necrosis factor-a (TNF-«),
therefore, initiating the defense mechanism against viral infection [ 19]. Together with
the pro-inflammatory cytokines, there will be a strong local inflammatory response
that can lead to an influx of neutrophils and other myeloid cells into the lung [19]
(Fig. 5.2). This is also seen in SARS-CoV and MERS-CoV infections indicating the
importance of cytokine storm and lymphopenia in the COVID-19 pathogenesis [23,
24].

Cytokines induce the infiltration of immune cells to remove infectious viral agents.
Most individuals infected with COVID-19 recover from the disease symptoms once
the infiltrated immune cells clear the infection. However, dysregulation of proin-
flammatory cytokines can have detrimental consequences for the host and lead to
pathogenesis [19]. Therefore, the activation of the innate immune system must be
strictly modulated since excessive activation can cause systemic inflammation and
tissue damage [25].

Similar to other CoVs, SARS-CoV-2 has several mechanisms to evade innate
immune recognition, such as masking its antigenic epitopes, RNA shielding, and
synthesizing viral proteins that hinder anti-viral responses [26, 27]. SARS-like
CoVs encodes multiple proteins that antagonize IFN responses and are critical for
promoting early viral pathogenesis [28, 29]. Similarly, severe cases of COVID-19
have shown impaired IFN-I/III signaling profile as compared to moderate or healthy
cases [30]. Therefore, SARS-CoV-2 promotes prolonged survival via suppressing
IFN-I/II signaling, which gives it adequate time to spread inside pneumocytes and
alveolar cells [31].
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«Fig. 5.2 Overview of innate immunity (a), adaptive immunity (b), and cytokine storm (c) longs.
a Innate immunity is initiated upon detection of the viral pathogen by the pattern recognition
receptor (PRR). Following viral recognition, the expression of cytokines and interferons is induced.
b Adaptive immunity is triggered when infected dendritic cells travel to lymph nodes to activate the
T and B cells. The T cells and antibodies produced by the B cells attack viruses and virus-infected
cells. ¢ After viral infection, immune cells identify the virus and produce cytokines. These cytokines
attract more immune cells which in turn produce more cytokines and lead to a cycle of inflammation
that can eventually damage the lungs and cause respiratory failure

Another strategy to escape the innate immune recognition is the evolution of low
genomic cytosine phosphate guanosine (CpG). Typically, the CpG motifs in genomes
of RNA viruses are targeted and degraded by the zinc-finger antiviral protein (ZAP).
Among the beta-CoVs, SARS-CoV-2 has the most severe CpG deficiency [27, 32].
Another way to protect mRINA is the processing of capping the 5’ ends of the viral
RNA. Degradation is decreased by capping since it prevents viral recognition by
cytosolic PPRs. Similar to other CoVs, SARS-CoV-2 uses its own capping machinery
to synthesize 2’-o-methyltransferase caps [33]. These RNA caps are indistinguish-
able from cellular mRNAS caps, thereby they do not get targeted for degradation. All
and all, these mechanisms pave the way for widespread infection of the virus.

5.2.2 Adaptive (Active) Immune Response

5.2.2.1 Cell-Mediated Immune Response

After virus entry and the subsequent activation of the innate immune response, the
adaptive immune response gets triggered to eliminate the virus. Adaptive immuniza-
tion typically produces long-term immunity due to stimulation of the immune system
by the exposure to an antigen. The adaptive immune system consists of three main
lymphocytes: B cells (antibody-producing cells), CD4+ T cells (helper T cells), and
CD8+ T cells (cytotoxic or killer T cells).

The CD4+ T cells are responsible for regulating CD8+ T cell responses, humoral
immunity, as well as macrophage-mediated antiviral activity. In addition, the CD4+
T cells play a pivotal role in recruiting cells to infection sites. On the other hand, the
CDS8 + cells regulate viral infections via lysing the infected cells, secreting cytokines,
and forming memory cells to provide protection if reinfection occurs. Nonetheless,
these viral sensing mechanisms can often over induce the immune response and
eventually lead to tissue damage [25].
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5.2.2.2 Antibody-Mediated Immune Response

SARS-CoV-2 triggers a robust B cell response. The activation of B cells triggers
antiviral antibody secretion and acts against the virus through a number of different
mechanisms, including neutralization, opsonization and activation of complementary
proteins [34]. Antibody-mediated immune response plays an essential role against
CoV infections. The S protein, specifically the RBD subunit, is the main target for
neutralizing antibody (NAb)-mediated inactivation of SARS-CoV-2 by inhibiting it
from binding to ACE2 receptors. Therefore, NAbs remain even after infection to
prevent the virus from re-infecting the host. In addition, NAbs are responsible for
viral clearance during acute phases of the infection and modulate disease progression
[35]. Most COVID-19 vaccine efforts focus on eliciting NAbs and CD4+ or CD8+
T cells. Therefore, the main role of a vaccine is to induce both arms of the adaptive
immune system and to elicit adequate amounts of T and B cells.

5.3 Vaccine Development

5.3.1 Pre-clinical Studies

Vaccine development is a lengthy process and typically takes many years to develop
a safe and effective vaccine. The first step in vaccine development involves basic
laboratory research and computational modeling to identify natural and synthetic
antigens that can be exploited as a vaccine candidate. Afterwards, the pre-clinical
stage is initiated which involves evaluating the safety and the immunogenicity of the
vaccine by testing it in various animal models. These studies provide insights into
the cellular responses that might be expected in humans. Also, the safest starting
dose and methods for administering the vaccine for the next phase of research will
be determined through this stage of development.

There are various animal models for preclinical testing of SARS-CoV-2. These
animal species have different degrees of susceptibility to SARS-CoV-2 depending
on the binding affinity of the virus to the host ACE2 receptor or on host protease
activities on the S protein [18]. Cats, ferrets, hamsters, mouse models, and non-
human-primate models are all susceptible to SARS-CoV-2 and are usually used as
animal models in pre-clinical studies [36]. The non-human primate models, particu-
larly rhesus macaques, exhibit the highest binding affinity for SARS-CoV-2 among
the animal models tested [37]. These species show viral shedding from the upper
and lower respiratory tract. Nevertheless, their symptoms, clinical signs, and disease
severity are different from humans [38, 39].

Mice are also a popular animal model for pathogenesis studies of many viruses.
Nonetheless, conventional mice lack appropriate receptors to initiate CoV viral infec-
tion. The ACE2 receptor of these organisms does not bind well to the S protein of
SARS-CoV-2 [40]. To circumvent this issue, transgenic mice expressing human
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ACE2 have been developed. Previously these mice were tested with SARS-CoV and
are now being tested with SARS-CoV-2. These mice have been shown to replicate
SARS-CoV-2 in the lung and exhibit similar interstitial pneumonia as humans [41].
Another approach involves utilizing mouse-adapted CoV strains that could mimic
and induce health conditions identical to human infection [42]. This strategy has been
employed for SARS-CoV using conventional mouse strains without the requirement
of transgenic mice expressing the human ACE2 receptor and is now being employed
for SARS-CoV-2 [43, 44].

5.3.2 Clinical Studies

After assessing the immunogenicity and safety of the vaccine in animal models,
progress is made to human clinical studies. The clinical-stage of development consists
of at least three phases and progresses sequentially. After the clinical stage, the
vaccine proceeds to regulatory approval and licensing. The phase I trial consists of
short-term studies in which the vaccine is administered to a small number of healthy
adult participants usually between 20 and 80 subjects to assess the safety, reacto-
genicity and the type of immune response the vaccine may produce. The optimal
dose range and the desired route of administration are evaluated. In some cases, the
participants are challenged with the pathogens under a controlled environment to
find the true effect of the vaccine [45]. The preliminary information on efficacy and
immunogenicity is analyzed and if satisfactory results are achieved, the trial advances
to the next phase.

Following the completion of phase I trials, the phase II trials are conducted. In
phase II, a large-scale (several hundred) of the target population will be tested. These
trials are randomized, well-monitored, with a placebo control group. The purpose of
this phase of testing is to examine the vaccine’s safety, efficacy, and proposed doses.

The final phase in clinical evaluation before product licensing is the phase III trial,
in which the vaccine is tested in a larger group of people. The designs of phase 11
and phase III are alike, but the target population of phase III is much larger. These
trials are designed to evaluate the efficacy and safety of the final formulation. The
immunogenicity (production of antibodies/cell-mediated immunity) is tested in this
stage. After a successful phase III trial, the vaccine will go through licensing, as part
of post-marketing surveillance.

In normal circumstances, vaccine development takes approximately 10—15 years
[46]. The fastest vaccine development has been for mumps, which took about five
years to get approved. The speed with which the COVID-19 vaccine has been
developing is faster than conventional vaccines against other diseases and there is
an overlapping of clinical trial phases and the whole process is compressed into
12—-18 months.
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5.4 Vaccine Platform Technologies

A variety of novel vaccine platform technologies have been established over the
past decades. These platforms range from inactivated or live attenuated pathogens,
protein subunit, nucleic acid-based (RNA or DNA), virus-like particle (VLPs), non-
replicating, and replicating viral vectors, with all of them having different advantages
and disadvantages (Table 5.1). Most viral vaccines that are currently available for
human use are virus or protein-based. The virus-based vaccines employ inactivated
or live attenuated viruses. These vaccines are highly effective for contagious diseases.
However, their production is time-consuming and complicated. In addition, extensive
safety testing is required to ensure that the virus does not revert to its infective state
[47]. Protein-based vaccines exhibit more safety and are easier for mass production
than whole-virus vaccines. However, their immunogenicity is lower and might need

Table 5.1 Vaccine production platforms and their advantages and limitations

Vaccine platform Advantage Disadvantage

Live-attenuated vaccine High potency; long-lasting
immune response; provides ‘one

shot” immunity

Requires low-temperature
storage and transportation
(cannot be used in countries with
limited access to refrigerators);
cannot be used in people with
the weak immune system

Inactivated virus vaccine | It offers broad protection; strong
immune response; safer than

live-attenuated virus vaccine

Low production titer; might
require multiple doses or an
adjuvant

Viral vector-based vaccine | Induces strong T cell response
without requiring an adjuvant;

native antigens are preserved

Complicated manufacturing
process; cannot be used in
people with the suppressed
immune system

RNA-based vaccines Safe and well-tolerated; native
antigen expression; low-cost

and easy manufacturing

Lower immunogenicity; might
require multiple doses; requires
low-temperature storage and
transportation

DNA-based vaccines Low-cost and easy
manufacturing; highly adaptable
to the new pathogen; stable

under room temperature

Requires expensive equipment;
low immunogenicity; risk of
genomic integration

Protein subunit vaccine

Can be used on almost everyone
including people with weakened
immune systems; does not have
the live component of the viral
particles; has fewer side-effects

Low immunogenicity; might
require booster shots;
requirement of adjuvant or
conjugate

Virus-like particles (VLPs)

A well-established technology;
safe and well-tolerated; native
antigen expression; stable under
room temperature

Low immunogenicity; might
require multiple doses or an
adjuvant
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multiple doses. Nucleic acid-based vaccines have gotten considerable attention in
the new generation vaccines field. One of their advantages is the short time required
from the design to clinical trials and their potential for mass-production. But there
may be a need for multiple doses to enhance immunity against the virus.

The COVID-19 vaccine development is proceeding at an unprecedented speed.
The efforts on vaccine development against COVID-19 started initially in China
as soon as the disease was discovered. Since then, many countries have been
directing their efforts towards the development of safe and effective vaccines against
COVID-19. As of December 22, 2020, the worldwide SARS-CoV-2 vaccine land-
scape includes 233 vaccine candidates, out of which, 61 are in the clinical stage of
development [48].

5.4.1 Live Attenuated Vaccines

Live attenuated and inactivated vaccine technology is one of the most traditional
and effective approaches. Live attenuated vaccines provide a robust and long-lasting
immune response due to preserving the native antigenic moiety. These vaccines have
been commercially available for viruses like influenza, chickenpox, smallpox, polio,
measles, and yellow fever virus [49]. Currently, attenuated virus strains are devised
via deleting or mutating virulence genes. Thus, eliminating its ability to cause disease
in vivo. Deletion of structural E protein [S0-53] and non-structural proteins (NSP)
[54, 55] has been used to devise vaccines against strains of several CoVs. The E
protein is known to trigger inflammasomes and is correlated with intensified inflam-
mation in the lung parenchyma [56]. Therefore, deletion or mutating the E protein
can reduce the virulence of CoVs [56]. An alternative approach for the development
of attenuated virus is known as codon deoptimization which involves hampering
the translation of the viral protein during viral infection [57]. The development of a
live attenuated vaccine for CoVs is challenging since they are known to recombine
in nature with other CoVs, leading to new pathogenic strains [11]. In addition, live
attenuated vaccines can have the potential to return to their virulent state [58]. There-
fore, the safety of these vaccines should be thoroughly assessed in animal models
before proceeding into the clinical stage. Currently, there is only one COVID-19 live
attenuated vaccine in the clinical stage [48]. The COVI-VAC live attenuated vaccine,
developed by Codagenix Inc. in collaboration with the serum institute of India is
currently in phase I clinical trial (NCT04619628).

5.4.1.1 SARS-CoV and MERS-CoV Live Attenuated Vaccine

A number of effective SARS-CoV and MERS-CoV live attenuated vaccines have
been developed and tested in vitro and in vivo. Nonetheless, all of these vaccines have
remained in the pre-clinical trials [S0-55, 57]. Most CoV live attenuated vaccines are
designed through deletion of the E gene. Lamirande et al. developed a recombinant
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SARS-CoV (rSARS-CoV) live attenuated vaccine lacking the structural E gene.
The rSARS-CoV-A E elicited serum-NAbs and completely protected the upper and
lower respiratory tract against challenge with homologous (SARS-CoV Urbani) and
heterologous (GDO03) virus in the Golden Syrian hamster model [50].

The nonstructural protein 16 (nsp16), a conserved 2’O methyltransferase (MTase)
that encodes essential functions in immune modulation and infection [54], can be
used as an alternative target for attenuation of CoVs. However, targeting the nspl6
gene alone can have the potential for reversion of the virus to its virulence state
in aged animal models [59]. To overcome this issue, Menachery and colleagues
designed a SARS-CoV vaccine by mutating the nspl6 gene in combination with
another conserved attenuating mutation in nsp14, exonuclease (ExoN) activity. They
evaluated this vaccine in the mouse model and noticed that combining the 2°O MTase
mutation with a second attenuating mutation provides a vaccine strain that offers
protection from heterologous virus challenge with no evidence of reversion to viru-
lence state [54]. These results indicate that CoV 2’0 MTase in parallel with other
conserved attenuating mutations can be a suitable strategy for the production of
live attenuated CoV vaccines. The dnsp16 can also serve as a target for live attenu-
ated vaccine development against MERS-CoV. Menachery et al. devised a dnspl6
mutant MERS-CoV strain as an alive attenuated vaccine platform which showed
robust protection from challenge with a mouse-adapted MERS-CoV strain [55].
Therefore, the viral 2’0O-MTase activity can be a potential universal platform for
vaccine development of human and animal CoVs.

5.4.2 Inactivated Vaccines

Inactivated vaccines are made non-infectious through chemical (e.g., formaldehyde)
or physical (e.g., heat) methods [60, 61] and are a suitable option given their ability to
induce robust immune responses and their feasibility for large-scale production [62].
However, inactivated vaccines’ potency is less than that of live attenuated vaccines.
Therefore, there may be a need for multiple doses over time to develop ongoing
immunity against the disease. Inactivated vaccines have the risk of viral reactivation
if improperly inactivated and deformation of immunogenic epitopes during the inacti-
vation process can sometimes weaken the protection that inactivated viruses provide.
In addition, inactivated viral vaccine studies have shown that CoVs may induce
antibody-dependent enhancement (ADE) effect, recommending more attention when
evaluating the safety of vaccines against these viruses [63, 64].

5.4.2.1 SARS-CoV and MERS-CoV Inactivated Vaccine

A few inactivated vaccines have been reported for SARS-CoV. Most of these vaccines
induce high levels of specific NAbs in animal models®~%°. Xiong and colleagues
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formulated a formaldehyde inactivated SARS-CoV vaccine treated with formalde-
hyde and supplemented with aluminum hydroxide, AI(OH); [65]. Three doses of
the vaccine induced specific [gM and IgG antibodies in BALB/c mice on day four
and day eight, respectively, with no significant change in CD4* and CD8" levels
[65]. Luo et al. reported an inactivated SARS-CoV Z-1 vaccine that elicits neutral-
izing and protective antibody response in rhesus macaques upon challenge. They
also examined whether the vaccine could trigger antibody-dependent enhancement
(ADE). They found that low levels of antibodies induced by the inactivated SARS-
CoV Z-1 vaccine might not induce ADE in rhesus macaques [66]. Takasuka et al.
immunized mice with UV-inactivated SARS-CoV with or without an adjuvant (alum)
[67]. They noticed that the UV-inactivated SARS-CoV virion induced a high level of
humoral immunity and long-term antibody production and memory B cells even in
the absence of an adjuvant. However, the serum IgG production was enhanced with
the addition of alum to the vaccine [67].

Despite exhibiting potency in eliciting protective antibody responses, some UV
and formaldehyde inactivated CoV vaccines that include the N protein are reported
to cause eosinophil-related lung pathology in animal models upon SARS-CoV chal-
lenge [68, 69]. In addition, adverse effects may arise from SARS-CoV N protein-
specific T cells and Th2-skewed cytokine profile [68]. As a result, it is highly crucial
to boost the protective S-specific immune response and decrease the potentially
pathological anti-N response. In addition, some studies have shown that alum unadju-
vanted or adjuvanted inactivated SARS-CoV vaccines provide inadequate protection
in mice and induce eosinophilic pro-inflammatory pulmonary response post-viral
challenge [68, 70]. Therefore, inactivated vaccines must be thoroughly evaluated
prior to clinical studies.

It has been reported that the MERS-CoV vaccine accompanied with alum or
MF59 adjuvant can induce NAbs [71]. However, these vaccines can also induce
eosinophil-related lung pathology on the challenge with the virus [71]. Inactivated
vaccines can still be a suitable platform for CoV vaccine development since the
incorporation of suitable inactivation techniques and adjuvants can overcome the
bottleneck of lung pathology. Iwata-Yoshikawa and co-workers have shown that
UV-inactivated SARS-CoV adjuvanted with TLR agonists could elicit protective
antibodies and can reduce eosinophilic responses in the BALB/c mouse model [72].
In addition, inactivated MERS-CoV inactivated with formaldehyde and adjuvanted
with a combined alum and unmethylated CpG adjuvant can decrease or prevent
pulmonary immunopathology and enhance protective immunity against MERS-CoV
in mice post-challenge [73].

5.4.2.2 COVID-19 Inactivated Vaccine

As of now, there are eight vaccine candidates based on inactivated SARS-CoV-2
going through clinical trials. Among these vaccines, the CoronaVacc (also known as
PiCoVacc) developed by Sinovac Biotech Ltd in China is the most advanced with
published preclinical results [74]. CoronaVacc vaccine is produced in Vero cells and
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inactivated using B-propiolactone [74]. This vaccine has been tested on non-human
primates, rats, and mice, demonstrating potency, safety, and good immunogenicity
with vaccine-induced NADbs that neutralize representative strains of SARS-CoV-2
[74]. Data published from pre-clinical trials in macaque and mice models demonstrate
that adequate specific IgG response and NAD titer levels were achieved with no
notable cytokine changes and ADE in the macaques [74]. In addition, no pathological
changes in vaccinated macaques’ vital organs were observed after the SARS-CoV-2
challenge [74]. CoronaVacc has completed its phase I/II clinical trial and is currently
in phase III of the clinical trial [48]. Results from phase I/II show that the vaccine is
well-tolerated and induces NAbs with a seroconversion rate of 90% [75].

The SARS-CoV-2 inactivated vaccine developed by Sinopharm Inc. in collab-
oration with Wuhan Institute of Biological Products works through propagating
WIV04 strain from different COVID-19 patients in Vero cells doubly inactivated
with two rounds of B-propiolactone exposure [76]. In their phase I and II studies,
different dosage and injection timelines were tested. All the vaccinated patients
who received different vaccination regimens had produced NAbs with little to no
adverse effects in their phase I/II studies [76]. In addition, Sinopharm Inc. is devel-
oping another COVID-19 vaccine called BBIBP-CorV, with AI(OH); as an adjuvant
[77]. This vaccine has a similar manufacturing process as the other Sinopharm Inc.
vaccine except that the HB02 strain is used instead of the WIV04 strain. The BBIBP-
CorV has been tested in pre-clinical models and has demonstrated efficacy in non-
human primates when immunized with two doses of BBIBP-CorV with no disease
enhancement upon SARS-CoV-2 challenge [77]. The results from their I/II clinical
trial demonstrate the vaccine’s efficacy, tolerability, and good humoral response in
all participants 42 days post-immunization in all tested doses [78]. Both of these
Sinopharm Inc. inactivated vaccines are currently in Phase III clinical trial.

Three vaccine manufacturing and academic/research institutions in Iran are in the
process of developing inactivated COVID-19 vaccines. The alum adjuvanted inacti-
vated vaccine developed by Shifa-Pharmed, a part of the state-owned pharmaceutical
conglomerate, has recently started its clinical trial in Iran. In the Phase I clinical trial,
they enrolled 56 participants, each receiving two shots of the vaccine within a period
of two weeks. This company has not disclosed any of its pre-clinical results, and its
Phase I clinical results are to be announced roughly a month after the second shot
[79].

5.4.3 Viral Vectored Vaccines

Viral vector vaccines consist of a recombinant virus (often attenuated) in which
genes encoding antigens of interest (usually S gene for CoVs) have been cloned
using recombinant DNA techniques. The viral vector elicits antigen-specific humoral
and cell-mediated immune responses through antigen presentation [80]. The most
commonly employed non-replicating vectors are the adenovirus (Ad), measles virus,
and vesicular stomatitis virus vectors [81]. These vectors mimic natural viral infection
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and elicit the production of the target viral proteins inside host cells. The main
advantage of vector-based vaccines is their ability to induce both humoral and innate
immune responses [82]. In addition, vector-based vaccines provide stronger cellular
immune responses compared to the recombinant protein vaccines. One of the main
drawbacks of using recombinant viruses is the possibility of genome integration with
the host cell genome. Moreover, the manufacturing process of viral vector vaccines is
very complex and includes optimizing cellular systems and eliminating contaminants
that can potentially impede the efficiency of viral vectors [81].

5.4.3.1 SARS-CoV and MERS-CoV Viral Vectored Vaccines

Some studies have assessed the efficacy of the adenovirus-based SARS-CoV vaccine.
Gao et al. and Liu et al. have shown that Ad vector expressing S1 can induce potent
NAbs responses in rhesus macaques and rats [83, 84]. However, these experiments
were done in vitro and whether these vaccines provide protection against SARS-
CoV challenge in vivo is still questionable. The potency of Ad vaccine expressing
the SARS-CoV S protein has been compared with the whole inactivated SARS-CoV
vaccine by See and co-workers. It was found that these vaccines provide immunity in
mice when challenged with SARS-CoV. Nevertheless, the NAb response is stronger
in the whole-inactivated virus vaccine than the adenovirus-based vaccine [85].

A number of Ad-based MERS-CoV vaccines have been developed. MERS-CoV
vaccines based on human Ad type 5 and type 41 (Ad41) expressing S or S1 protein
have demonstrated the induction of NAb in mice [86, 87]. An example is the Ad5-
MERS-S vaccine which works with S protein nanoparticles. This vaccine provides
protection in hDPP4-transduced mice against viral challenge. In addition, heterol-
ogous immunization with AdS/MERS prime and S protein nanoparticles boost has
demonstrated enhanced Th1/Th2 responses than the Ad5- or nanoparticles-alone
homologous prime-boost vaccines [88].

5.4.3.2 COVID-19 Viral Vectored Vaccines

Currently, 18 viral vectored COVID-19 vaccines are undergoing clinical trials. Out of
these vaccines, the ChAdOx1nCoV-19 and now designated AZD1222 developed by
Oxford University in collaboration with AstraZeneca is the most clinically advanced
viral-vector based COVID-19 vaccine. This vaccine consists of a replication-deficient
chimpanzee Ad vector ChAdOx 1, containing the S glycoprotein gene. The AZD1222
is designed via the deletion of E1 and E3 genes. The deletion of E1 inhibits replication
and deletion of E3 allows integration of larger genetic cargo into the viral vector
[89, 90]. The AZD1222 has demonstrated high NAb levels in 91% of participants
following the first dose. Participants receiving booster dose had a high NAb response,
therefore, indicating the need for a two-dose regimen to enhance the NAb response
[89]. Phase I/II results demonstrate its acceptable safety profile with no serious
adverse events with induction of binding and NAb antibodies as well as production



5 Vaccine Development and Immune Responses in COVID-19 ... 163

of interferon-y enzyme-linked immunospot responses with higher antibody titers
after the second dose of vaccine [89, 91]. In addition, no severe adverse effects were
seen during this phase. [89] The interim analysis from the AZD1222 vaccine’s phase
I/II clinical trial showed that AZD1222 has an efficacy of about 70% [92].

Another viral vector-based vaccine is the Ad5-nCoV co-developed by CanSino
Biological Inc. and the Beijing Institution of Biotechnology. The ad5-nCoV is
designed similarly to the AZD1222. The full-length S gene along with the plas-
minogen activator signal peptide gene is cloned into the Ad5 vector missing the E1
and E3 genes. Deletion of E1 inactivates the replication potential of the vaccine, and
deletion of E3 allows for the addition of large genes (up to 8 kb) [90]. Phase-III safety
studies of this vaccine have shown success with both groups of vaccinated partici-
pants developing NAD responses in 47-59% of the volunteers and seroconversion of
binding antibodies in 96-97% of them [93].

5.4.4 MRNA Vaccines

Over the past decade, there has been a lot of effort and investment in enabling
mRNA to become a promising therapeutic tool for vaccine development and for
cancer prophylaxis and therapy [94]. In this approach, the antigen-encoding mRNA
is complexed with a carrier that can efficiently deliver it to the cytoplasm of host cells
for protein translation and post-translation modification [95]. RNA vaccines utilize
lipid- and polymer-based nanoparticles or protamine, for increased efficacy [96].
These vaccines are synthesized in vitro transcription and are non-infectious, making
them ideal for rapid and inexpensive production. In addition, unlike DNA vaccines,
RNA vaccines are able to synthesize viral proteins without the risk of integration
with the host cell genome. Also, DNA vaccines require special devices for adminis-
tration, whereas RNA vaccines can be administered through various ways including
intravenous injection. Nonetheless, RNA vaccines do have their own demerits such
as having low immunogenicity and instability concerns.

No RNA vaccine studies for SARS-CoV or MERS-CoV have been previously
reported. Nonetheless, eight RNA vaccines for SARS-CoV-2 are currently in the
clinical stage with two of them receiving emergency authorization in the US. The
first mRNA-based vaccine for COVID-19 to get approved is the BNT162b1 vaccine
developed by BioNTech company in collaboration with the Pfizer company. This
vaccine exploits a lipid nanoparticle (LNP)-formulated nucleoside-modified mRNA
that encodes the RBD of SARS-CoV-2 S protein [97]. The mRNA in this vaccine
is modified with single nucleoside incorporations of 1-methylpseudouridine, which
reduces the immunogenicity of the mRNA in vivo and enhances its translation [98].
The results from phase I/II showed that the BNT162b1 elicited RBD-binding and
NAbs. This vaccine has been reported to trigger the production of T helper type 1
(1g1)-skewed T cell immune responses with RBD-specific CD8* and CD4" T cells
and robust release of immune-modulatory cytokines such as IFN,, [97, 99] which
is essential for several antiviral responses and inhibits replication of SARS-CoV-2
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[99]. On 18, November 2020, it was announced that the BNT162b2 vaccine exhibits
more than 95% effectiveness in preventing the disease in participants of 16 years or
older [100]. This result was based on examining a total of 178 confirmed COVID-19
cases, out of which 162 cases were in the placebo group and the remaining were in
the BNT162b2 group [100]. Also, nine severe COVID-19 cases were in the placebo
group with one of them being in the BNT162b2 group. No severe adverse effects
were detected among the 43,000 enrolled participants [100].

Another leading mRNA vaccine is the mRNA-1273, co-developed by researchers
at the National Institute of Allergy and Infectious Diseases (NIAID) and Moderna
(Cambridge, MA). The mRNA-1273 vaccine recently received FDA approval for
emergency use. Moderna started its clinical testing just two months after sequence
identification of SARS-CoV-2. This vaccine is made out of synthetic mRNA encap-
sulated in LNPs that encodes for the full-length, pre-fusion stabilized S protein of
SARS-CoV-2. Two proline substitutions in the vaccine mRNA at amino acids 986
and 987, located in the central helix of the S2 subunit, keep the protein in its prefu-
sion conformation [101]. The mRNA is also modified to increase the half-life and its
translation, as well as to prevent the activation of interferon-associated genes upon
cell entry [102].

Their phase I clinical trial report showed that NAbs were detected in 45 participants
after two doses of immunization. In addition, antibody titers were higher than conva-
lescent serum after two doses of vaccination in immunized individuals. There were
some systemic adverse effects such as headache, fatigue, myalgia, chills, and pain
after the second dose of vaccination, particularly with the highest dose. However,
no grade 4 adverse effects were reported [102, 103]. Based on these results, they
concluded that 100 ng dosage can lead to acceptable immune response. In addition,
the vaccine was tested in elderly participants (55 or older) and their results showed
that 100 ug doses can lead to higher binding and NAb titers as compared to 25
ng dose, and the adverse effects were moderate in these elderly participants. On
16 November 2020, the results from their phase III trial were reported. Out of 95
participants who had symptomatic COVID-19, five were from the vaccinated group
and the remaining participants were from the placebo group. The vaccine efficacy
was estimated to be 94.5% without any significant safety concerns [104].

Both Moderna’s and Pfizer-BioNTech vaccines have shown efficacy levels near
95%. Unlike the Pfizer vaccine which needs to be kept at —75 °C, Moderna’s vaccine
does require really cold temperatures. Moderna’s vaccine can be kept at about —20
°C and can be kept in a refrigerator for 30 days before it expires. Therefore, Pfizer’s
vaccine can be more suitable for places with established infrastructure like hospitals.

5.4.5 DNA-Based Vaccine

DNA-based vaccines have a lot of potential due to their ability to induce humoral and
cell-mediated immune responses, low-cost manufacturing, and their long shelf life,
which makes them suitable for use in endemic areas [ 105, 106]. DNA vaccines consist



5 Vaccine Development and Immune Responses in COVID-19 ... 165

of genes or fragments of viral antigens that are transferred to the host cells via DNA
plasmid vectors. Once the genetic material is translocated to the host cell’s nucleus,
the transcription of the gene is triggered. The antigen-presenting cells (APCs) are
the main target cells to acquire the genetic material [107]. One advantage of DNA-
based vaccines is that the native conformation and post-translational modification
will be recapitulated since the antigens are produced in the target cells. One of the
disadvantages associated with this type of vaccine is its low immunogenicity and
that the DNA molecule must be able to first cross the nuclear membrane barrier and
then get transcribed. Therefore, enhancing the efficacy of these vaccines by using an
adjuvant or a multiple shot might be required. In addition, a major safety concern is
the integration of DNA vaccines with the host DNA, which may cause mutagenesis
and oncogenesis [81].

5.4.5.1 SARS-CoV and MERS-CoV DNA Vaccines

A number of DNA-based vaccines for SARS-CoV have been developed [108—111].
All of these vaccines have shown to produce antibody and cell-immune responses.
Among the S, E, and N antigens, the S protein-based SARS-CoV DNA vaccine has
shown to induce a protective immune response. Yang and colleagues have reported
that a DNA vaccine encoding full-length S protein can induce T cell and NAb
responses in the mouse model. In addition, alternative forms of the S protein were
analyzed by DNA immunization. All of these vaccines were able to elicit strong
immune responses mediated by the CD4+ and CD8+ cells. [108]. Furthermore, the
expression vector encoding a form of S that includes its transmembrane domain
induced NAb production [108]. Prime-boost strategies can be employed to augment
the strength of the S protein-based SARS-CoV DNA vaccine. For instance, DNA
vaccine augmented with recombinant S protein booster has shown to induce higher
NADs titers than DNA or protein subunit vaccine alone [112]. In addition, combining
DNA and whole-inactivated SARS-CoV vaccines can increase the antibody response
and induce a better Th1-skewed immune response [113].

A few MERS-CoV DNA vaccines have been developed. Muthmani and co-
workers have devised a full-length S protein-based MERS-CoV DNA vaccine, GLS-
5300 or INO-4700 that can induce strong cellular immunity and NAbs in mice,
macaques, and camels. Vaccinated macaques were immune against MERS-CoV
challenge without exhibiting histopathological or radiological evidence of pneu-
monia [114]. Therefore, a phase I study based on the GLS-5300 vaccine was done to
assess its safety and immunogenicity in humans. The vaccine showed robust immuno-
genicity in 85% of participants after two vaccinations. In addition, the vaccine was
well tolerated with no serious adverse events were reported [115].

In addition to full-length S protein DNA vaccines, the S1 subunit can also serve
as a suitable target for DNA vaccine development against MERS-CoV. In a study
done by Al-Amri and co-workers, the immunogenicity of full-length S-based and
S1-based MERS-CoV vaccines was compared by using the same expression vector. It
was found that plasmids expressing full-length pS1 immunization elicited a balanced
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Th1/Th2 response and higher levels of all IgG isotypes compared to pS vaccination.
Based on these results, it can be concluded that vaccines expressing S1-subunit of
the MERS-CoV could be a more suitable target than full-length S protein [116].

5.4.5.2 COVID-19 DNA Vaccines

Thus far, five SARS-CoV-2 DNA vaccines are under clinical trials. The most clini-
cally advanced SARS-CoV-2 DNA vaccine is the Invivio’s vaccine, INO-4800, which
has published results on MERS-CoV and SARS-CoV-2 DNA vaccines. This vaccine
employs a plasmid pGX9501 designed to encode the full-length SARS-CoV-2 S
protein and is administered intradermally via electroporation of the skin by a device
called CELLECTRA [117, 118]. Pre-clinical studies of this vaccine have shown that
it can induce NAb that inhibits the binding of SARS-CoV-2 S protein to the ACE2
receptor and elicits Th1-skewed immune responses in animal models [117, 119].

5.4.6 Protein Subunit Vaccine

Protein subunit vaccines are based on recombinant antigenic proteins or synthetic
polysaccharides [120]. These recombinant proteins are synthesized in various expres-
sion systems, including insect cells and mammalian cells (CHO cells), yeast, or plants
[121-123]. They are easy to manufacture and safer compared to some viral vector
vaccines and inactivated or live-attenuated virus vaccines that include infectious
components of the virus. Protein-subunit vaccines provide a strong immune response
targeted towards key parts of the virus without including any virulent components of
the virus [120]. Therefore, eliminating concerns of virulence recovery or pre-existing
immunity [124]. One of the limitations associated with these vaccines is their low
immunogenicity. Thus, an adjuvant or a booster shot may be required to potentiate the
vaccine-induced immune response and to enhance the immunomodulatory cytokine
response [125].

Among the SARS-CoV-2 structural proteins, the prime target for subunit vaccines
is the S protein especially RBD, S1, and S2 as in the case of MERS and SARS
vaccines. This is because the S protein is regarded as the most suitable antigen to
induce the production of NAbs. The S protein of CoVs, particularly the RBD, is
known to induce NAbs and T cell immune responses [126—128]. Therefore, RBD
is a promising target for COVID-19 vaccine development, and previous investiga-
tions from using RBD-base vaccines for SARS-CoV and MERS-CoV can provide
information based on the design of RBD-based vaccines against SARS-CoV-2. The
S protein is a dynamic protein and has two conformational states: pre-fusion state
and post-fusion state. In order to trigger good quality antibody responses, the antigen
must maintain its surface chemistry of the original pre-fusion spike protein [129]. It is
known that recombinant S protein vaccines could have improper epitope confirmation
unless mammalian cells are utilized for their production [130].
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None of the SARS-CoV protein subunit vaccines have proceeded to the clinical
phase despite showing potent antibody responses and protective immunity against
infection in animal models. Previous studies indicate that vaccines based on the full-
length S protein, trimeric S protein, and its antigenic fragments including S1, RBD,
and S2 subunit can all provide protection against SARS-CoV. He et al. showed that
immunized mice with full-length recombinant S protein or its extracellular domain
vaccines develop increased titers of anti-S antibodies with strong NAbs activities
against SARS-CoV [131]. Even though full-length S protein vaccines have the ability
to induce strong immune responses, some in vitro studies have found that immuniza-
tion with SARS-CoV full-length S protein can cause antibody-mediated enhance-
ment viral infection, raising safety concerns for the development of these types of
vaccines against CoVs [132, 133].

The S protein RBD-based vaccines have shown high-titer NAbs with no apparent
adverse effects [134—136]. In addition, RBD-based vaccines can induce S-specific
antibodies that can last for almost a year [ 134] and can induce the production of RBD-
specific IFN-y which induce cellular immune responses in mice [135]. Therefore, the
RBD serves as a promising vaccine target for inducing NAbs against viral infection.
Guo et al. investigated the immune responses against the S2 domain of SARS-CoV
in BALB/c mice and noticed that the S2 domain could elicit specific cellular and
humoral responses with little NAb against infection by SARS-CoV [137].

Besides the S protein, the N and M proteins have been also utilized as the target
antigen in developing subunit vaccines against SARS-CoV [123, 138]. Liu et al.
have shown that the N protein of SARS-CoV is immunogenic in the mouse and
macaque models. They devised a recombinant N (rN) protein vaccine formulated
with ISA/CpG adjuvants. This vaccine-elicited potent Th1 immune responses and the
immunodominant B-and T-cell epitopes of the rN protein were present in both mice
and macaques [138]. Zheng and colleagues formulated a plant-expressed SARS-
CoV 1N protein-based vaccine. This vaccine also induced potent humoral and cellular
responses in mice [123]. The N-based subunit vaccines have also shown their efficacy
in eliciting specific antibody responses. However, the protective efficacy of non-S
protein-based SARS-CoV vaccines is still unclear [139, 140].

Most protein subunit vaccines against MERS-CoV are based on the RBD of
the S protein. The MERS-CoV RBD-based vaccines have shown potent immuno-
genicity and elicited strong neutralizing antibodies, cell-mediated immunity, and
protective effect against MERS-CoV challenge [127, 141, 142]. Lan et al. evaluated
arecombinant RBD protein vaccine in the rhesus macaque model and noticed robust
immunological responses including the production of NAbs after rRBD vaccination.
In addition, the rRBD vaccine reduced tissue impairment and clinical side-effects in
monkeys [127]. Tai and co-workers have reported that the RBD of MERS-CoV in its
native trimeric form can induce strong RBD-specific NAb in mice against challenge
[141]. In addition, the recombinant RBD from various MERS-CoV strains can elicit
NAbs in animals that cross-neutralize with different human and animal MERS-CoV
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strains [142]. Therefore, the RBD domain is a promising target for protein subunit
vaccines against CoVs.

5.4.6.2 COVID-19 Protein Subunit Vaccine

Similar to SARS-CoV and MERS-CoV, COVID-19 protein subunit vaccines account
for most of the vaccines that are currently under development. Most COVID-19
protein subunit vaccines contain full length or portions of the SARS-CoV-2 S
protein. Currently, there are 18 COVID-19 subunit vaccines in clinical trials. An
example is the NVX-CoV2373 vaccine developed by Novavax. NVX-CoV2373 is
a nanoparticle-based immunogenic vaccine based on recombinant expression of the
CoV trimeric full-length S protein stabilized in the prefusion conformation [143].
This recombinant protein is optimized in the baculovirus (Sf9) insect cell-expression
system. During the pre-clinical studies, it was shown that low-dose NVX-CoV2373
supplemented with the Matrix-M 1™ adjuvant induces NAbs and high levels of anti-S
protein antibodies which block the hACE2 receptor-binding domain in mice and non-
human primate [ 144]. The vaccine also elicits CD4* and CD8* T cells, CD4* T helper
cells and induced the production of antigen-specific germinal center (GC) B cells in
the spleen [144]. More importantly, vaccinated non-human primates had little to zero
viral shedding in either upper or lower respiratory tracks [145]. In Phase I-II trial, the
vaccine-induced binding and NAbs in all participants. In addition, compared to the
placebo group and the unadjuvanted 25 pg dose group, both adjuvanted regimens
induced higher levels of NAb titers [146]. Currently, the NVX-CoV2373 vaccine is
being evaluated in the Phase III trial.

5.5 Other Vaccine Platforms

5.5.1 Virus-like Particles (VLPs)

Virus-like particles also known as VLPs are composed of some key structural viral
components that are either admixed or co-expressed in a manner that resembles
the conformation of the native virus. VLPs are non-infectious and non-replicating
due to the lack of genetic materials [147]. Compared to protein subunit vaccines,
VLP vaccines have better immunization responses. Also, the manufacturing process
of VLP vaccines is simpler and more convenient than inactivated or attenuated
vaccines since the inactivation step is skipped and there is no need for the live virus.
Currently available VLP-based vaccines marketed for human use are against human
papillomavirus and hepatitis B virus [148].

VLPs for CoVs are formed when the viral protein S, M, and E, with or without N,
are co-expressed in eukaryotic cells [149]. The N protein encapsulates the viral
genome into virions and does not have an essential role in SARS-CoV-2 VLPs
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assembly. The S protein present on the surface of the VLPs allows them to bind
and fuse into ACE2* cells similar to the native virus and elicits immune response
[150]. Similar to subunit and inactivated viral vaccines, VLPs usually require multiple
doses and an adjuvant because of their poor immunogenicity.

5.5.1.1 SARS-CoV and MERS-CoV VLP Vaccines

VLP vaccines have shown satisfactory results in eliciting both humoral and cellular
immunity in SARS-CoV and MERS-CoV preclinical studies. Lokugamage et al.
devised chimeric VLPs composed of the S protein of SARS-CoV and mouse
hepatitis virus E, M and N proteins that elicit the production of NAb responses
and reduce SARS-CoV virus shedding in mice lung [151]. In addition, no apparent
lung pathology in the chimeric-VLP-treated mice was reported when compared to
the negative control mice [151]. Another study done on chimeric Sf9 cell-based
VLPs consisting of SARS-CoV full-length S protein along with M1 protein of
influenza virus expressed in the baculovirus insect cells has shown that chimeric
VLPS can induce NAbs and provide protection against challenge in mice [152].
However, possible adverse effects of CoV VLP vaccines should be examined care-
fully. For instance, Tseng et al. employed the same chimeric VLPs as Lokuga-
mage et al. and observed pulmonary immunopathology post SARS-CoV challenge
[69]. Wang and colleagues have constructed recombinant baculovirus co-expressing
the S, E, and M genes of MERS-CoV. The assembled VLPs were able to elicit
robust antibody response and Th1-mediated immunity in rhesus macaques and can
serve as a promising vaccine candidate [153]. In addition, they devised a chimeric
canine parvovirus (CPV) VLP expressing the RBD of MERS-CoV self-assembled
into chimeric spherical VLP (sVLP). The sVLP vaccine was shown to induces
RBD-specific antibody response and T-cell immunity in mice [154].

5.5.1.2 COVID-19 VLP Vaccines

Currently, only two VLP-based COVID-19 vaccines are in the clinical trial. None
of them has publicly reported their vaccine studies until now. One of them is a
plant-derived VLP called CoVLP vaccine developed by Medicago, a Canadian phar-
maceutical company. The CoVLP vaccine is composed of recombinant S protein
expressed as VLPs. Medicago exploits living plants as bioreactors to produce VLPs.
A synthetic gene containing a fragment of SARS-CoV-2 genes is transfected to a
species of tobacco by means of a bacterial vector. The expressed VLPs can then
be purified by various purification techniques. The Phase I results showed that after
receiving two doses of Medicago’s COVID-19 adjuvanted vaccine, all the partic-
ipants developed NAbs antibody responses [155]. This vaccine has been tested
with two separate adjuvants: GSK’s propriety pandemic adjuvant technology and
Dyanavax’s CpG 1018™., These adjuvants improved humoral and cellular responses
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compared to the non-adjuvanted formulation. Medicago’s COVID-19 vaccine candi-
date is currently in Phase II/III clinical trials and the company has estimated to hold
a production capacity of 10 million doses a month [156]. The second VLP vaccine
is being developed by the Serum Institute of India, which recently entered phase I/11
trial in Australia.

5.5.2 Bacillus Calmette Guerin (BCG) Vaccine

Although several COVID-19 vaccines are under clinical trials with some of them
being in advanced stages, scientists have been also testing existing licensed vaccines
to fight COVID-19. One example is the Bacillus Calmette Guerin (BCG) vaccine,
which contains an attenuated strain of the bovine tubercle bacillus Mycobacterium
bovis, which is an old age vaccine used for the prevention of tuberculosis. Currently,
about 100 million children are vaccinated annually worldwide. However, the vaccine
does not exhibit satisfactory results for the adult pulmonary tuberculosis but provides
a broad protection against other diseases [157]. This BCG vaccine has the ability to
exert a potent nonspecific immunity (off-target protection) against viral and bacterial
infections [158]. The increase in immunogenicity against pathogens induced by this
vaccine is due to heterologous effects on adaptive immunity, such as T cell-mediated
cross-reactivity, as well as trained immunity [159].

To see whether BCG-induced immunity could influence the adaptive immune
response against SARS-CoV-2, Urban et al. conducted a study in which the T-
cell and B-cell epitopes of the BCG strain Pasteur 1173P2 were compared with
T-cell and B-cell epitopes of SARS-CoV-2 to find similar epitopes that might
induce adaptive cross-immunity and to explain the protective qualities of BCG
vaccination against SARS-CoV-2. They discovered shared MHC-I restricted T-cell
epitopes and B-cell epitopes between SARS-CoV-2 and BCG-Pasteur which might
induce cross-immunity. Their results suggest that BCG can be a potential preventive
immunotherapy against COVID-19 and to enhance innate immunity [160].

BCG vaccine has shown to offer protection against COVID-19 and reduced
mortality in countries with a routine BCG vaccination program, even when the
BCG vaccination was performed during childhood [161]. For instance, in South
Asian regions where the BCG vaccine is administered at birth, delayed or less infec-
tion rate and less deaths due to COVID-19 infections have been reported [162]. A
few other studies have also suggested that there is a correlation between BCG and
the SARS-CoV-2 epidemic [163, 164], while others have disbelieved its relation to
COVID-19 mortality and morbidity [165]. Therefore, whether the BCG vaccine is
effective against COVID-19 is highly debatable and further elucidation on the use
of the BCG vaccine as a preventive therapy against SARS-CoV-2 infection is still
required.
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5.6 Conclusion

Coronaviruses are expected to continue to cross species barriers and cause severe
illness in humans. Undoubtedly COVID-19 will not be the last pandemic of the
century due to changes in climate and the increased interactions of humans with
animals. Therefore, the development of novel and effective technology platforms is
required to expedite vaccine development. With record numbers of human causalities
and confirmed cases being reported daily, an anti-SARS-CoV-2 vaccine is imperative.
While vaccines against SARS-CoV-2 are being developed at a fast pace, the special
nature of this virus and safety concerns make the development of these vaccines
very challenging. Some individuals get infected with SARS-CoV-2 while remaining
asymptomatic, whereas some exhibit severe illness and succumb to the disease. Given
the variability of host immune responses to SARS-CoV-2, there is no guarantee that
vaccination could provide uniform long-lasting immunity in whoever gets vacci-
nated. However, with the increasing accumulation of knowledge about SARS-CoV-
2 and massive efforts from the scientific community to develop anti-SARS-CoV-2
vaccines, the COVID-19 pandemic will come to an end eventually.
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Chapter 6 )
COVID-19 Diagnosis: A Comprehensive st
Review of Current Testing Platforms;

Part A

Sareh Arjmand, Behrad Ghiasi, Samin Haghighi Poodeh, Fataneh Fatemi,
Zahra Hassani Nejad, and Seyed Ehsan Ranaei Siadat

6.1 Introduction

The Coronavirus Disease 2019 (COVID-19) pandemic has greatly impacted the
scientific community since its emergence in late 2019. The highly contagious nature
of the Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) and the
fast-growing number of COVID-19 cases have confronted the world medical commu-
nity with the urgent need for rapid, reliable, accessible, and inexpensive diagnostic
tests. Rapid appropriate testing gives the medical systems the opportunity to recog-
nize active cases as early as possible so that they can be quarantined and contact
traced. Besides other protective measures like social distancing and the use of masks,
this process is fundamental to breaking the virus’ transmission chain and slowing the
slop of virus contamination and death curve. Hence, health systems and researchers
will have more time to find effective treatments and develop vaccines.
SARS-CoV-2 is an enveloped RNA virus, together with the other two human
coronaviruses, Severe Acute Respiratory Syndrome (SARS) and Middle East Respi-
ratory Syndrome (MERS) coronaviruses, belongs to the beta group of the Orthocoro-
navirinae family. SARS-CoV-2 carries a positive single-stranded RNA and consists
of four main structural proteins, including a positive-sense single-stranded RNA.
Accordingly, the detection of nucleic acids (molecular tests) and secreted antibodies
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against the structural proteins (serological tests) are the two main approaches in
detecting the virus in patients’ samples [1].

Currently, viral ribonucleic acid detection using real-time polymerase chain reac-
tion (PCR) is the “gold standard” method to confirm COVID-19 cases. This method
has sufficient specificity and sensitivity to help the physician with the early diag-
nosis of the infection [2]. However, due to practical issues in the preparation and
transportation of specimens, the performance of different testing kits, as well as
operator’s skills and expertise, such a criterion-referenced method has been shown
to elicit considerable false-negative outcomes [3].

Furthermore, the commercial PCR-based kits are less sensitive to identify the
virus at its initial stage of infection [4]. Since COVID-19 is highly associated with
lung damage, chest computed tomography (CT) is a beneficial imaging modality
that has been used since the beginning of the current pandemic. Nevertheless, due to
its low specificity, this imaging method shows incomplete clinical performance for
the proper diagnosis of COVID-19 [5]. Thus, a combination of real-time PCR and
CT imaging has been applied as a more reliable diagnostic modality in confirming
positive cases [6]. In addition, serological tests based on the detection of the IgM
and IgG antibodies from patients’ samples have been used for understanding the
infection history [7].

Researchers around the world are on the urge to develop novel methods to accel-
erate the development of innovative tools for point-of-care diagnosis of the low doses
of SARS-CoV-2 at its early stages of infection. This will help to reduce the trans-
mission rate of the virus and thereby help the health care systems to cope with the
disease. In this commentary, we review the current molecular diagnostic methods
for SARS-CoV-2. We also highlight the recent advances and future developments in
rapid and sensitive testing of the patients.

6.2 Nucleic Acid Testing

Coronaviruses possess large RNA genomes, ranging from 26 to 32 kb in length
[8]. Coronaviruses’ abundant presence in the pool of viral quasispecies increases
the possibility of adaptive mutations and interspecies recombination [9]. The first
metagenomic RNA sequencing of the SARS-CoV-2 genome deposited in the
National Center for Biotechnology Information (NCBI) (MN908947-3) revealed
that 29,903 nucleotides were present in its viral genome. The sequence shared
high levels (82%) of similarity with the previously encountered SARS-CoV and
MERS-CoV, which implied a common pathogenesis mechanism [10]. At the time
of writing this paper, 92 complete genomes have been deposited in NCBI Assembly
for SARS-CoV-2.

The advents in molecular biology revolutionized the nucleic acid-based tech-
nologies for pathogen detection. So far, various methods have been described for
specific detection of the SARS-CoV-2 genome. The overall SARS-CoV-2 genome
architecture is shown in Fig. 6.1. It is noteworthy that hitherto, different parts of the
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Fig. 6.1 Schematic representation of SARS-CoV-2 genome structure, showing the protein-coding
regions. It consists of two overlapping ORFs (ORFla and ORF1b), Spike (S), ORF3a, Envelope
(E), Membrane (M), ORF6, ORF7a, ORF7b, ORF8, Nucleocapsid (N), and ORF10

SARS-CoV-2 genome, which code for essential viral components, have been used
for molecular viral detection.

6.2.1 Sequencing

Sequencing is the first and primary step for identifying and classifying unknown
organisms (such as SARS-CoV-2). Furthermore, sequencing provides the key infor-
mation necessary for setting up other nucleic acid detection methods such as real-time
PCR (designing of probes and primers requires prior information of the sequence).
Additionally, sequencing gives insights into the virus’s evolution, potentially paving
the way for therapies and vaccine development [11]. High-throughput sequencing is
widely used for new virus discovery and detection of already known viruses [12]. This
method includes next-generation short-read and third-generation long-read strate-
gies. The short-read sequencer, such as Illumina’s NovaSeq, HiSeq, NextSeq, and
MiSeq instruments, produce reads shorter than 1000 bp. The workflow includes three
consequent steps: genome fragmentation and library preparation, amplifying the frag-
ments, and sequencing of the amplified products based on sequencing-by-synthesis
approach [13, 14].

Next-generation sequencing (NGS) does not need any prior knowledge of the
pathogen and was the method of choice used for the first genome sequencing of
SARS-CoV-2 [15]. In the recently generated long-read sequencing technology, the
long reads (>10 kb) are generated from the genome that improves the de novo
assembly. Furthermore, the sequencing and library preparation is conducted without
the need for amplification, therefore eliminating PCR-related bias in sequencing
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[16]. The long-read technology platforms such as PacBio and Oxford nanopore
enable scientists to accurately sequence the SARS-CoV-2 genome for strain and
quasispecies resolution [17].

Despite being highly accurate and sensitive, sequencing is not currently used as
the optimal diagnostic tool for SARS-CoV-2 detection, and its applications have
been limited to mutational analysis, phylogenetic studies, and classification of new
sequences [ 18]. In other words, the need for cutting-edge equipment, expert operators,
the high cost, and the experimentation time (turnaround time) makes sequencing
less favorable for large-scale testing needed in pandemic conditions [19]. Further
investigation for automation and simplification is necessary to reach sequencing into
widespread clinical applications.

6.2.2 Real-Time PCR

Real-time PCR simply refers to simultaneous DNA amplification and monitoring in
aclosed system. This molecular method’s main benefits include the minimized false-
positive results, quantitative determination of starting DNA in the sample, rapidity,
sensitivity, and easy standardization [20, 21]. Since it can detect very small amounts
of nucleic acid sequences, real-time PCR has emerged as a robust and widely used
technique for various biological investigations and clinical applications. In recent
years, this method has been used extensively to evaluate cancer status and quantify
pathogen agent load, including different threatening emerging viruses such as Zika,
Ebola, HIV, influenza, hepatitis, and SARS [22]. Currently, real-time PCR is recom-
mended by the World Health Organization (WHO) as the “gold standard” method for
SARS-CoV-2 detection. By early sequencing of the viral genome, several primers
and probes have been designed that target different gene loci (specific for SARS-
CoV-2). The target sequences include structural encoding protein genes (spike (S),
envelope (E), transmembrane (M), helicase (Hel), and nucleocapsid (N)), and the
species-specific genes required for viral replication (RNA-dependent RNA poly-
merase (RdRp), hemagglutinin-esterase (HE), and open reading frames 1a (ORF1a)
and ORF1b) [23, 24]. In brief, samples are collected from patients or suspected
cases and stored in a transport medium. After lysis and RNA extraction, the isolated
genome is reverse transcribed to complementary DNA (cDNA) and amplified via
several rounds of PCR. The amplified viral target sequence is detected and quanti-
fied using fluorescent or colorimetric data. Each step of the process can be optimized
or modified independently. The workflow of real-time PCR is summarized in Fig. 6.2.

The master mix is intended for different real-time PCR methods to reduce the
number of pipetting steps and, consequently, cross-well contamination. A master
mix typically contains a mixture of a DNA polymerase, a mixture of reverse tran-
scriptase enzymes, and one or more primers that target specific locations within the
viral genome. During the amplification process, detection can be performed using
several approaches. SYBRGreen dyes, for instance, can be used as a nonspecific
DNA intercalating dye. However, due to its non-specificity, any DNA amplification
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Fig. 6.2 Real-time PCR workflow for RNA virus detection

can intensify fluorescent readout [25]. Using TagMan probes provides higher speci-
ficity due to containing a 3” quencher and 5~ fluorophore that anneals to specific
sequences within the DNA strands. Subsequently, annealed probes get degraded by
the 5”to 3” exonuclease activity of Taq polymerase, and the fluorophores liberate from
its quencher [26]. Normally, commercial factories are capable of providing master
mix on a large scale. However, in a pandemic situation, disruption or delay in the
supply chain can occur everywhere at any time. Overcoming this obstacle needs the
development of a totally open-source homemade master mix. For example, Bhadra
et al. devised a real-time PCR assay that relies on a thermostable reverse transcrip-
tase/DNA polymerase (RTX) instead of a commercial master mix. Notably, RTX
can be expressed in Escherichia coli strains such as BL21 and purified by histidine-
tag. The required buffers can be easily prepared in every laboratory [27]. At least
two target sequences are selected for SARS-CoV-2 detection; one for a conserved
region among beta coronaviruses and the other specific for SARS-COV-2. Currently,
several protocols have been provided by WHO that target different gene loci in the
SARS-CoV-2 genome. For instance, in Germany RdRP, E, and N genes, in France,
two target regions in RARp sequence, in Japan S gene, in US three targets in N gene
sequence, and in China ORF1ab and N gene are used for screening [28].

Some studies have compared the sensitivity of different primers and probes; the
reports indicate the lowest sensitivity for the RARp-SARS and the highest sensitivity
for the E gene primer-probe; while other primers and probes show a high level of
similarity in sensitivity [29, 30]. However, Vogels et al. declared some limitations in
their findings, such as the thermocycler’s conditions, the concentration of PCR kit
components, and standardization of the primer and probes to be compared directly,
which might affect their function.

Although real-time PCR is a well-established method, significant pitfalls have
been reported. False-positive results produce an extra burden on the healthcare
system, and false-negative results can endanger the quarantine controlling pandemic
protocols. False results generally rise from vulnerability in the preanalytical steps
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(such as sampling and handling) and analytical steps (such as wrong collection time
and low sample viral load) [31]. Combining other diagnostic methods with real-time
PCR is a potential solution to increase the results’ validity [32].

Sampling is the mutual step in all diagnostic methods. The US Centers for Disease
Control and Prevention (CDC) recommends using swabs with a plastic or aluminum
shaft and synthetic tips such as Dacron or nylon to prevent contaminating specimens
with real-time PCR inhibitors that might come from sampling swabs. Moreover,
using flocked swabs is suggested for sampling because it can considerably increase
the total number of collected respiratory cells, which will lead to higher diagnostic
sensitivity. The swab collections are kept in a viral transport medium prior to initiating
the test [33].

Different specimens have been analyzed for the sensitivity of SARS-CoV-2 detec-
tion. The highest detection rate was observed for bronchoalveolar lavage fluid, saliva,
and respiratory swabs with 98.3%, 91.7%, and 77.9%, respectively. The lowest sensi-
tivity was reported for blood and urine with 1% and 0.73%. Among the respiratory
swabs (usually used in clinical applications), nasal, throat, nasopharyngeal, oropha-
ryngeal, and pharyngeal swabs showed better detection rates, respectively [34, 35].
The world health organization (WHO) recommends using upper respiratory tract
samples for real-time PCR since it is less risky for the person who collects samples.
The swabs taken from the nasopharynx and oropharynx are the most common sample
types tested for SARS-CoV-2 diagnostic real-time PCR. If both samples are collected,
they are mixed and used in a single real-time reaction to save reagents [36]. For
the symptomatic individuals with negative real-time PCR, sampling from the lower
respiratory tract is recommended for the second round of tests [37]. The highest
SARS-CoV-2 load in the lower respiratory tract samples is observed five days post
symptoms onset [38]. It is probably due to the abundant expression of Angiotensin-
converting enzyme 2 (ACE2)—the main SARS-CoV-2 entry receptor—in alveolar
type II epithelial cells [39]. After sample collection, the viral transport mediums are
shipped to the laboratory in appropriate buffers and kept at 2—8 °C for no longer than
three days. For a longer storage period, lower temperatures are used. The handling
and storage conditions are critical for precise diagnosis, and potential RNA distortion
in these steps may lead to false-negative results.

Although RNA extraction and purification steps are optional for real-time PCR,
most protocols suggest performing these steps to enhance the sensitivity of the test.
RNA extraction and purification are time-consuming and require trained personnel
and expensive equipment. In addition, the reagents required for these procedures may
work as an obstacle in real-time PCR testing, especially in low-income countries. A
potential solution that can be considered is the use of handmade reagents. However,
the residual organic solvents and salts in these reagents could function as an inhibitor
in the subsequent real-time PCR steps. In the case of COVID-19 and high demands for
large-scale testing, this obstacle can lead to more problems. Scallan and Aitken et al.
developed a strategy to reduce the dependency on commercial kits and reagents. They
found a high potential for using homemade solutions that contain 4-5 M guanidinium
thiocyanate for sample lysis and RNA recovery [40, 41]. In some other studies,
virus-inactivating reagents were suggested for this purpose [42, 43].
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Another critical point essential for an excellent real-time PCR performance is the
primer and probe designing. Since RNA is cleaved into shorter fragments after heat
inactivation, it is recommended that primers/probes be set for the short amplicons
[44].

6.2.3 Nested Real-Time PCR

The sensitivity of real-time PCR can be further increased by performing “nested” real-
time PCR. Several research groups have evaluated the performance of nested real-
time PCR for precise SARS-CoV-2 detection, and their results showed the method’s
ability to detect low viral load in the early stage of infection. However, the process
of nested real-time PCR requires additional steps (addition of nested primers) during
the PCR amplification, which may increase the risk of cross-contamination. Wang
et al. designed a one-step single-tube nested real-time PCR for targeting N genes
and ORFlab with the ability to recognize one copy per reaction. Their design’s
uniqueness is that the two annealing steps occur independently in a single closed
tube. The method has enough sensitivity to detect the virus in the samples with very
low viral load, such as urine and blood. It is noteworthy that using such samples
has a lower risk of exposure for healthcare individuals [45]. In another study, four
sample pools, containing 49 negative and one positive specimen (with low viral
concentration) were prepared. The single-tube nested real-time PCR detects two of
them as positive and real-time one sample [46]. Compared to conventional real-time
PCR, single-tube nested real-time PCR has a higher risk of producing false-positive
results and needs more optimizations and modifications.

6.2.4 Droplet Digital PCR (ddPCR)

Despite being widely implemented for clinical viral load testing, real-time PCR is an
indirect method that quantifies amplicon depending on the relationship between the
cycle of threshold (C,) of the sample to a standard curve. Furthermore, multiple steps
required for its handling and analysis (e.g., sampling, RNA extraction, and quality
control, enzymatic efficiency, internal control, and standard curve preparation) prone
the real-time PCR to errors, misinterpretation, and lab result variations [47, 48]. This
warrants the need for more direct quantification methods.

Droplet digital PCR (ddPCR) is a recently introduced method of direction quan-
tification with no need for a calibration curve. In ddPCR, a sample containing the
target nucleic acid is partitioned randomly into thousands of nano-liter-sized droplets,
such that each droplet contains one or no copies of nucleic acid. In each droplet, an
individual PCR is occurred using fluorescent Tagman probes. All droplets are then
recorded as positive or negative, depending on the fluorescent signal. The fraction
of positive droplets is then converted into a concentration measurement by applying
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Fig. 6.3 Schematic representation of ddPCR workflow

the Poisson algorithm (Fig. 6.3) [49, 50]. Compared to real-time PCR, ddPCR offers
superior sensitivity and absolute quantification of target nucleic acid, making it a
valuable tool for clinical detection of viruses in samples with low viral load and to
reduce false-negative results [51, 52]. For SARS-CoV-2, ddPCR showed a lower limit
of detection than the standard real-time PCR. Suo et al. were able to detect 26 positive
samples from COVID-19 outpatients with real-time PCR using the optimized ddPCR
[53]. In another study, the sensitivity of ddPCR was compared with two methods of
real-time PCR (SYBR-Green and TagMan probe real-time PCR) approved by WHO
for SARS-CoV-2 detection. The SYBRGreen real-time PCR failed to diagnose the
positive samples with low viral load, and the TagMan probe real-time PCR showed
positive signals at very late C; values. On the contrary, the ddPCR (using fluorescent
chemistry or probe) is able to detect the samples’ positive results with the very low
viral load even at a 10-fold diluted concentration [54].

Furthermore, ddPCR was shown to be feasible for detecting viral surface contam-
ination, which is an advantage over real-time PCR. In Lv and colleagues’ study, the
SARS-CoV-2 RNA residue at multiple sites using real-time PCR and ddPCR were
detected. No positive results were obtained by real-time PCR, while using ddPCR,
13 of 61 samples were positive for SARS-CoV-2. The highest density of SARS-CoV-
2 RNA was found on the outer gloves of operators and refrigerator’s door handle
[55]. Even though ddPCR is highly sensitive for accurate diagnosis of COVID-19
patients or infected surfaces, it should be kept in mind that this method is almost
time-consuming and needs expert operators and specific facilities that may not be
affordable in low-income settings. Thus, further simplification of these methods is
necessary to reach the clinical application [56].

6.2.5 Isothermal Amplification Techniques

A major bottleneck to widespread real-time testing in the emerging pandemic is
the need for a costly thermocycler, which hinders its use in low-resource setting
laboratories. Isothermal amplification is a promising alternative that dramatically
simplifies the process of amplification and does not require the thermal cycler instru-
ment. Several isothermal amplification techniques, first reported by Notomi et al.,
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have been developed over time [57]. Among them, recombinase polymerase ampli-
fication (RPA) and loop-mediated isothermal amplification (LAMP) have been used
more frequently for rapid and sensitive detection of nucleic acids. The isothermal
amplification techniques can be coupled with reverse-transcription to detect RNA
targets (RT-LAMP), such as influenza, Zika, Ebola, and SARS viruses [58, 59]. The
LAMP cycles proceed at a constant temperature (usually 60—65 °C for 60 min).
Using a strand displacement reaction LAMP uses four different primers, specifi-
cally recognizing six distinct regions of the target sequence, therefore being highly
sequence-specific. The four primers are as follows: Forward Inner Primer (FIP),
Forward Outer Primer (FOP): The FOP (also called F3 Primer), Backward Inner
Primer (BIP), and Backward Outer Primer (BOP). The inner primers synthesize an
initial DNA strand, subsequently displaced by synthesis primed by outer primers
using a strand-displacing DNA polymerase, and released as a single-stranded DNA.
The reverse complementary sequence in the 5 and 3’ ends anneal with a sequence in
the displaced ssDNA strand, forming a loop. Repeated priming and strand displace-
ment cycles generate stem-loop DNA structures with several inverted repeats of the
target and cauliflower-like structures containing multiple loops. The final ampli-
fied products are detected using fluorescent or colorimetric dyes [60]. The primer
optimization is a key step in the LAMP method. Moreover, due to the probability of
independent primer set cross interaction, LAMP is a difficult method for multiplexing
[61].

RPA is another isothermal method, which by adding a reverse transcriptase, can
be used as an alternative for real-time PCR in RNA virus detection (RT-RPA).
The process is operated optimally at 36—42 °C, and more slowly at room tempera-
ture, making it an excellent candidate for the low-cost point-of-care test in limited-
resource settings. The RT-RPA has been used for the detection of many viruses
[62]. In the RT-PPA, the viral RNA is converted to the dsDNA. The RPA process
relies on three enzymes: recombinase, single-stranded DNA-binding protein (SSBP),
and strand-displacing DNA polymerase. The primers are inserted at homologous
target sequences using recombinase. Then, the SSBP stabilizes the displaced single-
stranded DNA and prevents the primers’ dissociation. The 3’ ends of the primers are
now accessible to the strand-displacing DNA polymerase for elongation [63, 64].
Multiplexing is feasible with RT-RPA, which is useful to interrogate multiple loci
when a limited amount of sample is available [65]. The Schematic of the typical
LAMP and RPA methods are shown in Fig. 6.4.

Thi et al. tested several hundreds of RNA samples isolated from pharyngeal swabs
of individuals tested for COVID-19. They found that RT-LAMP can detect the viral
RNA more simply but with less sensitivity. They developed a method with no prior
requirement for RNA isolation (using a direct swab to RT-LAMP assay) [66]. Huang
et al. have designed four sets of LAMP primers for targeting N, S, and ORFlab
genes and were able to detect SARS-CoV-2 in 30 min at 65 °C. The amplification
results were simply visualized with the naked eye due to visible color change based
on a decrease in pH. This method was reported to have the sensitivity of detecting 80
copies of the targeted viral genome per ml. However, it can increase false-positive
results based on carry-over contamination, common in the LAMP method [67]. In
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Fig. 6.4 The schematic diagrams of two isothermal amplification methods: a LAMP and b RPA.
In the LAMP method, two pairs of primers (FOP/BOP and FIP/BIP) detect six regions on the target
sequence, which results in a double-loop stem structure. The primer design in RPA is similar to that
of standard PCR, and the amplification is conducted using three enzymes: recombinase, SSBP, and
strand-displacing DNA polymerase

another study, Park et al. selected five sets of primers from the S gene, non-structural
protein 3 (Nsp3), and ORF8 for RT-LAMP detection of SARS-CoV-2. The results
showed the relatively low sensitivity of detection for S gene and ORFS8 primers;
however, the primers designed for Nsp3 were able to detect the viral RNA in samples
with 100 viral RNA copies per reaction with no cross-reactivity with other human
SARS-CoVs [68]. Behrman et al. designed an RT-PRA experiment that targets the
N gene of SARS-CoV-2. This assay enabled the detection of 7.74 RNA copies per
reaction in as little as 15-20 min, one of the fastest detection methods for SARS-
CoV-2. The experiment showed no cross-reactivity with other tested coronaviruses
[69]. To improve the SARS-CoV-2 detection, El-Tholoth and colleagues developed
a two-stage isothermal method called Penn-RAMP that combined LAMP (for more
specificity) and RPA (for more sensitivity). Both tests were performed in a closed-
tube. The results showed that the COVID-19 RAMP has ten folds better sensitivity
than the COVID-19 LAMP and COVID-19 RT-PCR using purified targets and 100
folds better sensitivity with rapidly prepared samples. The method has the potential
to be used with minimal instrumentation and training [70].

6.2.6 CRISPR-Cas Systems

CRISPR (clustered regularly interspaced short palindromic repeats) are genomic
loci in bacteria and archaea, accompanied by a set of homologous genes (cas
genes) making up the CRISPR-associated system. This system functions as an
adaptive immune system, protecting the prokaryotic microorganisms by inducing
blunt double-stranded breaks in the invading DNA. Now, CRISPR-Cas9 mediated
genome editing has revolutionized the biomedical sciences [71]. One of the CRISPR-
Cas system’s current applications is the diagnosis of viral infection, microbes, and
diseases [72]. The CRISPR-Cas system is categorized based on the effector molecules
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to classes 1 and 2, which are further subdivided into six types and multiple subtypes.
Class 2 of the CRISPR system is described by the presence of a single effector
molecule and contains three types. Cas 9 and 12 are the endonucleases of type II and
V, respectively, that target sSDNA molecules, and Cas 13 is the endonuclease of type
VI and target ssRNA molecule. Diagnostic tests using Cas12 and Cas13 enzymes,
dubbed DETECTR (DNA endonuclease-targeted CRISPR trans reporter) and SHER-
LOCK (specific high-sensitivity enzymatic reporter unlocking), have already been
developed to detect the SARS-CoV-2 virus nucleotide [72].

Targeting both Cas 12 and 13 is directed by a CRISPR RNA (crRNA) that matches
a specific region in the target sequence. The presence of the target RNA activates
the nuclease activity of Cas13. The collateral cleavage of Cas12 and 13 is the key
issue for optical readout by which RNA reporter labels get cut and release the fluo-
rescent signals [73]. Casl2 requires a protospacer adjacent motif (PAM) to facil-
itate the binding of crRNA to ssDNA. CRISPR-based diagnosis has many poten-
cies for different readout approaches; for example, instead of using fluorophore
and quencher that provides real-time monitoring, fluorescein amidite (FAM) can
be used for a simple readout on a test strip. The production of signals occurs only
in the existence of correct sequences produced by isothermal amplification; thus,
CRISPR-based detection has significantly higher specificity compared to methods
that use nonspecific detectors such as pH indicators or fluorescent dyes. However,
the sensitivity is not suited for detecting viral RNA in the collected specimens [74].
Hence, researchers propose combining conventional amplification methods with the
CRISPR system to achieve both specificity and sensitivity. For instance, Wang et al.
introduced a CRISPR/Cas12a detection system for the diagnosis of COVID-19 that
releases 485 nm green fluorescence light that the naked eye can easily observe. They
have designed and compared 15 crRNAs (designed on four domains of the E and N
genes, orflb and orfla), and all of them were validated except E-crRNAT1. In order
to have enough DNA for the detection by Cas12a, Wang et al. used the combination
of reverse transcript recombinase-aided amplification (RT-RAA) and the CRISPR
system. CRISPR/Cas12a reaction occurred at 37 °C after RT-RAA had amplified the
target gene at 39 °C in 30 min. The results indicate that crRNA that targets the E
gene has the highest sensitivity (detecting ten copies of synthetic viral genome in a
reaction) [75]. The combination of LAMP and DETECTR system also was suggested
to increase the sensitivity of detection for SARS-CoV-2 [76].

Zhang et al. modified the SHERLOCK protocol for the diagnosis of SARS-CoV-
2 by designing primers for targeting the Orflab and S gene. This method includes
three steps: (1) using an RPA kit for amplifying the extracted nucleic acids, (2)
detection of viral RNA by Cas13, and (3) using a paper dipstick for visual readout.
The whole protocol can be completed in one hour. In another study, the SHER-
LOCK method has been developed into a one-step diagnosis called STOP (SHER-
LOCK testing in one pot) that reduces the chance of contamination and multiple
handling steps that the SHERLOCK method requires. In this method, LAMP is used
instead of RPA to overcome the challenges such as limitations in the supply chain
for providing conventional RPA reagents. Furthermore, LAMP facilitates the design
of one-step and sensitive detection. Compared to RPA, LAMP’s operation occurs at
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higher temperatures; therefore, a thermostable Cas enzyme is needed. The results
can be observed after 40 min through the fluorescence readout, which expands to
70 min for a visual readout by lateral flow assay [77].

6.3 Conclusion

The occurrence of COVID-19 pandemic accelerates many types of research in the
field of therapy, vaccine, and rapid diagnosis. Despite the lack of promising results
in the therapeutic field, rapid vaccine development and the emergence of innovative
detection methods would greatly help crisis management. So far, limited methods
have been approved by regulatory agencies for the commercial detection of SARS-
CoV-2. However, there is no doubt that amongst the very diverse technologies that are
testing in laboratories worldwide, some of their best will soon enter the market and
dramatically affect the virus detection cost and time. We categorized and reviewed
some innovative methods based on nucleic acid detection in this commentary that
can be the next technologies for large-scale diagnosis. In the next chapter, the other
methods will be discussed.
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7.1 Introduction

In early December 2019, the coronavirus disease 2019 (COVID-19) was discov-
ered in China when a cluster of patients with pneumonia symptoms of unknown
pathogen were identified. Subsequent investigation and genomic analysis of the
pathogen led to the discovery of the novel coronavirus (2019-nCoV) as the culprit
viral species [1]. The virus is now named severe acute respiratory syndrome coron-
avirus 2 (SARS-CoV-2), one of the seven coronaviruses that can infect human and
cause mild to lethal respiratory tract infections [2]. The SARS-CoV-2 is more trans-
mittable and pathogenic than the previously identified SARS-CoV and Middle East
respiratory syndrome coronavirus (MERS-CoV). Currently, COVID-19 has dissem-
inated to more than 200 countries/territories causing a high rate of morbidity and
mortality. Age and comorbid illness increase the risk of death among the infected
[3, 4].

One of the issues in controlling the spread of COVID-19 stems from the fact that
its transmission can be through pre-symptomatic (SARS-CoV-2 is detectable before
symptoms development) or asymptomatic (SARS-CoV-2 is detectable without symp-
toms) individuals [5-8], making the mitigation and containment of the disease more
problematic. The basic reproductive number (Ry) of SARS-CoV-2 is estimated to be
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around 5.7, meaning each COVID-19 patient can infect an additional 5.7 individuals
on average [9]. The primary mode of transmission is by human to human contact,
through respiratory droplets, aerosols, and fomites [4, 10, 11].

The clinical features of COVID-19 in patients range from mild to severe illness.
Fever, sore throat, shortness of breath, chest pain, cough, headache, and the sudden
appearance of olfaction and taste disturbances (OTDs) are among common symp-
toms seen in COVID-19 patients. Less common symptoms are muscle pain, sputum
production, hemoptysis, and diarrhea [3, 4, 12]. The median incubation period for
SARS-CoV-2 is approximately 5.1 days with 97.5% of patients exhibiting symptoms
after 11.5 days [13].

The catastrophic economic impact the COVID-19 pandemic has caused is pushing
governments to reopen their economies and lift restrictions that were initially imple-
mented, and thereby giving rise to new COVID-19 cases. Given the lack of specific
medication against COVID-19, the only currently available way to mitigate the spread
of the virus is through vaccination, early and reliable diagnosis, social distancing,
and isolation of those who are infected and contagious.

There are two main classes of diagnostic tests for COVID-19: nucleic acid amplifi-
cation tests (NAAT), also known as molecular tests, and serological/antibody-based
tests. NAAT are the most common diagnostic tests used for detecting viral RNA.
NAAT has been largely discussed in part A of this review.

Alternative diagnostic platforms are based on the detection of viral antigens
and antibodies produced in response to SARS-CoV-2. Antibody-based methods
detect seroconversion in plasma or serum based on platforms like enzyme-linked
immunosorbent assay (ELISA), colloidal gold-based immunochromatographic
assay, lateral flow immunoassay (LFIA), and chemiluminescent immunoassay
(CLIA). However, since seroconversion is time-dependent, these tests might fail
to detect antibodies in patients who are already infected with SARS-CoV-2 and are
more applicable for detecting previous infections.

In some cases, imaging is used for diagnosing patients. Some imaging modalities
used for COVID-19 patients are computed tomography (CT), lung ultrasound (LUS),
and chest radiograph (CXR). However, there are some drawbacks related to these
methods. For instance, most of these tests are limited to healthcare settings, have
little to no mobility, and require well-trained radiologists to examine the images. In
addition, the use of CT for all patients seems impractical in terms of cost and time
and the radiation exposure of patients.

The electrochemical biosensors have the potential to become reliable and timely
diagnostic tools for COVID-19 diagnosis. Most of these biosensors target the nucle-
ocapsid antigen and provide fast results. Currently, there are a number of research
groups that have developed various biosensors for SARS-CoV-2 detection. Further
evaluation of biosensor’s clinical performance can significantly improve COVID-19
diagnostic testing.

The COVID-19 pandemic is not expected to get eradicated in the near future, and
the growing number of COVID-19 infections warrant novel, accessible, and accurate
testing strategies to improve diagnostic capacity. Here, we aim to summarize and
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provide a comprehensive overview of current diagnostic serological/antibody-based
tests and available biosensor methods developed for detecting COVID-19.

7.2 Serological (Antibody-Based) Tests

Compared to molecular tests, antibody tests are faster, less expensive, and easier to
implement. Serological tests can be useful in determining the real number of infec-
tions which is essential for determining the fatality rate of COVID-19 and making
decisions on duration of social lockdowns. Serological tests are also essential for
finding donors for convalescent plasma therapy. Furthermore, serological assays
enable us to study the immune responses in qualitative and quantitative manner.

In contrast to molecular-based methods that detect viral nucleic acids, serological
assays detect patients’ antibody responses against SARS-CoV-2. Antibodies, also
known as immunoglobins (Ig), are the main part of adaptive immune systems that
take effect after adaptive immune responses are initiated and provide long-lasting
protection. After detecting pathogens, the B lymphocyte cells are activated through
a sequence of very specific events. Once a naive B cell is activated, it begins to
clonally expand, divide, and become specialized; as a result, it differentiates into an
Ig secreting plasma cell or B memory cells [14, 15].

The antibody has a large “Y” shaped structure composed of four chains: two
identical light chains (LC) and two identical heavy chains (HC) that are held together
by a combination of noncovalent and covalent (disulfide) bonds. The heavy and
light chains cooperate to form the two identical antigen-binding sites at the chains’
N-terminal regions. This region is variable between antibody molecules that are of
individual B cell descent, and determines their specificity [16]. It has been discovered
that mild digestion of antibodies with papain produces three fragments; two identical
ones that contain the antigen-binding sites (Fab fragments), and a crystallizable
fragment (Fc), which interacts with the effector molecules and cells [17] (Fig. 7.1).
There are five main classes (isotypes) of antibodies, defined by the Fc portion of
the heavy chains; IgA, IgD, IgE, IgG, and IgM. Each isotype has an independent
function in the adaptive immune system [18].

IgM is the most released antibody during viral infection, found mainly in blood
and lymph fluids, provides short-term protection. The high-affinity IgG antibodies
are secreted after IgM and are mainly responsible for long-term immunity after an
infection or vaccination [19, 20].

The antibody tests detect IgA, IgM, IgG, or total antibodies against the virus.
During the SARS epidemic in 2003, it was found that viral specific antibodies IgM
and IgG indicate viral infection [21]. After the first outbreak of SARS, the studies
have shown that antiviral [gM and IgG are detectable at week one of the onset of
the symptoms, and IgM disappeared earlier than IgG [22, 23]. Since SARS-CoV-2
belongs to the same family of viruses, the detection of these antibodies could aid in
the diagnosis and treatment of COVID-19.
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Fig. 7.1 Structure of antibodies. Fc domain of heavy chains determines antibody isotype

The antibody response against SARS-CoV-2 is not well understood. The serocon-
version rates in COVID-19 patient has been reported to be 50% on day 7 and 100% on
day 14 post symptom onset [24]. IgM and IgG are reported to be detectable in blood
around day 3 and day 5 of infection, respectively [25]. Another study reports that both
IgM and IgG antibodies against SARS-CoV-2 are detected as early as the 4th day post
symptoms onset, and the seropositive rate of IgG has been reported to decrease around
the 28" day after symptoms onset [26]. Another study on humoral immune response
has detected IgM and IgA antibodies as early as the 5 day after infection which is
earlier than IgG detection [27]. A study has reported earlier seroconversion (2 days
after onset of symptoms) and higher levels of IgA antibody detection compared to
IgM antibody in both severe and non-severe patients [28]. In addition, the levels
of IgA and IgG were reported to be relatively higher in severe patients compared
to non-severe patients, while the IgM levels were not much different between the
two cases. Therefore, IgA might be a more reliable marker for early diagnosis of
SARS-CoV-2, and its incorporation in serological tests can increase the sensitivity
of the test [29].

The asymptomatic and symptomatic patients exhibit different kinetics of IgG/IgM
responses to SARS-CoV-2. Asymptomatic patients might seroconvert later in the
course of infection or may not seroconvert at all. IgG seroconversion is commonly
seen in both asymptomatic and symptomatic patients. However, [gM seroconversion
is less commonly seen in asymptomatic than in symptomatic patients. Furthermore,
asymptomatic patients have lower IgG/IgM titers and plasma neutralization capacity
at the virus clearance time compared to symptomatic patients [30]. Generally in
SARS-CoV-2 infection, IgM declines more rapidly than IgG, and its disappearance
may be an indicator of virus clearance [31]. Figure 7.2 shows the kinetic of serological
response to SARS-CoV-2 in humans.

The serological tests have the advantage of being fast and simple to be performed
in a typical laboratory or at a point of care. The serum and plasma specimen are
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Fig. 7.2 Kinetics of serological (IgM, IgG) response, after SARS-CoV-2 infection

usually used to detect the antibodies in COVID-19 patients, but other biological
fluids such as saliva or sputum could be used as well [32, 33].

The most commonly used viral antigens in antibody tests for coronavirus infec-
tions are the N and the S protein, including subunits S1 and S2 as well as receptor-
binding domain RBD [1]. Unlike PCR tests that possesses high specificity, cross-
reactivity is common in serological tests since there are six other coronaviruses that
can infect humans. Among these coronaviruses, SARS-CoV-2 is genetically related
to SARS-CoV sharing about 80% sequence similarity [1]. Significant cross-reactivity
has been reported when N protein of either virus is used. However, the S1 or RBD
region from the S protein provides better specificity [34].

There are three frequently used serological tests that enable fast detection of
SARS-CoV-2 specific antibodies including lateral flow immunoassay (LFIA), chemi-
luminescence immunoassay (CLIA), and enzyme-linked immunosorbent assay
(ELISA). These assays possess different sensitivities and detection time. ELISA
technology is the most commonly used serological test format, used in the diagnostic
laboratory, with an average time-to-answer of 2—5 h. Typically, the microtiter plates
are coated with SARS-CoV-2 antigens and incubated with the patient’s samples to
bind and detect the corresponding antibodies. A secondary antibody (anti-human
IgG or IgM) conjugated to a reporter molecule is used to identify the bound antigen—
antibody complexes using colorimetric or fluorescent detection. The ELISA assays
could be designed in direct, indirect, competitive, or sandwich formats. CLIA follows
a similar concept to ELISA, but has more sensitivity, and is useful for measuring
low antibody concentrations. In CLIA assay, the chemiluminescent indicators are
used to label antigen or antibodies directly, which improves the analytical sensitivity
of immunoassay. However, the relatively short duration of light emission limits its
application to robot assistants [35]. RDT is an immunochromatography test based
on lateral flow immunoassay (LFIA) technology, commonly used in pregnancy test
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kits. RDT uses the same principle of ELISA and is useful for the point of care or
self-test application. The antigens are fixed to a nitro-cellulose strip, embedded in a
cassette, and a drop of blood is used to detect antibodies’ presence. The colored lines
that typically appeared within 10-30 min indicate positive or negative results [36].

ELISA assays have been reported to be more accurate than LFIA in detection and
quantification of SARS-CoV-2 IgM and IgG antibodies. To enhance the detection effi-
ciency of antibody-based tests, simultaneous detection of IgM and IgG antibodies are
recommended. Some studies have compared simultaneous detection of antibodies,
and compared results with single antibody detection. The tests detecting IgM and
IgG exhibited significantly higher sensitivity when compared to IgM or IgG single
detection [37, 38].

Although serological tests have many advantages, they cannot be used for early
diagnosis, and have limitations, such as cross-reactivity with other coronaviruses and
false-positive results. However, these tests can complement molecular-based assays
and provide a more accurate estimation of the disease stage.

7.3 Biosensors

Despite the high diagnostic sensitivity of real-time PCR for SARS-CoV-2 (and other
viral and bacterial pathogens), the requirement for isolation of the viral genome,
long turnaround time, and considerable risk of eliciting false-negative and false-
positive results [39, 40] limit their application. In addition, serological tests are not
suitable for screening early and asymptomatic cases [41]. After the emergence of the
SARS-CoV-2 pandemic, scientists have commenced to develop novel and innovative
designs for rapid and sensitive biosensing of the new coronavirus markers in clinical
samples. Biosensors are suitable candidates for viral RNA and antigen detection
since they require no amplification, and can offer fast results with minimum sample
requirement. Several biosensor-based technologies for the diagnosis of COVID-19
have been established as novel devices to detect SARS-CoV-2 in a fast and efficient
way.

Biosensors are powerful tools that have been tested for practical assessment of
the presence and clinical progress of COVID-19, and could provide alertness on the
severity or clinical trends of the infection.

The crucial development of biosensors began with the introduction of the glucose
oxidase biosensor in 1962 [42]. Currently, biosensor systems technology is an
extremely broad field that greatly impacts many industrial sectors, including phar-
maceutical, diagnostics, and food industries as well as environmental monitoring.
A biosensor is defined as a measuring system composed of a biological recognition
element in close contact with a chemical or physical transducer (electrochemical,
mass, optical, and thermal) that converts a biorecognition event into a detectable
signal [43]. A typical biosensor consists of three parts; (a) biological recognition
component that interacts with the analyte in the sample, (b) transducer, a sensor
element that converts the signal of analyte/bioreceptor interaction into a measurable
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signal, and (c) an electronic system that amplifies and processes the acquiesced signal
and displays the outcome in a user-friendly way (usually waveform or digital value)
[44]. A scheme of a typical biosensor is shown in Fig. 7.3.

Due to their exceptional performance capabilities, including high sensitivity and
specificity, rapid response, low cost, miniaturized size, and portable platform, biosen-
sors have become a tool of choice in clinical, food, and environmental examination
[45].

Biosensors can be classified based on the type of biological elements, biorecog-
nition principle, or mode of physicochemical transduction [46]. On the basis of
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biological elements that are used, biosensors can be divided into nucleic acid/DNA-
based, enzymatic-based, antibody/antigen-based, and whole cells-based. The biolog-
ical components usually exhibit a bio affinity (bound specifically and selectively to
the analyte) or biocatalytic (convert the analyte during the chemical reaction) role
[47]. Depending on the transducer, the biosensor can be classified as electrochemical,
optical, thermal, and piezoelectrical [48]. Electrochemical biosensors are the most
commonly used platforms for biomedical analysis and early detection of diseases’
biomarkers [49, 50]. The electrochemical technique can be further divided into four
main groups: amperometric, poten-tiometric, cyclic voltametric, and impedimetric
[46, 51].

Biosensors have the potential to become alternative analytical tools for pandemic
outbreaks such as COVID-19. The previous experiences of the viral epidemics (e.g.,
SARS in 2002, avian flu in 2004, swine flu in 2009, MERS in 2012, and Ebola in
2014) encouraged scientists to do more research on developing innovative low-cost
early detection systems based on biosensors.

So far, different components in SARS-associated viruses have been used as the
subject to be detected. In one of the first attempts to design a biosensor for SARS-
associated coronavirus, Zuo et al. developed a piezoelectric immunosensor to detect
SARS-CoV whole virus in sputum in the gas phase [52]. The piezoelectric biosensors
contain a piezoelectric crystal that is a mass device, and any mass change reflects on
its oscillation frequency. The antibody or antigen is used as a biorecognition immobi-
lized on this type of biosensor’s surface. In this study, the horse polyclonal antibody,
induced by SARS-CoV, was immobilized using a protein A layer on the piezoelectric
crystal surface [52]. An ultra-sonicator generated the SARS-CoV antigen aerosols,
which was adsorbed by the antibodies on the crystal surface, and the mass change
on the crystal led to a frequency shift that linearly related to the concentration of the
antigen [52].

In another study, a 30-mer unique sequence in the genome of the SARS-CoV
was chosen as the target, and a hybridization-based genosensor was designed to
detect the target sequence. The target’s complementary strand (probe) was labeled
with a thiol group and immobilized on a 100 nm sputtered gold film. The target
sequence was conjugated to biotin and hybridized with the thiolated probe. The
addition of alkaline phosphatase-labeled streptavidin allows enzymatic detection via
the product’s electrochemical signal [53].

Ishikawa and coworkers in 2009 successfully designed the first innovative elec-
trochemical biosensor for SARS-CoV [54]. They described a field-effect tran-
sistor (FET)-based immunosensor that used antibody mimic proteins (AMPs) as
the biorecognition element to selectively detect nucleocapsid protein as the SARS-
CoV analyte. The AMPs are a class of small-sized and stable affinity binding agents
produced in large quantities and at relatively low expenses. These polypeptides have
the potential to surpass antibodies and nucleotide aptamers. They showed that the
developed biosensor had the potential to detect the nucleocapsid at sub-nanomolar
concentration and in a concentration-dependent manner [54].

The spike (S) protein in the SARS-related viruses is the most promising biomarker
to be used as a target for detection. This membrane glycoprotein is composed of
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two subunits, S1 and S2. The S1 subunit is the receptor-binding domain respon-
sible for receptor association and mediates viral entry. It has been reported that S1
subunit detection is more specific than other SARS-related virus proteins such as
nucleocapsid, envelope, membrane, and either the whole S antigen [55].

Layqah and Eissa in 2019 described an electrochemical immunosensor for the
detection of MERS-CoV, using the S1 subunit as the biomarker [56]. The biosensor’s
principle was based on an indirect competition between the recombinant S protein,
immobilized on a carbon array electrode nanostructured with gold nanoparticle,
and the free virus in the sample at a fixed antibody concentration. The voltametric
response was detected by monitoring the peak current change upon adding different
MERS-CoV antigen concentrations. The designed biosensor detected the MERS-
CoV in nasal samples after 20 min with a detection limit of 1.0 pg/ml [56].

Seo et al. have fabricated a graphene-based FET biosensor in which the graphene
sheets of the FET are coated with specific antibodies against SARS-CoV-2 spike
protein. This FET biosensor was able to detect SARS-CoV-2 S protein in phosphate-
buffer saline (PBS) and clinical transport medium. Furthermore, the FET biosensor
was able to successfully detect SARS-CoV-2 in self-cultured medium and nasopha-
ryngeal swab samples with a considerable low detection limit of 1.6 x 10! plaque-
forming units (pfu)/mL and 2.42 x 10? copies/mL without any cross-reactivity with
the MERS-CoV antigen [55]. The fabricated biosensor has been suggested as a highly
sensitive rapid diagnostic method for COVID-19 with no need for sample preparation
or labeling.

Mavrikoa and coworkers devised a novel biosensor for the ultra-rapid detection
of the SARS-CoV-2 S protein. They performed membrane engineering by electro-
inserting the human chimeric S1 antibody (as the target molecule) into the Vero cells
(kidney epithelial cells) membrane. The attachment of S1 protein to the comple-
mentary antibodies resulted in the considerable and selective change in the engi-
neered membrane bioelectric properties, measured by means of a bioelectric recog-
nition assay. The results showed that this cell biosensor setup detected the analyte
ultra-rapidly (3 min) with a low detection limit of 1 fg/ml [57].

In a recent study, Qiu and coworkers designed a dual functional plasmonic
biosensor by integrating the plasmonic photothermal (PPT) effect and localized
surface plasmon resonance (LSPR) sensing transduction on a single chip [58]. The
DNA-RNA hybridization based on nucleic acid strand melting has been considered
as the biorecognition principle. The single-stranded RNA genome of SARS-CoV-2
was the analyte and detected through the hybridization reaction. Three complemen-
tary DNA oligonucleotides have been synthesized with a thiol group as targets; two
specific sequences from SARS-CoV-2 (the RdRp and the ORF1ab) and an oligonu-
cleotide sequence from the coronaviral envelope protein gene. The complementary
strands hybridize at a temperature slightly lower than the melting temperature, while
a mismatch decreases the melting temperature significantly. The LSRP sensing chip
was modified with a two-dimensional distribution of gold nano islands (AuNIs)
functionalized with thiol-cDNA ligands. The plasmonic chip was able to generate
the local PPT heat and transduce the in situ hybridization for highly sensitive and
accurate SARS-CoV-2 detection [58].
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Thus far, the aforementioned biosensors are the only developed biosensors desig-
nated for COVID-19 detection on lab scale; however, some authors have described
innovative scenarios for future focuses. For instance, Xi et al., introduced G-
quadruplex based biosensor as the potential promising tool for SAR-CoV-2 detec-
tion [59]. G-quadruplexes are stable non-canonical tetragonal secondary structure
of nucleic acids, formed in some guanine rich sequences via Hoogsteen hydrogen
bonds. This structure has been found in different organism’s genomes and has biolog-
ical significances such as transcription and translation inhibition. G-quadruplex has
various unique properties in ligands binding. Compared to the standard biosensor,
G-quadruplex probes can detect multiple substances such as metal ions, small
molecules, proteins, and nucleic acids with an improved affinity. Recently, 25 puta-
tive G-quadruplex-forming sequences have been identified in different parts of the
SARS-CoV-2 genome that, besides serving as the antiviral target, could be considered
for being applied in the biosensors for viral detection.

Also, in other innovative studies, aptamers are used to detect SARS-CoV-2.
Aptamers are frequently used for the detection of pathogens using electrochemical
biosensors [60—62]. Aptamers are small ssDNA or RNA oligonucleotides that can
selectively bind to various molecules with high affinity. Sometimes, they are referred
to as “artificial antibodies” that can detect nucleic and non-nucleic acid molecules.
Aptamers are synthesized through a selection process called systematic evolution of
ligands by exponential enrichment (SELEX) [63]. The first DNA aptamers targeted
toward the NP of SARS-CoV-2 were developed by Zhang and colleagues [64]. These
aptamers can bind to Np successively in a sandwich type interaction. To validate these
aptamers, ELISA was performed by using a combination of N protein aptamers
and antibodies. In addition, the aptamers were fabricated into a gold nanoparticle
immunochromatographic strip (GIS) to detect spiked N proteins in human serum
and urine. The limit of detection (LOD) of this sensor for testing the N protein was
better than that of the reported FET-based biosensor [55], and the process can be
done in 15 min. These studies indicate that aptamers are a potent molecular tool with
great potential in the fabrication of biosensors for COVID-19 detection.

Furthermore, a portable, multiplexed, wireless electrochemical platform based on
mass-producible laser-engraved graphene named RapidPlex has been developed by
Torrente-Rodriquez and coworkers. This electrochemical platform can be used for the
detection of SARS-CoV-2’s NP, specific antibodies IgM and IgG antibodies against
the S1 protein, as well as inflammatory biomarker C-reactive protein (CRP), which
is associated with the severity of COVID-19 infection90. Therefore, the RapidPlex
can provide information on three important aspects of COVID-19 disease: severity
of the disease (CRP), presence of viral infection (NP), and immune response (IgG
and IgM antibodies). In addition, the applicability of this RapidPlex platform was
tested with COVID-19 positive and negative blood and saliva samples. Thus, the
RapidPlex has potential use in clinical analysis and point of care tests [65].

COVID-19 still remains a global crisis with many unresolved issues. Although no
SARS-related biosensor has been applied for commercial application so far, there is
no doubt that in the future, this technology will be widely employed for diagnosis.
Biosensors’ development for fast and efficient SARS-CoV-2 detection could offer an
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exciting alternative to traditional diagnostic techniques with the potential to revolu-
tionize patient care quality. Therefore, further research on the specific and accessible
biosensors for viral detection is of great interest. The list of biosensor-based tech-
niques described for detecting SARS-related virus, divided by analyte type, is shown
in Table 7.1.

7.4 Other Approaches

7.4.1 Antigen Detecting Tests

Antigen testing is based on the detection of viral proteins (antigens) or fragments
of proteins from the virus. Among viral proteins of SARS-CoV-2, the N protein is
an attractive target for SARS-CoV-2 detection. This viral protein can be detected up
to 1 day before the onset of symptoms [100, 101]. Diao et al. developed N protein
antigen-based fluorescence immunochromatographic (FIC) assay. Using RT-PCR
assay as reference standard, this assay exhibits high specificity and sensitivity in the
diagnosis of COVID-19 [101].

Although these tests are fast and easy to implement, they cannot replace molecular
tests. Their accuracy is limited since antigen tests fail to detect all active infections,
and have a high chance of giving rise to false-negative results. Low viral load or
variability of viral loads in patients might be a reason. Antigen tests have the greatest
utility with symptomatic patients with sufficient viral load. The combination of both
molecular and antigen tests can substantially enhance diagnostic capability.

7.4.2 Imaging Modalities

7.4.2.1 Chest CT

The diagnosis of COVID-19 patients is mostly based on detection of viral RNA
through molecular tests. However, in order to save time and reagents, radiological
tests can be done. Chest CT is commonly used for pneumonia diagnosis. It involves
taking many X-ray measurements at various angles across the chest, giving rise to
cross-sectional images [102]. The CT features of COVID-19 depend on the state
of the infection and improves approximately 6 to 12 days after symptoms onset
[103]. The CT features of COVID-19 patients are nonspecific. The most common
features are peripheral and bilateral ground glass opacities and lung consolidations.
Even though CT is a potent tool in COVID-19 diagnosis, its low specificity (25%)
limits its usage. There have been cases where the imaging features overlap with
other viral pneumonia [104]. However, there are several discriminating features for
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Table 7.1 List of biosensor-based techniques for detecting SARS-related virus
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Analyte Virus The transduction method | Limits of References
detection
(LOD)
RNA SARS-CoV-2 Electrochemical 200 copies/mL | [66]
Monoclonal SARS-CoV-2 | Electrochemical - [67]
antiSARS-CoV-2
antibody
S protein SARS-CoV-2 Electrochemical 5.5 x 10° [68]
PFU/mL
ORFlab; E; N SARS-CoV-2 Fluorescence 1,000 TU ml~! [69]
regions of genome
N protein SARS-CoV-2 Electrochemical 0.8 pg/mL [70]
S protein subunits | SARS-CoV-2 Optical - [71]
RNA SARS-CoV-2 | Optical 0.96 pM [72]
H120 RNA Infectious Electrochemical 2.96e~10 M | [73]
bronchitis virus
(IBV) H120
N protein SARS-CoV-2 Surface Plasmon 1.02 pM [74]
resonance
N and S protein SARS-CoV-2 Electrochemical 1 copy/mL [75]
Synthetic SARS-CoV-2 Optomagetinc 0.4 fM [76]
complementary
DNA of
SARS-CoV-2
S protein SARS-CoV-2 Optical 0-301.67nM | [77]
RBD of S protein | SARS-CoV-2 Bioluminescent 15 pM [78]
Special IgM and SARS-CoV-2 | Fluorescent - [79]
IgG of COVID-19
N protein SARS-CoV-2 | Optical 10718 M [80]
IgG SARS-CoV-2 | Optical (LFA) - [81]
S protein SARS-CoV-2 Electrochemical 1 fg/mL [57]
I1gG-IgM SARS-CoV-2 | Immunochromatographic | — [82]
S protein SARS-CoV-2 Electrochemical 90 fM [83]
N protein SARS-CoV-2 Optical 0.18 ng/pnL [84]
S protein SARS-CoV-2 Field emitted transistor 242 x 10% [85]
copies/mL
RdRp and the SARS-CoV-2 Plasmonic photothermal | 0.22 pM [58]
ORFlab (PPT) effect and
localized surface plasmon
resonance (LSPR)
I1gG-IgM SARS-CoV-2 Optical (Lateral flow - [38]
assay)

(continued)
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Table 7.1 (continued)
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Analyte Virus The transduction method | Limits of References
detection
(LOD)
Anti-SARS-CoV-2 | SARS-CoV-2 Surface plasmon - [86]
antibodies resonance (SPR)/ Optical
IgG SARS-CoV-2 | Lateral flow - [87]
immunoassay (LFIA)
Different SARS-CoV-2 Color/luminescence/ 100 copies of [88]
fragments of the optical RNA
SARS-CoV-2 RNA
Recombinant spike | MERS-CoV Electrochemical 1.0 pg.mL~! [56]
protein S1
IBV spiked serum | Infectious Optical 4.6 x 107 [89]
bronchitis virus EID50 per mL
(IBV)
Antibodies IBV Optical 79.15 EID/50 | [90]
nL
Complementary MERS-CoV/ Colorimetric 1.53 [91]
DNA strands Mycobacterium (MERS-CoV),
tuberculosis 1.27 (MTB),
(MTB)/ human and 1.03 nM
papillomavirus (HPV)
(HPV)
Viral RNA Influenza (IFN) | Optical - [92]
type-A and B,
respiratory
syncytial virus
(RSV) type-A
and B,
human
coronavirus
types OC43 and
229E
(continued)

COVID-19 pneumonia. Studies comparing COVID-19 CT results with that of non-
COVID-19 pneumonia patients show that COVID-19 pneumonia results are more
likely to have peripheral distribution, rounded opacities, fine reticular opacity, and
vascular thickening, and less likely to have central and peripheral distribution, pleural
effusion, and lymphadenopathy compared to non-COVID-19 pneumonia [105, 106].

The sensitivity of CT for COVID-19 is between 88 and 97%, whereas the sensi-
tivity of PCR using nasopharyngeal swabs is known to be approximately 72%. Several
studies have reported that chest CT scan can show abnormalities consistent with
COVID-19 in patients whose RT-PCR results were negative at initial presentation.
Therefore, Chest CT can be used as a complement to RT-PCR to increase the efficacy
of the diagnosis and increase sensitivity [104].
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Analyte Virus The transduction method | Limits of References
detection
(LOD)

DNA Including SPR Influ A:5 nM [93]
influenza A and Influ B: 1 nM
influenza B, PIV:1 nM
HINI, PIV;: 2.5 nM
respiratory PIV3: 3.5 nM
syncytial virus RSV:3nM
(RSV), ADV: 0.5 nM
parainfluenza SARA: 2 nM
virus 1-3 HINI1:3 nM
(PIV1, 2, 3),
adenovirus
(ADV), and
severe acute
respiratory
syndrome
coronavirus
(SARS)

N protein SARS-CoV Optical 0.003 nM [94]

N protein SARS-CoV Optical 0.1 pg mL~! [62]

Surface antigen SARS-CoV SPR/optical 200 ng mL(-1) |[95]

Viral genome SARS-CoV Electrochemical 2.5pM [54]

N protein SARS-CoV FET - [54]

N protein SARS-CoV Localized surface ~1 pg/mL [96]

plasmon coupled
fluorescence (LSPCF)

N protein SARS-CoV Chemiluminescence - [97]

Oligonucleotide Bacterial and Electrochemical - [98]

microarray viral upper
respiratory
infections
(URI)

Virus sequence SARS-CoV Electrochemical - [99]

SARS antigen SARS-CoV Piezoelectric - [52]

7.4.2.2 Lung Ultrasound (LUS)

The LUS is a fast, mobile, and noninvasive method that can be done by the patient’s
bedside reducing potential exposure of health workers. The LUS has been rapidly
used for the evaluation of COVID-19 pneumonia lesions due to its widespread avail-
ability and low cost. Similar to chest CT, the accuracy of LUS depends on the phase
of the infection. The LUS features in COVID-19 patients are thickened pleural lines,
consolidations, single or confluent interstitial artifactual signs, and small hyperechoic
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lung regions [107]. LUS is known to be more sensitive than CXR in the diagnosis of
consolidation and effusions [108]. In addition, LUS can detect lung injury even in the
presence of normal CT results [109]. The studies have shown that the sensitivity of
LUS for COVID-19 diagnosis is close to 100% with a specificity of approximately
78.6% [110]. However, there are some limitations to using LUS for COVID-19
diagnosis. For instance, LUS cannot differentiate early COVID-19 from other viral
pneumonias. Further research is required to clarify the usage of LUS in diagnostic
and prognostic COVID-19. Therefore, LUS should be implemented in conjunction
with other diagnostic modalities [111].

7.4.2.3 Chest Radiograph (CXR)

An alternative to chest CT and lung ultrasound is chest radiograph (CXR). The
common CXR features in COVID-19 patients are similar to that of CT with both
demonstrating ground glass opacities and/or bilateral, peripheral consolidation. CXR
signs improve approximately 10 to 12 days from symptom onset. Compared to CT
and LUS, CXR has lower sensitivity (69%) and may miss up to 40% of confirmed
COVID-19 cases [112, 113]. This is due to the lodging of virus particles in terminal
alveoli near the pleural interface which are well visualized with CT and LUS, but
are more difficult to see on plain imaging [114]. Therefore, CXR cannot always
determine COVID-19 infection.

7.5 Conclusion

The occurrence of COVID-19 pandemic accelerates many types of research in the
field of therapy, vaccine, and rapid diagnosis. Despite the lack of promising results
in the therapeutic field, rapid vaccine development and the emergence of innova-
tive detection methods would greatly help crisis management. The fight against
the COVID-19 pandemic has directed a lot of attention to diagnostic tests. Thus far,
various diagnostic platforms have been developed for rapid detection of SARS-CoV-
2. Each testing method has a set of advantages accompanied with some inevitable
drawbacks since there is no such thing as the “perfect test.” Therefore, performing
more than one detection method is highly advised instead of relying on a single detec-
tion method. Among COVID-19 diagnostic platforms, RT-PCR is a well-established
method and is commonly used for COVID-19 diagnosis. Since some developing
countries and low resource settings lack the means for accurate and timely COVID-
19 RT-PCR tests to control the ongoing outbreak of COVID-19, the development
of accurate, cost-effective, and easy-to-implement testing platform is necessary to
identify patients’ past and present infections. Electrochemical biosensors can be an
ideal candidate for this purpose, and further clinical evaluation of biosensors can
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greatly optimize the COVID-19 testing capacity. Serological tests also can comple-
ment molecular-based assays and provide a more accurate estimation of the disease
stage.

In this commentary, we categorized and reviewed some innovative methods that
can be the next technologies for large-scale SARS-CoV-2 diagnosis. Nowadays,
limited methods have been approved by regulatory agencies for commercial detec-
tion of SARS-CoV-2. However, there is no doubt that amongst the very diverse
technologies that are being tested in laboratories worldwide, some of their best will
soon enter the market and dramatically affect the virus detection cost and time.
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Chapter 8 ®
COVID-19 and Development: Effects ez
and Consequences

Mahmood Sariolghalam

8.1 Introduction

This article discusses the subject in two sections. First, the state of development and
its political and geopolitical aspects prior to the COVID-10 pandemic. Second, an
analysis of the possible trends in development during the 2020-21 period.
Development has an intrinsic relationship with globalization. Even before the
COVID-19 pandemic, globalization both theoretically and practically faced immense
challenges. The economic instability resulting from globalization led to the rise of
right-wing governments in Europe with authoritarian governments securing their
foothold in Central America, the Arab World and Asia. Considering the centrality
of the concept of globalization, the pre-pandemic state of development in the
international system can perhaps be summarized in the following trends [1]:

The measured confrontation between the U.S. and China,

The powerful financial and economic emergence of China in the international
system,

The gradual economic emergence of India,

The decline in the level of multilateralism in international relations,

The intensification of environmental challenges,

The prominence of information technology (IT) and artificial intelligence (AI),
The increase in geopolitical tensions between the United States and Russia,

The widening of the social inequality in most countries of the world,

The doubts concerning the advantages of inclusive globalization.

A comparative review of these nine variables reveals that the emergence of Chinese
economic power during the past three decades is perhaps the most pivotal develop-
ment in international relations both politically and economically. The transfer of
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production and wealth from the West to East Asia and the reduction of GDP share of
G7 from two-thirds of the global economy to less than a half exposed the new vulner-
ability of Western economies. To a considerable degree and based on its diversified
economy and foreign policy, Germany, being fourth in the world, is still a viable and
sustained economy. Ten years ago, no Chinese bank ranked among the top interna-
tional banks, but now half of the top global banks are Chinese. Centralized finance
and production in China incrementally prepared the ground for a reduced distribu-
tion of wealth and job opportunities in the West expanding intense competition and
thereafter causing gradual socio-economic crises in the West. Without granting much
mutual opportunities and advantages, China began a process of measured confronta-
tion characterized like a chess game particularly with the U.S. both in economics and
politics. This was the beginning of a new cold war between the top two economic
powers in the world. All countries in the world conduct somewhere between 20 and
80% of their trade with China. The Chinese who have an insatiable demand for raw
materials have established extensive and long-term relations with almost all African
countries, and hundreds of development projects are managed by half a million
Chines engineers in return for raw materials and metals. The Chinese established
two large financial and political organizations (the Shanghai Cooperation Organiza-
tion and the Asian Infrastructure Investment Bank) as two financial arms to further
globalize their national economic power. The emergence of China has influenced
international relations to the extent that no global issue can be raised and resolved
unless Beijing plays a role in the discussion and decision-making process.
Multilateralism, environmental challenges, management of most international
organizations and global economy are utterly inconceivable without Chinese partic-
ipation [2]. The silent crawling political movement of the Chinese that has its origins
in Confucius teachings did not alarm the world and the international community
did not notice the gradual accumulation of Chinese economic and political power.
Power in international relations from 1945 to 1990 was overshadowed by the U.S.
and Soviet relations. However, power relations since 1990 have been played out in a
U.S.-Russia-China Triangle. It is now believed that the U.S. has never in its history
faced arival as powerful as China. During the past three decades, expanding relations
with China was perceived to be so cherished that Americans tolerated the conditions
mostly shaped by the Chinese. The Chinese benefited from the transfer of tech-
nology and vast expansion of joint ventures between the two countries. Moreover, the
United States hoped for a ‘reset’ of its relations with Russia. Successive U.S. admin-
istrations failed to fathom the entirety of the long-term behaviors of Moscow and
Beijing. Perhaps complacency prevailed due to the assertive American global role.
Compared to the US, decision-making in Russia and China enjoys greater continuity.
Through the end of the Obama administration, Americans generally welcomed trade
and financial relations with China [3], while the Chinese intensified their mergers
and acquisitions drew on the rich scientific-technological communities of the U.S.
including sending some 369,000 Chinese students to American universities [4]. The
Chinese policy of the Trump administration emerged as a bipartisan approach. Even if
Hillary Clinton had won the presidency, she would have pursued a similar approach to
Beijing. The new dynamics in the U.S.-Russia-China Triangle resulted in an implicit



8 COVID-19 and Development: Effects and Consequences 231

disagreement and divergence of policy options between the United States and main
partners in the European Union [3]. It appears that intense competition, measured
confrontation and renewed assertiveness in Russia have resulted in two essential
consequences: enhancement of economic nationalism, right-wing policies among
medium-level powers and increased military expenditures by countries.

The cold war produced high levels of predictability in the international system,
but the contemporary new triangle of international competition has both increased
uncertainty and made international cooperation far more problematic. Interestingly,
expanded political and economic cooperation between Europe and Asia has created
fissures between the US and particularly Germany and France. The U.S. devel-
oped the mechanism of Better Utilization of Investments to Leverage Development
(BUILD) to challenge Chinese economic and financial initiatives. It has increased
its economic and security activities in Central and Southeastern Europe on the one
hand and in the Eastern Mediterranean on the other. In Asia also, the U.S. set up
the International Development Finance Corporation against the Chinese coalitions
to provide countries with financial and industrial resources. At the same time, the
United States has expanded its military relations with India, Vietnam, the Philippines
and Taiwan [3]. In other words, with the rise of China’s financial and economic power,
the issue of development has indirectly regained an ideological nature, shifted polit-
ical alignments and renewed military foundations that it had during the cold war. One
fundamental consequence is a noticeable level of unpredictability in the emerging
international system. The pre-COVID-19 global structure in development already
led to many tensions among countries. Trump’s trade and security policies towards
Asia and Europe exacerbated these tensions for understandable reasons. America no
longer wished to allow other countries to have a free ride. While China and many
other rising powers did not question the liberal foundations of the international system
and played by the rules and procedures of the American-built international system
yet they collectively aspired to expand their political and economic share in the
system. Although the Chinese did not make much concessions to Washington after
several years of trade negotiations with the U.S. and adopted the policy of protrac-
tion, the Trump administration however succeeded in changing many provisions of
the NAFTA agreement in its favor. With the advent of China, the issue of develop-
ment in international relations has been altered in such proportions where no country
can disregard China in its international and trade relations. The emerging interna-
tional system in the last few years has provided countries such as Brazil, Argentina,
Indonesia and India with a rare opportunity to diversify their foreign economic and
political relations. Of interest is the sophistication of diplomacy of these middle-
level countries where they reach out to all great powers to advance their political and
economic interests. Arab countries that have normally pursued strategic relations
with Europe and the U.S. are now slowly expanding their interactions with Moscow
and Beijing. Weak developing countries in Africa and Asia are now dependent on
international financial organizations such as the World Bank on the one hand and on
potential barter projects with China on the other.

During a period of half a century since 1970, the world population has grown
from 3.5 billion to 7.7 billion, whereas 220 years ago, in 1800, it was just one billion
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[5]. Urbanization, improvements in health and increased production prepared the
ground for population growth. Population growth exerts considerable pressure on
the resources required for production and on fuel and at the same time, causes envi-
ronmental erosion. During the forty years since 1980, half of the Earth’s oil reserves
have been used to achieve the considerable economic growth in the West but also
in East Asia and the BRICS nations. Globalization has meant increased produc-
tion of goods and services, wealth, financial markets, urbanization, consumption,
middle-class empowerment, and economic interdependence. Furthermore, global-
ization did not only become a barrier to the gradual growth of armaments production
and exports but it also became an economic and wealth-producing issue for the West
and Russia. However, because of the interdependence of great powers, globalization
reduced the probability of war and direct military conflict between them while proxy
wars have characterized new confrontations. In 2019, development was no longer
monopolized by the West but was realized in its financial, productive and economic
sense in Asia, Latin America and the Arab states of the Persian Gulf.

The Chinese and Asian model of development substantially refuted the funda-
mental assumption of economic liberalism introduced by Milton Friedman in the
1960s that economic growth, industrialization, and economic privatization will lead
to democratic political systems [6]. State-led privatization in Asia consequently
produced substantial wealth without a visible democratic imprint. Trends since 2000
may be summarized as follows:

1. The rise of China as the world’s second-largest economy,

2. Production of about 40% of the global GDP by China and the United States,

3. The expansion of about four hundred million people of middle-class citizens
in Asia,

American and Chinese monopoly on 5G,

The daily consumption of about one hundred million barrels of oil in the world,
The zero economic growth in Japan,

The reduced competitiveness of many industrial European countries,

The growing importance of the global south in production and supply networks
due to low labor costs,

9.  The considerable expansion of tourism, travel and luxury goods consumption,
10.  The rising regional geopolitical tensions in the Far East and the Middle East,
11.  The surge in US national debt to $23 trillion,

12.  The increase in the production and export of armaments in the world.

® Nk

8.2 The COVID-19 Pandemic and the Gradual Disruption
in Growth and Development

Before Covid-19, other communicable diseases occurred in different parts of the
world: SARS in 2003, HINT in 2009, MERS in 2012, Ebola in 2014 and Zika in
2015 [7]. Although health experts recommended preventive measures against these
contagious diseases, planning for the future was not taken very seriously because
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the spread of these diseases was relatively controlled and their nature was not as
dangerous as that of Covid-19 [7]. The global trade, financial and economic issues
were so critical that from December 2019, major industrialized governments chose
to downplay the importance of the COVID-19 pandemic and consider it control-
lable. The U.S. and China were and are so dependent on each other’s markets that
they were reluctant to make public the worries concerning the new pandemic. Mutual
dependence is not just limited to consumer goods. For example, 156 important life-
saving medicines are exported from China and India to the U.S. [7]. Concerns about
disruptions in what everyone had become used to, planned, and depended on may
have psychologically caused the delay in responding to Covid-19 and to its extensive
consequences. One of the outcomes of globalization on China is the astronomical
expansion of China’s tourism. About 14.5 million Chinese tourists travelled to 28
EU countries in 2018 and, in the same year, about 2.5 million Schengen visas were
issued to the Chinese [8]. The share of tourism in Greek and Italian GDP is about
30% and 13%, respectively [9]. The estimated trade and therefore the mutual depen-
dence between the U.S. and China was about $600 billion in 2019 [10]. Economic
growth became so important during a few decades that about one billion people trav-
elled each year, and thousands of manufacturing companies, especially in Asia, Latin
America and Africa, were connected to the $142 trillion supply chain producing the
global GDP [11].

However, these exceptional conditions in the history of economic growth and
development changed rapidly when Covid-19 became a pandemic in late December
2019 and early January 2020. The global economy is predicted to shrink by about
5.2% in 2020 on average which is the most severe downturn in the last 80 years. Coun-
tries with more international markets and more dependent on tourism and supply
chains will suffer more. Along with major industrialized countries, emerging markets
and developing economies (EMDEs) will hit harder [12]. During the months that
followed February 2020, nearly 4 billion people did not go to the workplace; schools
and universities were closed; most flights around the world were cancelled, and
companies were shut down. Table 8.1 demonstrates a forecast of the decline in GDP
growth rates in some countries:

The decline in economic activities for millions of enterprises will mean that they
can neither pay their employees nor manage their debts. Economic bankruptcy
can gradually be accompanied by financial crises in many large and small
economies. Investments in all industries around the world have declined more sharply
due to corporate financial crises. The tourism industry which grew by 6.5% annually
in the last decade due to the growth of the middle class in Asia came to a near-complete
halt with a very steep slope in the first quarter of 2020. Among the six regions of
the world, Latin America will experience the largest reduction in economic growth
rate. Since 1870, the international economy has experienced fourteen recessions with
the 2020 recession the first experience as a result of a pandemic. The previous reces-
sions were caused by war, financial crises and rising oil prices [12]. Arrears also
have faced many banks with liquidity problems and fewer investment opportunities.
In the economic cycle, the service and labor sectors, especially in countries that
used foreign labor, experienced a considerable decline in the first half of 2020. The
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Table 8.1 GDP growth

decline rates GDP growth

(annual percentage)

2019 2020
China 6.1 1
u.s 2.3 —6.1
EU 1.2 -9.1
Brazil 1.1 -8
Turkey —-0.9 —-3.8
Saudi Arabia -0.3 -3.8
Iran —8.2 —53
Russia 1.3 —6
India 4.2 -32
High-income economies 1.7 —6.8
Low-income economies 5.1 1

immediate consequence of this decline in activity was clearly observed in the energy
sector also so that oil demand fell by about 10 percent [12]. Demand for metals also
dropped by up to 16 percent in the post-COVID-19 period. If the demand for metals
increases in the second half of 2020, and gradually in 2021, it will be dependent
on China’s demand and GDP growth since it accounts for about 50% of the global
demand for metals [12].

The majority of developing countries will be affected by this considerable contrac-
tion in economic activities more than the Western countries and the powerful Asian
economies such as Japan, South Korea and China that can withstand declining
production and demand due to their financial strength and savings rates. Produc-
tion in the global south is dependent on consumption in Western and East Asian
countries. For example, the production chains in a country like Bangladesh which
plays a critical role in the garment industry depend on consumption in Europe and
North America. Now that 42 million people are unemployed in the U.S. and there
is a significant reduction in demand for garments in Europe, many of the garment
factories in Bangladesh will be closed and will start production if the demand for
garments rises in the Western markets in 2021. Due to the low savings rate and the
presence of poor classes in this type of Asian, African and Latin American countries,
it can be predicted that the level of poverty and degree of socio-economic instability
in developing countries will increase at least during 2020. As the rate of decline in
GDP is about three times that of the 2009 recession, and in contrast to that year
when the global crisis happened only in the financial markets, in 2020 the recession
occurred in all sectors of the economy and in all globalized economies. Hence, a
return to pre-COVID-19 conditions will also be subject to the global variables of
production, supply and demand.

The issue of growth and development will be overshadowed by the global change
in the trends and behavioral patterns of consumption and employment caused by this
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pandemic. This change will have serious effects on the entire demand in 2021 and
beyond. It is not clear exactly what the stable responses of demand and financial
markets will be to the post-COVID-19 conditions. It seems that both households and
enterprises will be inclined to increase their savings rates which will naturally have
repercussions for investment and consumption. The sudden emergence of Covid-
19 with very high mortality rates in Brazil, Chile and Mexico can have serious
consequences for consumption and production of agricultural products and even for
food security in the second half of 2020 and possibly into 2021 [12]. Naturally, a
return to the pre-COVID-19 economic conditions will be at least slower if health
controls and physical distancing continue. European concerns caused by immigra-
tion from Africa and the Middle East, the slow penetration of Asian companies
into European economy, the possible slow U.S. disengagement from geopolitics of
Europe and European defense, and a serious decline in European competitiveness
in the global economy will face the EU [12]. The Chinese who enjoyed at least 5%
annual economic growth rate for decades will experience a 1-2 percent growth in
2020-21. In the totality of the Asian region, especially in East Asia, the economic
growth rate will decline to a half percent. The reduction in consumption, production,
investment and trade in the region will equal those of the 1990 crisis. Most of these
countries have adopted the policy of granting credit and loans to companies to grad-
ually encourage a return to economic activities and increased demand. In the process
of implementing this policy, the Council of Europe proposed 750 billion euros for the
EU. The Chinese hope to create the required conditions for demand and investment
by reducing taxes, making direct payments to vulnerable households, and activating
credit for the provinces. Malaysia’s stimulus package is estimated at about 17% of
GDP [13].

The Middle East, which suffers from structural failures, the refugee crisis, war
and insecurity, experienced a far more unfavorable position with the advent of the
Covid-19. Egypt, Jordan, the Palestinian territories and Tunisia that had somewhat
reduced their budget deficit by trading with the Arab nations of OPEC and receiving
financial aid from them are now suffering intensely from falling oil prices and oil
exports. If tourism fell by 4% in the 2009 financial crisis, it contracted by 60-80% in
2020 and countries such as Jordan, the UAE and Turkey lost a considerable part of
their tourism revenues. Investments in the Middle East will face a serious crisis due
to the declining oil revenues that will hurt hundreds of local, European and Asian
companies [14]. In Pakistan and India where the economy is generally based on
small and medium-sized enterprises, the sharp decline in production and demand
has resulted in the bankruptcy of many enterprises leading to chronic unemployment
and considerable social anomalies. Governments have coped with social and political
instability by providing assistance to the poor, making direct payments, increasing
investments in health, and supporting employment and economic activity. The Indian
population in the Arab States of the Persian Gulf, numbering about 9 million, send
$20 billion in remittances which is expected to decline by one-fifth in 2020 [12].
Covid-19 has caused capital flight from Africa, almost shut down mining activities
and stopped investments in mining projects resulting in widespread economic and
social crises. Therefore, the current vulnerabilities in Africa will deepen because
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of the widespread poverty. Health protocols are very difficult for two-thirds of the
Africans living in very densely populated areas and have raised many concerns
regarding the uncontrollable spread of the pandemic. Many African countries have
short- and medium-term loans that can only be paid back by activities in the mining
and oil and gas sectors. It is feared that the debt crisis on the one hand and food
insecurity for many people in African countries (72 million people in 35 countries)
on the other will deepen [12]. Covid-19 is the biggest economic crisis of the last
century and, in general, no region in the international system has been immune from
its negative economic consequences. COVID-19 is the worst economic crisis during
the periods of peace in the past 100 years. In all, no region in the international system
has escaped from the adverse economic implications of COVID-19.

8.3 Conclusion: COVID-19 and the Future Developmental
Trends

The United States, China and the EU collectively represent about half of the global
economy. If US economic growth declines by one percent, it will have a negative
impact of 0.7-0.8 percent on the economies of the rest of the world. If all these three
economies together experience a one percent reduction in growth, then the rest of
the global economy will face a decline of about 1.3%. This assessment indicates a
deep interdependence in the global economy [12]. Due to this interdependence, the
developing countries have far fewer mechanisms of economic stability than they had
during the 2009 financial crisis. Many third-world countries need to import up to 50%
of the raw materials used in their production lines. The slowdown in the activities of
the supply chain of raw materials, goods and services has had a lasting effect on the
unemployment rates in these countries. On average, borrowing costs in most of these
countries have risen by 11% over the past decade so that borrowing accounts for up to
55% of GDP. Economic contraction in the spectrum of rich and poor countries leads
to a decline in capital accumulation as the source of national power and in savings
for development and national security projects. If the consequences of COVID-19
are scrutinized from this perspective, it is not very clear how long it will take for the
global economy to recover [12]. In other words, the growth and development horizon
have suffered a major stroke, at least in the medium term. Even if some sectors of the
economy such as the food industry, internet providers, online retail firms have not
only remained in business but also expanded, the return of other industries including
the automotive, tourism, housing, and the consumer goods industries have no bright
future. For example, the cruise ship industry which has a turnover of about $150
billion a year has lost up to 82% of its activity, and it is predicted that this industry
will not have the opportunity to return to pre-COVID-19 conditions because older
people constitute most of its passengers [12].

These developments are the natural results of a global pandemic. Since the rise of
China as an economic power, the international system had become accustomed to a
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framework of the political economy of privatization based on the active and direct role
of the government. Covid-19 disrupted these trends prevailing set of rules. Production
disruption has created a set of negative consequences for all national and interna-
tional growth and development indicators. In addition, labor and capital markets have
also been severely disrupted. When income levels fall, they have immediate negative
impacts on health, nutrition and education. The formation of eight-kilometer queues
of vehicles in some of the states in the U.S. to receive free food packages suggests that
even in advanced economies the pandemic can have serious and immediate effects
on employment and economic activities [12]. Nearly 50 million people in the United
States applied for unemployment benefits during four months [15]. Such develop-
ments in the field of employment and economic activity have also consequences
for innovation. Enterprises refrain from investing in technological innovations at
least before semi-normal conditions return [16]. The environmental catastrophes or
epidemics in the past such as SARS had limited economic and geographical conse-
quences, but the importance of this pandemic is that it has a global dimension and
a return to normalcy is subject to extensive international cooperation which is not
visible. Given the overall strategy of the Biden administration of measured confronta-
tion with the alleged economic and geopolitical excesses of China and Russia, it is
not clear whether global cooperation on the pandemic can be expected. In addition,
physical distancing will at least slow down many activities such as tourism. New
employment in manufacturing, reopening of schools and universities and educational
environments in general as well as sports competition will be disrupted into the fore-
seeable future. If healthcare measures are not effective and reliable vaccination is not
provided for the wider public, the serious global consequences of Covid-19 can raise
severe concerns, also called super-hysteresis, regarding the future of production and
economic growth. Damages to production chains, global trade, capital markets and
global interactions can be more sustained [17]. The loss of about 300 million jobs
by mid-2020 has dealt a considerable economic shock to the globalization processes
[12]. The International Labor Organization estimates that nearly 80% of the world’s
approximately two billion workers have in some way been financially affected by
Covid-19. In the last four months also, about $11 trillion have been allocated by
governments in the form of financial and monetary packages to cope with COVID-
19. Many European countries, the U.S., Brazil, Japan and Mexico are forced to delay
the reopening of economic activities in order to prevent a re-emergence of COVID-
19. This will postpone the realization of efficiency, production and economic growth
to the future. The global budget deficit is projected to increase to 101% of GDP during
2020-2021 (a growth of 19% compared to 2019), with the international average rising
from 4 to 14%. Government revenues will be severely reduced due to the decline in
consumption, production and household income and corporate revenues [12].
Along with the changes in economic growth and development, there have also
been changes in the political economy at the global level. In the post-COVID-19
era, the role of the state has been considerably reinvigorated. The emergency caused
by the pandemic caused a disruption in the state-business and state-society relations
leading to a powerful assertive role of the state [18]. Opinion polls show that this new
role of the government does not reflect its credibility or the public trust but it reflects
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an implication under emergency conditions [18]. Interestingly, in countries such as
Demark and Sweden where the level of confidence in the political system has been
traditionally high, there has been greater acceptance of the increase in government
power whereas in Italy, France and Spain, the authority of the political system has
been under question [19]. COVID-19 has augmented the inclination of the public,
at least at the EU level, to accept cooperation between both societies and countries,
and at the same time has sharply damaged America’s reputation as the EU’s most
important partner. Renewed nationalistic predispositions in the EU have given way
to a new idea dubbed as ‘strategic sovereignty’. Overall, the interest in maintaining
and expanding European convergence with other countries has amplified because
of COVID-19. The joint French-German reconstruction program for dealing with
the pandemic has enhanced this ground for intensified coordination so that some
have called it the United States of Europe. The new outlook on sovereignty has
also echoed assertions that Europe needs to free itself from the “dominance” of
Facebook and Huawei. Covid-19 has created the idea that if the Europeans do not
cooperate with each other they will suffer in the trade war and also by the geopolitics
of China and the U.S. Populism and opposition to the EU are expected to decline
and the pandemic has created a new political climate and the political economy
of growth and development among the EU members [19]. The ASEAN region also
exhibits this aspect of cooperation and collective commitment to combat the negative
consequences of the pandemic because its economic convergence will suffer severely
in the absence of cooperation between the member countries [19].

In the post-COVID-19 era, countries will pay more attention to their priorities.
Production chains will not function merely based on calculations of profit. The free
movement of millions of travelers for purposes of growth and development will not be
the same as before. The social-class gaps, poverty, debt and budget deficit will deepen.
Collective cooperation among countries in new pandemics and environmental issues
will become more energetic. The importance of information technology and artificial
intelligence will intensify. Countries will be more in need of unions, regionalism and
exchanges. The sharp increase in the purchase of weapons before the pandemic and
the greater militarization of politics in countries will slow down. Economics will
take precedence over politics [20]. It appears what the Freedom House has reported
as the decline in the levels of freedom and as the steady rise of authoritarianism over
the past 14 years will be even more deepened in the post-COVID-19 era [21]. The
unimaginable drop in oil prices and the decline in oil revenues will cause serious
fluctuations in the position of the GCC as its member countries spent 5.8% of their
GDP on purchasing weapons. This is at a time when the Middle East region is facing
the highest youth unemployment rate (35%) and the need for economic reconstruction
after Covid-19. In a world full of political and economic competition after COVID-
19, it is feared that the number of failed states in the Middle East and Africa will
increase due to budget deficits, low oil prices and rising poverty [22].

Some consequences of COVID-19 will be permanent. For example, 2.2 million
(10% of the total number of) restaurants in the world will be closed forever [23].
Vaccine production, efficacy and reliability and its availability to the public will be
the key issues in shaping the characteristics of the global economy and political
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economy in the post-COVID-19 era [24]. Vaccination will determine the duration of
the pandemic and physical distancing. It has been argued that physical distancing may
be a permanent feature of social life. People who are vulnerable due to their age may
even reduce their level of social activity despite the availability of the vaccine. Phys-
ical distancing will have a direct relationship to consumption. Consumption and
demand will be the key economic variables in the return of growth and development
in 2021. Along with demand, the ability of millions of unemployed people to find
new jobs or return to their previous work will be the next deciding variable. There
is no guarantee that people who lost their jobs will start working in the same enter-
prises. In addition, industries and companies will change the form and content of
their work and activities during the pandemic. The inclination to automate and reduce
the cost of observing health protocols among the workforce will reduce the rate of
return to work in those industries where automation is possible. If demand in the
consumer industry does not grow as it did in the past, many crises resulting from
unemployment, low incomes, illness and also government subsidies will continue
and improvement in economic affairs will be delayed even beyond 2021.

As for COVID-19 itself, cooperation between countries, the assistance provided
by WHO, the readiness of governments and international organizations to help low-
income third world countries in health matters, and especially the role played by
China and the U.S. on the international political scene in preventing this disease
from spreading again will be substantially effective [25]. Once the vaccine is made
available to the wider public, it is the role of the governments in market regulation and
economic policymaking that can stimulate demand, consumption and the economic
cycle, thus managing higher rates of political and political stability. Policy packages
of governments to facilitate domestic and foreign investment, especially in devel-
oping policies and taking actions in both public investment and digital infrastructure,
will be imperative in returning to the pre-COVID-19 conditions. One of the serious
responsibilities of governments in the post-COVID-19 world will be to make new
technological investments in the field of public health. Third world governments that
are more concerned with security in their national priorities will pay less attention
to such responsibilities. If the political economy of growth in the global south does
not correlate with the industrialized and developed countries and an imbalance is
generated in the international economy, trends in global demand and consumption
will not easily improve [18]. Even among developed countries, there is no guarantee
that budgets, credit and expertise will generate the necessary organization and lead
to the needed efforts in preventing the spread of this pandemic or other possible
pandemics in the future. In the United States, health experts have recommended that
federal and state officials should take the Strategic National Stockpile for Biodefense
seriously [18]. It has even been suggested that a Public Health Treaty Organization
should be formed with the participation of all countries to coordinate future health
programs [7].

In the discourses of developmental studies, the state and government were usually
regarded as a regulator and balancer. This role is well-demonstrated in countries such
as Norway, Denmark and Germany. However, in the post-pandemic world, the role
of the state in garnering rule of law, national consensus and social contract in order
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to balance growth and development will be even far more critical. The successful
implementation of coronavirus management in countries such as South Korea raise
the salience of government efficiency and structures of decision making. The post-
COVID-19 international system will be largely subject to the level of efficacy of
governmental processes in decision making [7]. What is concerning in 2020 and
beyond is the level of adoption of local and national procedures in dealing with Covid-
19 and learning mechanisms among countries. Even coordination and cooperation
with the World Health Organization has been somewhat limited. Evidence vividly
suggests that almost all countries were shocked when this pandemic occurred and
were least prepared to deal with its consequences. Even it took the G-20 member
states three months to initiate dialogue and coordination to adopt collective measures
to deal with the pandemic [26].

It appears that a large number of countries today are suffering from a state of
complacency. The days when there were robust attitudes of serving the public and
being ‘public servants’ are perhaps over. Two dominant groups act far above the
political process in a large number of countries: the corporate and the intelligence
class [27]. The post-pandemic world may be a historic opportunity to reexamine not
so much the merits or the perils of capitalism or globalization but rather how they are
enforced in many countries and the processes of decision making. Can the state make
decisions in the public interest? Germany, the Netherlands, New Zealand, Australia,
Canada, and the Scandinavian region appear to do well and hold public interest above
all other institutions and stakeholders. High levels of egalitarian policies and politics
in these states display the reality that it is possible to practice economic privatization
and be fully engaged in the globalization process and yet implement policies to serve
the public. New Zealand stands out as an exemplary where national, public and
private interests converge [28].

In the post-COVID 19 international system, the role of the state and government
will become more prominent. But tending towards what kind of features and responsi-
bilities? Carrying what type of structure, organization, prioritization, orientation? No
author of political economy from Adam Smith to Thomas Piketty has denied the role
of government in regulating economic growth and development [29]. Perhaps the new
emerging discourse will involve the nature of the state in the post-pandemic world.
Will governments play a more assertive role in protecting the environment and the
unlimited use of natural resources, or will corporations and the demand for goods
and services guide policy making? The interrelationships between the members of
the triad “the government, the private sector and the public good” have once again
returned to the focus of developmental theories. Covid-19 caused many to pause
and think about the questions and the challenges of economic development. The
year 2021 will be a crucial one in reorienting the economic growth and develop-
ment discourse. However, one political question on the position and substance of
development in the post-COVID-19 era will be the decisive one: Will the centers of
power like China, the United States, Russia, and the EU be able to converge on a
systematic approach and roadmap to achieve an international system characterized
by an eco-friendly environment, wider social equity and arms control?
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Chapter 9 ®)
Covid-19 and Cooperation/Conflict ez
in International Relations

Heidarali Masoudi

9.1 Introduction

Based on a TRIP survey among the International Relations (IR) scholars in the United
States, about 65% of the respondents believed that international cooperation in the
fight against the COVID-19 crisis has not been sufficiently efficient in coping with
the problem [1]. In other words, about two-thirds of the IR elites in the United States
think that COVID-19 has had a destructive effect on the deep layers of cooperation
among the international actors. The paper thus seeks to answer how and to what
extent COVID-19 crisis will affect international cooperation/conflict. The author’s
main thesis is that the COVID-19 crisis will increase the divergent and contentious
trends in the short term and enhance the cooperative trends on the international scene
in the longer term.

To answer the main question of this article, two issues must be addressed: the
nature and history of pandemic in the world, and the nature of conflict and cooperation
in the international area prior to the current pandemic. In other words, we can study
the effect of COVID-19 pandemic as an independent variable on the possibility of
international cooperation and conflict as a dependent variable.

Throughout history, human being has usually faced several pandemics such as
plague, cholera, and many other communicable diseases which have killed millions
of people worldwide. One of the factors that caused armed conflicts between the city-
states of Athens and Sparta was the spread of such communicable and fatal diseases
[2]. In the recent century, there has been some pandemic such as the Spanish flu,
which happened after World War I, and HIV, SARS, and Ebola in the recent decades.
The Spanish flu spread to the world during WWI, and as a result, millions of people
died, especially because of the inability of the countries involved in the war to cope
with it effectively and to mobilize the necessary resources to eradicate it [3, 4].
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However, in recent times, we witness that combating HIV and Ebola has become a
starting point for international cooperation. HIV has been one of the most dangerous
communicable diseases in the twentieth century, especially in the poor countries. The
spread of HIV hit many countries in the world, especially poor African countries.
However, many inflicted countries used all their resources to fight with and prevent
this disease by producing or receiving vaccines to provide health care and protection
for their populations. The World Health Organization (WHO) utilized all its expertise
to play the global role in fighting HIV and succeeded in this undertaking. Of course,
there were some obstacles in eradicating HIV, such as dysfunctionality of production
and distribution of drugs and commercial attitude of pharmaceutical companies.
However, in general, it is fair to say that the international cooperation in fighting
and preventing HIV has been improved during the last decades [5]. Concerning
cooperation and conflict between countries in fighting COVID-19, however, we need
to first analyze the context of cooperation and conflicts between countries before the
COVID-19 pandemic, and then add the COVID-19 as the new factor to carefully
study its consequences and effects.

9.2 International Cooperation/Conflict Prior
to the COVID-19 Crisis

The COVID-19 crisis happened in an era of revival of nationalism and decline of
international cooperation. Trumpism in the US, the UK’s exit from the EU, and
the expansion of far-right ideology in many European countries have been the most
important signs of this turning point in international affairs. Trump won the election
in 2016 with the slogans of “America First” and “Make America Great Again” and
did its best to destroy the foundations of liberal international order which have been
designed by the US after WWII. The United States’ withdrawal from the Trans-
Pacific Partnership (TPP), the Human Rights Council, UNESCO, the Paris Climate
Agreement, and the Iran nuclear deal are examples of the U.S. anti-internationalism
in Trump era. Europe also faced a powerful wave of right-wing extremism. The
consolidation of the social and political status of far-right parties in many European
countries, including Germany, Austria, France, and Italy, indicates the widening gap
that already existed in the EU as the most important and largest project of cooperation
and convergence between countries.

The wave of right-wing extremism in the world promotes the idea that the global
trends, especially in the economic realm, have led to increased socioeconomic vulner-
abilities in many countries. For these vulnerabilities to be prevented, countries have
to regulate economic globalization in a way that nation-states can exercise an effec-
tive control on the movement of capital, goods, and labor within national borders.
As a result, nation-states can plan the society and economy in accordance with the
local demands, needs, and necessities rather than global ones. From the nationalistic
viewpoint, radical commitment to globalization caused many significant economic
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and social anomalies for many countries around the world. For instance, it resulted
in decreasing demographic and human solidarity and homogeneity in the societies,
caused by continuous waves of immigration and high level of mobility of the work-
force beyond the national borders [6]. Therefore, the identity of the local communities
in European countries has completely changed, and their homogeneous social struc-
ture has been frighteningly shaken by the emergence of xenophobic thoughts [7].
Beyond social solidarity, the inappropriate dependence on the global supply chain
can have negative long-term socioeconomic impacts and also political effects on the
societies. In order for the countries to be less vulnerable during global crises, they
have to be able to produce their vital commodities and goods based on the internal
production mechanism rather than complete reliance on global supply chains [8, 9].

The COVID-19 crisis showed that imbalanced and asymmetric reliance on the
unrestrained globalization trend can result in the destruction of the indigenous
economic structures, and consequently, under emergent situations may minimize
the possibility of having access to urgent goods and commodities. Therefore, the
globalized economies suffer from inadaptability to critical urgent conditions, and
this can be a warning sign for many countries connected to the global economy.
Although the global divergences on political, economic, and cultural issues were
being strengthened even before the COVID-19 crisis, travel ban, quarantine, and
trade problems weakened the global economy at least in the short term [10]. In this
context, many countries affected by the COVID-19 crisis, including Iran, are thinking
of reconstructing the endogenous structures of their national economy and producing
the necessary commodities internally [11].

Therefore, the main question is whether or not the impact of COVID-19 would
be limited only to deteriorating the gaps that already existed in the globe or it can
have deep and long-enduring consequences for international affairs. A theoretical
framework is required to answer such questions. The mainstream IR theories can
play an important role in our understanding of the COVID-19 crisis and its conse-
quences for international cooperation. In the following, firstly, a realist view will
be discussed with its emphasis on nation-state power, economic isolationism, the
rise of nationalism, and anti-globalization viewpoints. Secondly, a liberal view will
be introduced emphasizing the importance of global and international cooperation
in response to newly emerging unconventional threats in borderless world. Finally,
the constructivist view will be discussed with an emphasis on the emergence of
new transnational identities, redefinition of the fundamental concepts of IR, and the
importance of narratives and representations on the international scene.

9.2.1 Realist Perspective

Realism emphasizes the centrality of nation-state, national interests, and state power
in international relations. Based on this assumption, it is expected that states will
assume extraordinary powers to check and control their people in an emergency situ-
ation like COVID-19 crisis. Consequently, state power will increase whereas that
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of the civil society will decrease [12, 13]. Moreover, considering the vulnerability
of countries in supplying and distributing strategic goods and commodities during
crises, the global supply chain will weaken more than before, especially in health
commodities and treatment items. Therefore, countries will strengthen the structure
of national production which my lead to the rise of economic isolationism in interna-
tional society. Some experts have even stated thatreverse protectionismin global trade
will increase; that is, states will prevent export of necessary and strategic commodi-
ties to other countries [ 14]. According to this pessimistic scenario, anti-globalization
trend will be strengthened [15], and disagreements and conflicts between countries
will be increased over production of health goods and medicines including COVID-
19 vaccines. Consequently, it leads to the ever-increasing intervention of states in the
economy to promote appropriate policies, prevent bankruptcy of small and medium-
size companies, and more importantly, guarantee production and supply of strategic
goods such as pharmaceuticals and medical equipment.

Realists also point to the dysfunctionality and incapability of international insti-
tutions, such as UN Security Council and the WHO, in fighting the COVID-19
crisis as a confirmation of their pessimism. Ambiguous and sometimes contradic-
tory recommendations, lack of provision of accurate and timely information and
of sufficient budget, politicization and support of some governments, and lack of
effective operational tools are among the most important factors intensifying the
pessimism regarding UN institutions and agencies, especially the WHO [16]. More-
over, abuse of these institutions by some countries as a political tool, including
President Trump’s halting U.S. funding for WHO, can paralyze health projects in
various countries. In addition, it is expected that COVID-19 crisis will reduce the
potentiality of international aid agencies, suspend humanitarian aid, and stop normal
vaccination programs, thus, worsening the lives of millions of people around the
world and increasing the number of hungry people in the world from 135 to 250
million in near future [17, 18].

The growth in right-wing extremist ideas like xenophobia and anti-immigration
attitudes can result in a new wave of violence against migrants and minority groups,
thus, weakening the democratic processes in various countries [19]. Based on the
statistics published by Freedom House, democratic principles and standards are in
decline in many democratic countries. One of the factors intensifying this trend is the
increased control of governments on people’s social relationships in order to prevent
the spread of COVID-19 [20].

In sum, from the realist perspective, the COVID-19 crisis can result in increased
conflict between countries in the form of isolationism and economic protectionism,
intensified government control over the society, fragility of global supply chain
and weakening global institutions, growth in right-wing extremism and democratic
deficits in various countries, and intensification of the international conflict in the
short term. In contrast to this pessimism, in the following, I will investigate whether
or not it is possible to be more optimistic regarding the possibility of international
cooperation in long-term.
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9.2.2 Liberal Perspective

From an optimistic point of view, the COVID-19 crisis can lead to two important
developments in the international relations. The first one is the strengthening of the
idea of a borderless world, and the second is the emergence of new institutions and
actors. Understanding a borderless world, as interpreted by Richard Haass, means
that the internal affairs of any country around the globe strongly affect those of other
countries. In fact, we see that domestic and international affairs inter-linked and
inter-twined [21]. Therefore, physical borders will not be able to prevent the spread
of threats to other countries and regions, and any domestic threat in any country can
rapidly turn into a threat to all the countries around the world. In other words, the
security of any country is intertwined with that of all other countries, and essentially,
all affairs must be managed at a global level. Put differently, as stated by Joseph
Nye, even the most powerful countries such as the U.S. and China will not be able to
maintain their security alone, and substantial achievements at the international level
will not be accomplished by emphasizing slogans such as “America First” [22].

The second important point is the emergence of new international actors and
institutions. The consequences of the COVID-19 crisis showed that global health
governance requires major improvements and revisions. Despite all its endeavors,
the WHO was not very successful in fighting COVID-19. Consequently, countries
need to increase their cooperation in strengthening functional institutions. It is also
necessary to make better use of scientific achievements in making foreign policies;
i.e., the community of experts and even philanthropic institutions and individuals,
such as Bill Gates, will have more opportunity to be involved in developing long-term
policies for many countries and global institutions.

In sum, liberal internationalists believe that the global COVID-19 crisis crossed
all physical borders, and revealed this reality to human beings that future threats
will be mainly global in its nature, requiring the unwavering determination of global
actors to cooperate with each other and guarantee global access to public goods and
also to network commodities. If the world is faced with new threats, it is necessary to
use the capacities of the new actors in the framework of new cooperation structures
on the international scene. In the next section, I will examine constructivism with its
empbhasis on ideational and semantic aspects of COVID-19 crisis.

9.2.3 Constructivist Perspective

Constructivists emphasize the importance of identity, narratives, norms, and repre-
sentations in shaping international realities. It seems that the COVID-19 crisis and
its consequences have led to the formation of new international identities and norms
which can facilitate or impede international cooperation. Hence, the formation of
new transnational identities [23]. Based on the common feeling of hopelessness
facing common threats, the necessity of having integrated global rules for health, the
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possibility of developing new procedures in trade and tourism including strict public
health laws in shipping goods overseas and traveling to countries [24], and increases
in the share of virtual communications in domestic and foreign affairs are among the
most important signs of new identities and practices on the international realm that
can lead to novel forms of international cooperation between countries.

Another important aspect of constructivist explanation is the redefinition of IR
fundamental concepts such as security, balance of power, and the self/other construct.
The self/other construct under the conditions of COVID-19 has undergone a concep-
tual change. For instance, the other is no longer an adversarial threatening actor, easily
can be identified and contained. Rather, the other would be the complex mysterious
and unknown virus with a significant destructive power for all countries. Such newly
created common threat would be far more dangerous than any military operation
for the safety and security of human beings on the globe. So it is safe to say that
the COVID-19 crisis is the most important international crisis since WWII, or put
differently, it is the greatest twenty-first century crisis [25].

Moreover, the concept of security has become increasingly intertwined with
human security. In the post-COVID-19 world, security does not simply and neces-
sarily mean to maintain the physical continuity of societies. As happened to the
American aircraft carrier USS America which was infected by COVID-19 [26], it is
likely that a lethal virus can paralyze the most modern military equipment and its
personnel. Security in the post-COVID-19 world will be strongly influenced by the
resilience levels of countries in coping with unpredicted human crises. In addition,
the concept of power distribution will undergo semantic change; i.e., countries with
a high status in the hierarchy of international balance of power may exhibit a far
weaker response compared to those with lower status in this hierarchy. Therefore,
distribution of cognitive and ideational power will gain more importance than hard
power. In this context, having more power requires intelligent and smart software
preparedness in governance for coping with unpredicted threats.

Another aspect of the constructivist approach is the role of narratives and repre-
sentations in creating ideational constructs that influence the behavior of the actors.
Since the preliminary stage of COVID-19 spread, there has been a war of image
between different media in different countries to stabilize their own desired narra-
tives and representations on the origin of COVID-19, especially between the two rival
powers, i.e., the U.S. and China [26]. In the primary stage of this war, the narrative
of the main media in the Western countries was that the ancient Chinese diet can be
regarded as the main cause of this pandemic. This anti-Chinese narrative produced
a feeling of insecurity from Chinese rising power in the world.

In contrast, the second stage showed a more balance narrative on the origin of
COVID-19. According to this narrative, some Iranian, Russian, and Chinese media
and news agencies addressed the possibility of the role played by the military and
security organizations of the U.S. in building and testing COVID-19 as a biological
weapon. In this narrative, the concept of biosecurity, which means coping with the
intentional spread of destructive biological agents, is highlighted instead of biosafety,
which means tackling the unintentional spread of these agents.
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9.3 Conclusion

The main question in this article was that how and to what extent COVID-19 can
affect international cooperation/conflict. First, the history of pandemic in the world
(for example, during the ancient Greek era) and also in the twentieth and twenty-first
centuries shows that they can be contradictory on international affairs, i.e., they can
lead to both increased conflict between countries in the near term, and also, prepare
the ground for cooperation in the long-term. Then, based on the realist approach, it
was shown that the consequences of the COVID-19 crisis increase isolationism, inten-
sified government control over the society, weakened global supply chain and multi-
lateral international institutions, growth of right-wing extremist ideas, and finally,
increased conflicts between international actors in the short term. Based on the liberal
perspective, it was said that the COVID-19 crisis can strengthen the understanding of
aborderless world, common new-emerging threats and global network commodities,
and the necessity for efficient and science-based confrontation with international
crises among the international actors. This can give us the hope that cooperation
between all international actors including governments and philanthropic individ-
uals and specialist institutions for coping with common threats will increase in the
medium-term. Finally, based on the constructivist approach, the formation of new
international identities and norms in trade and international interactions and also the
changes in the IR core concepts, such as security and balance of power and self/other,
were emphasized. The COVID-19 crisis indicated that narratives and representa-
tions enjoy an important role in making international realities, and with the rising
trend in virtual and on-line communications and interactions between communi-
ties, it is expected that the role played by these narratives and representations will
become substantially greater. Consequently, from the constructivist perspective, we
can claim that the consequences of the COVID-19 crisis have led to a redefinition of
the ideational contexts of cooperation/conflict between international actors.
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Chapter 10 )
Iran’s Foreign Diplomacy During e
the COVID-19 Pandemic

Amir Mohammad Hayji-Yousefi

10.1 Introduction

Despite doubts about its ideological agenda, the Islamic Republic of Iran has adopted
arealistic paradigm in its foreign policy in maintaining national security. In its tradi-
tional sense, national security mainly encompasses the persistence of the political
system and geographical borders; however in its modern implications, as human
security, it also includes population survival. In other words, the main goals of a
country’s foreign policy should be the survival of the state and society. In the geopo-
litical competition arena, which is the traditional agenda of any foreign policy, Iran
has been facing serious security threats in West Asia. Perhaps the most important
rivalry is between Iran and Saudi Arabia over regional supremacy, but Iran’s regional
threats can be traced back to its hostile relations with Saudi Arabia, on the one hand,
and with the United States and Israel, on the other. The outbreak of COVID-19 and
its global spread since the beginning of 2020 has forced Iran’s security agenda to
focus, in addition to traditional geopolitical rivalries, on a new security threat that has
directly targeted the lives of its citizens. Accordingly, Iran’s foreign policymakers
inevitably had to take measures in order to achieve national security in the new
context.

This study seeks to examine Iran’s foreign diplomacy after the COVID-19
outbreak, particularly since March 2020, when the first symptoms of it appeared
in Iran. The question is, what steps has Iran taken to achieve its national security,
i.e., the survival of its people? In other words, what are Iran’s diplomatic measures
to protect its people against the Coronavirus and how are they evaluated?

This study’s main claim is that Iran predominantly used “naming and shaming”
diplomacy to show international sanctions, which were inhumane, more inhumane
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and brutal due to the outbreak of the COVID-19 and attract the attention of other inter-
national actors, including states and international organizations to address the issue.
At the same time, like other states, Iran adopted a domestic policy in confronting the
COVID-19, and as the role of the government became more prominent, it tried to
rely more and more on its domestic economic, scientific, and technological power to
fight against the COVID-19. The increased maximum pressure by the United States
strengthened this introspective approach and consequently, Iran’s foreign policy and
diplomacy were affected.

In order to answer our question and examine the claim raised in this study, the new
regional and international context after the outbreak of the Corona must be studied and
its features must be analyzed in order to better realize and evaluate Iran’s diplomatic
actions. On the one hand, in regional and international arenas, the Corona pandemic
has increased solidarity and sympathy among countries. Accordingly, cooperation
among countries, as well as the role of international organizations, was expected to
increase. This could have led states and international organizations to clearly express
their objection to the prolongation of international sanctions on Iran, particularly the
sanction imposed by the US. In addition, it was expected that different state parties
to the JCPOA (Iran nuclear deal) insist on the need to maintain it. However, in
the international arena, traditional geopolitical disputes extended. The decline of
the American leadership and the liberal international system, which was evident
before the COVID-19 pandemic, became more tangible. The inefficiency of the
US and European states in their initial response to the coronavirus confirmed such
weakness. At the same time, China’s role became even more important. Not only
did China promptly manage COVID-19, but it pursued an active policy through
“mask diplomacy” and intended to show that it could be a viable alternative to US
withdrawal from the leadership of the international system led by Trump.

In the West Asian region, countries are still concerned about traditional geopolit-
ical competition. The strategic competition between Iran and Saudi Arabia and the
formation of various alliances by these two major actors in West Asia have led to
an unstable bipolar system in this region in which disputing parties are constantly
seeking to maintain and expand their sphere of influence from Libya to Afghanistan.
The outbreak of the Corona pandemic made no changes in this competition. The war
in Yemen and Syria continues, and there are significant conflicts and rivalry in other
regions such as Iraq, Lebanon, Afghanistan, and the Persian Gulf.

10.2 International and Regional Systems Under
the Shadow of the COVID-19

Many international relation scholars believe that the outbreak of the Corona pandemic
has substantial and lasting effects on human life, including the international system
[1]. As aresult, three scenarios have been proposed for the future of the international
system. The first scenario is based on the continuation of past trends. Perhaps the
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expression “Back to the Future” can be applied to this scenario. This scenario, which
is more prevalent among adherents to the realist school in International Relations,
argues that the continued conflict/rivalry in the international system, particularly
between the United States and China, the continued European divergence, as well as
increased regional conflicts, especially in West Asia, and the continued weakening
multilateralism in the international organizations, will remain the most important
features of the international relations in the Corona and post-Corona pandemic era.
Kishore Mahbubani, the prominent Singaporean diplomat, believes that the COVID-
19 epidemic will not change global economic direction fundamentally but will
accelerate the move from US-centered globalization to China-centric globalization.
John Ikenbery, the prominent international relations thinker, argues that given the
economic damages and social collapse emerging as a result of COVID-19, there can
be no future for the international system other than strengthened movement towards
nationalism, competition among great powers, separation, and non-strategic cooper-
ation of governments. Generally, almost a year after the outbreak of the coronavirus,
there has been no serious change in the states’ behavior beyond what realists claim,
but Trump’s defeat in the recent US presidential election could promise the US’s
return to a more responsible role for the management of the great powers.

Using the past experiences of infectious pandemics, the second scenario is about
the positive impact of COVID-19 on international relations and systems as increased
cooperation among different actors. This view, which is more prevalent among liberal
theorists of international relations, by dividing goods into private, public, group, and
network goods, argues that immunity against COVID-19 is neither a private good
that a particular country and community, such as a given global superpower, can
insure itself against (e.g., a nuclear weapon), nor a public good provided by some
and used by others for free (e.g., security), nor a group good used by a specific
group like rich countries (e.g., NATO), rather it is a network good that the more
it is provided, the better for everyone, and it is owned by everyone or no one. In
other words, immunity against infectious diseases is a network good that even the
weakest links in the chain should benefit from; otherwise, no one can guarantee
their immunity [2]. According to the liberals, the only possible policy to counter
the COVID-19 pandemic is cooperation among states, and therefore COVID-19
pandemic can promise a participatory and cooperative order at the international
and regional systems. Although the claim that health and safety are network goods
is correct, it did not have the slightest effect on the US’s behavior and policy of
maximum pressure on Iran during the Corona pandemic.

The third scenario emphasizes the formation of a new international order and
claims that with the withdrawal of the United States and the West from the leadership
of world affairs, which shows weakness (America) and divergence (Europe) on the
one hand and China’s rise on the other, there will be a formation of a multipolar
system with an Asian flavor as a new Cold War. The transition from the Western
international system to an Asian international system with such powers as China,
Russia, and India has precedence in the international relations literature, but the new
claim is that COVID-19 will accelerate this process. Accordingly, the post-Corona
world promises a new Cold War at the international level, marked by the divergence
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of Europe, the withdrawal of the United States from world leadership, and the rise of
China. From the perspective of Iranian foreign policymakers, this scenario seems to
be closer to the current reality of the international system. This new emphasis in Iran’s
foreign policy on strategic relations with China and Russia, as well as adopting a new
version of the policy towards the East (Eurasian-ism), has become more evident.

From the author’s point of view, the current reality of international relations and
the system in the COVID-19 pandemic era can be depicted as follows. First, contrary
to widespread expectations, intergovernmental cooperation could not become a major
feature of international relations. On the one hand, the mistrust between China and
Western societies was consolidated. According to The Economist, quoting Pew,
Western countries’ trust in China has significantly declined [3]. China was accused of
hiding the outbreak of COVID-19 in Wuhan in 2020 and suppressing any revelations
by domestic or foreign forces, which has exacerbated the disease and its worldwide
spread. The Chinese government was not only forced to violate human rights in the
fight against COVID-19 and as a result, implemented some repressive policies [4] but
also imposed trade sanctions on some countries, such as Australia, which called for
a global probe into the origins of COVID-19 [5]. This led some Western countries,
particularly the United States and Trump himself, to try to call COVID-19 a Chinese
virus and to insist on its Chinese nature all the time in interviews and meetings
such as the G20 summit [6]. China, on the other hand, sought to both improve its
global image and counter the policy of its main rivals through the mask diplomacy
[7]. However, this did not weaken the international cooperation, and some countries
openly acknowledged China for its assistance in confronting COVID-19.

There were also differences among regional states. For instance, COVID-19 made
a gap among EU member states. The North European countries did not cooperate
in assisting Italy and even France, Germany and the Czech Republic prevented the
export of medical equipment to Italy. In the Persian Gulf region, however, countries
such as Kuwait, Qatar, and the United Arab Emirates sent healthcare products to
Iran. Trump’s America, as a global superpower, had no interest in playing a leading
role in resolving crises and advancing international affairs. In fact, compared to the
post-World War 1II period until 2008, the US’s international role in resolving most
of the crises since the war in Georgia in 2008 has been significantly reduced [2].
At the same time, strengthening multilateralism and international organizations for
global governance was not on Trump’s agenda, and China sought to fill the vacancy
produced by the US withdrawal from the global leadership [7]. It can be said that
the move towards a multipolar international system is quite obvious, in which the
US-Russia-China triangle will play a key role. In the West Asian region and Iran’s
immediate environment, there will be no serious change in the regional geopolitical
game in the short term, but in the long run, the United States, Russia, and China are
in favor of stability in the region, and Iran will have no choice but to take this path
and adapt its foreign policy to the requirements of this new setting.
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10.3 Iran’s Status in the International System During
Corona Pandemic

Fifty days after the corona was announced epidemic in China, Iran was the second
country to announce on February 18, 2020, that two people had died from the Coro-
navirus in Qom [8]. Iran, which was under the harshest sanctions, particularly after
Trump withdrew the U.S. from the JCPOA on May 8, 2018, faced another tragedy:
The Coronavirus. Both Iran’s economy and the lives of its people were under the
most severe threats. As a result of the US’s maximum pressure policy, which was
adopted as the main US policy towards Iran since the withdrawal of the United States
from JCPOA, Iran’s crude oil exports declined rapidly and reached below 10%
of exports before Trump’s withdrawal, and consequently, Iran’s foreign exchange
income decreased. Additionally, the value of Iran’s national currency fell by more
than two-thirds, followed by rampant inflation (41% increase according to 2019
prices) in the Iranian economy. According to the estimates, Iran’s economy during
the onset of the corona pandemic was in one of its worst conditions after the Islamic
Revolution, even compared to Iran’s economic situation after the end of the Iran-Iraq
war [9]. The new sanctions, driven by a policy of maximum pressure on the one
hand and a corona pandemic (impact on the economy by reducing production and
unemployment of millions of people) on the other, brought Iran’s economy to the
verge of collapse.

This made the Rouhani administration seek the solution inside rather than outside
Iran. Furthermore, achieving national interest through interaction with the West,
which was a roadmap in Rouhani’s diplomacy, was replaced by strengthening inter-
actions with the East, particularly neighboring countries, including closer ties with
China and Russia, strengthening Eurasianism (signing Iran’s preferential trade agree-
ment with the members of the Eurasian Economic Union (EAEU) on 27 October
2019), emphasis on trade with the East as a way out of Western trade restrictions,
emphasis on trade and regional ties with neighboring countries, and efforts to sign
preferential trade agreements with neighboring countries such as ECO [10].

10.4 Iran and “Naming and Shaming” Diplomacy

The Corona pandemic caused significant changes in conventional diplomatic
processes and practices, including the strengthening of digital diplomacy compared
to other methods and dimensions of diplomacy, and all countries, including Iran, were
forced to use digital diplomacy to achieve their goals and interests. Diplomacy that
is establishing peaceful contacts among official diplomats of different countries has
been one of the most important ways of establishing cooperation and peace in interna-
tional politics. The digital revolution has highlighted digital diplomacy, which means
the use of social media to achieve foreign policy goals, and has changed the way
information is acquired and managed, as well as the planning, decision-making, and
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management of foreign policy, including crisis management by diplomats. Although
digital diplomacy has its advantages and is sometimes considered a revolution in
diplomacy [11], it also had negative consequences, including reduced interpersonal
relationships that, according to an Iranian diplomat, is like “blood in the course
of its conventional diplomacy” (interview with Mr. Ghaebi, an Iranian diplomat in
Austria, January 6, 2021). Accordingly, the possibility of Iranian diplomats partici-
pating in bilateral and multilateral talks and vital meetings to advance the country’s
goals, particularly in the face of escalating sanctions, was reduced and this made
things more difficult for Iran (interview with Mr. Ali bakhshi, the Iranian diplomat in
Madagascar). Iran is a country that is under the maximum pressure of a global super-
power and therefore must adopt active diplomacy, therefore, face-to-face meetings,
both bilaterally and multilaterally, could better facilitate the exchange of informa-
tion in providing cooperation and peace through interpersonal communication and
creating trust. As an Iranian diplomat states, “Even countries that do not have any
problems, that is, they adopt a completely calm and conservative diplomacy, have
encountered difficulties in performing their diplomacy, let alone Iran, which is in
difficult circumstances as a result of sanctions” (interview with Mr. Alibakhshi, the
Iranian ambassador in Madagascar, October 26, 2020).

In fact, Iranian officials and diplomats, like other diplomats, have become accus-
tomed to the traditional way that is based on physical presence in negotiations, and
therefore the Corona pandemic caused a shock in diplomacy and foreign policy of
countries including Iran. The COVID-19 pandemic has made face-to-face meetings
and discussions at various levels between Iranian officials, diplomats, and envoys with
officials, diplomats, and representatives of other countries problematic and in some
instances impossible. This added to the dual problems of sanctions and the COVID-
19 pandemic for Iran. In fact, the triangle of sanctions, the COVID-19 pandemic,
and the difficulty of face-to-face negotiations made Iran’s critical situation even more
apparent. In order to reduce or mitigate the pressures of sanctions, Iran had to have
an active diplomacy. The most important thing in conducting diplomacy is to have
sufficient skills by diplomats, but Iran has had serious problems in this regard. In
other words, although Iran has had skilled and professional diplomats in different
periods, it has lacked strong diplomacy in general, and in the Corona era, due to the
need to change from face-to-face diplomacy to virtual diplomacy, it has certainly had
newer obstacles.

Apart from the diplomats’ skills, Iran should use different platforms and media
to convey its message, and the lack of balanced and fair access to them added to this
difficulty. In other words, the lack of professional diplomats who can use social media
to try to change the positions of other countries to reduce the impact of sanctions
on the one hand, and the lack of balanced and fair access to social media, mainly
in the West, on the other, shows the difficulty of implementing the foreign policy
goals of many countries, including Iran (interview with Ghaebi, an Iranian diplomat
in Austria, January 6, 2021). Lack of proficiency with digital diplomacy, particularly
lack of necessary skills to use various platforms such as Skype, Zoom, and Hangouts
as well as the impossibility of using some of these platforms by countries such as Iran
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due to US sanctions, is among examples of complications of digital diplomacy. More-
over, the stability and security of such platforms are the concern of diplomats from
different countries, such as Iranian diplomats. According to Mr. Alibakhshi, Iran’s
diplomat in Madagascar, “The issues of countries, including ours, is generally confi-
dential and not issues that can be raised via telephone, the Internet, social networks,
and cyber communications” (interview with Alibakhshi, the Iranian ambassador in
Madagascar, October 26, 2020). In his view, countries cannot raise difficult and
classified issues in public meetings, and therefore this makes it difficult to imple-
ment diplomatic relations and, consequently, the efforts towards a country’s national
goals become ineffective. One of the characteristics of diplomacy is its secrecy and
confidentiality, and therefore, the COVID-19 has made diplomacy an issue. As Mr.
Dehshiri, Iran’s ambassador to Senegal, asserts, “The Corona erareduced face-to-face
contact. Instead, the emphasis has been on cyberspace and webinars. This reduces
the intimacy of the relationships. In any case, there is no solution such as face-to-face
meetings and contacts because many classified issues are raised in face-to-face and
private meetings. However, in cyberspace, due to the possibility of hacking, the confi-
dential diplomacy has practically decreased and transparent and formal diplomacy
is more visible” (interview with Dehshiri, Iran’s ambassador to Senegal, October
25, 2020). However, according to Iranian diplomats, adopting digital diplomacy by
Iranian diplomats and officials, particularly by the Foreign Minister, Mohammad
Javad Zarif, has increased dramatically since the Corona pandemic.

The most important focus of Iranian diplomacy in the Corona era has been to
achieve goals through a “naming and shaming” policy. Many psychologists and soci-
ologists believe that shame can control our lives, and although it has unwritten rules,
people (including state leaders) use shame as a guide to action. Thus, in order not to
be ashamed, they do not commit immoral acts, such as human rights violations, or
apologize if they did something wrong [12]. “Naming and shaming” is a political tool
for punishing rivals and rewarding friends in international relations [13]. “Naming
and shaming” is expected to lead political leaders and governments to refrain from
actions that harm others. The “naming and shaming” policy is usually operated by
countries and actors that do not have much international power to force their rivals
or enemies to do what they want. In other words, “naming and shaming” is a soft
policy that seeks to provoke a type of moral atmosphere in international relations,
and the rival or enemy country will inevitably fall short due to its unwillingness to
be recognized as a violator of legal and moral rules and regulations and give up its
policy. However, this policy may not be effective for reasons beyond the scope of
this paper.

In the past year and since the start of the Corona pandemic, Iranian officials
have repeatedly tried to make US behavior, particularly that of President Trump, a
disgrace to the United States and to use the COVID-19 conditions to call for lifting
the sanctions. For instance, some of the most important speeches of Iranian diplomats
in the past year, which fall under the “naming and shaming” policy, are listed in Table
10.1.

Indeed, there is no consensus on whether adopting such a policy, “naming and
shaming” by Iran, is effective or not. However, it seems that Iran’s diplomatic efforts
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Table 10.1 Diplomatic quotations under “naming and shaming” policy
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Official

Quotation

Date

Source

Dr. Zarif, Foreign Minister of
Iran

It is essential to lift all illegal US
sanctions in order to fight against
Corona. Letter to the
Secretary-General of the United
Nations

12/03/2020

[14]

Dr. Zarif

In the midst of the Corona epidemic,
the US regime is trying to destroy
the remaining channels for paying
for medicine and food

09/10/2020

[14]

Dr. Zarif

Collusion to starve a nation is a
crime against humanity, and those
who block our money will be
brought to justice

09/10/2020

[14]

Dr. Takht-Ravanchi, Iran’s
Permanent Representative to the
United Nations

Implementing “compulsory
unilateral” measures by the United
States has “affected our economy”
and “severely exacerbated general
health conditions during the Corona
epidemic.”

09/10/2020

[14]

Dr. Zarif

Corona revealed the truth of the
oppressive sanctions to the world,
and that the sanctions on the health
of Iranians were from the very
beginning at the core of economic
terrorism and sanctions

18/03/2020

[15]

Dr. Baeidinejad
the Iranian Ambassador to the
United Kingdom

In a Twitter post: Since it is not
possible to hold a meeting with the
British media due to COVID-19, he
wrote a letter asking them to fulfill
their humanitarian duty, and while
raising public awareness about the
inhumane effects of US sanctions on
limiting Iran’s medical and
economic/financial resources to
counter Corona, calling for the
lifting of such sanctions

18/03/2020

[16]

Dr. Ghasemi, the Iranian
Ambassador to France

Iran, a large and historical country
with a rich culture, has been subject
to unilateral, illegal, inhuman, and
immoral sanctions by the United
States, particularly Trump, for many
years, and this has stopped the
exports of medical and healthcare
goods and equipment and any
financial transfer between Iran by
many countries in the world

18/03/2020

[17]

(continued)
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Table 10.1 (continued)

Official Quotation Date Source
Dr. Khatibzadeh, Iran’s Foreign | The crimes committed by the 19/10/2020 | [18]
Ministry Spokesman Americans these days will never be

forgotten by the Iranians

have sometimes led officials in countries and international organizations on the one
hand, and public opinion in countries including the United States on the other, to stand
in favor of Iran and against sanctions.' In other words, Iran’s digital diplomacy, partic-
ularly the messages of Iranian officials, was able to persuade global and domestic
public opinion (including American public opinion), which was against Trump’s
specific policies and methods, to oppose his administration’s policy of maximum
pressure and harsh sanctions against Iran. The author believes that Iran’s “naming
and shaming” diplomacy, particularly the messages by the Foreign Minister Zarif,
first of all, created an atmosphere of empathy and cooperation with Iran, which was
manifested in the speeches by the leaders of countries, especially China and Russia,
as well as many of Iran’s neighbors on the one hand, and some protests in different
countries against the US sanctions imposed on Iran on the other. Second, despite the
maximum pressure from the United States and very severe sanctions, Iran was able to
show its political, economic, and social resilience, and this enabled it in its relations
with international organizations, particularly the World Health Organization, as well
as bilateral relations with various countries to achieve some of its COVID-19 foreign
policy goals, including purchasing and importing vaccines against COVID-19. The
Security Council’s opposition to the extension of Iran’s arms embargo sanctions and
the return of sanctions on Iran on August 15 and 25, 2020, respectively, demonstrated
Iran’s active and successful diplomacy. As the former Foreign Ministry spokesman
Mr. Mousavi said, “Over the 75-year course of the United Nations history, the United
States has never been so isolated. In spite of all the travels, pressures, and ramblings,
the United States was able to attract only a small country to itself” [19].

10.5 Conclusion

Asnoted, [ran needed to engage in active diplomacy to counter international sanctions
and Trump’s policy of maximum pressure, but the outbreak of the COVID-19 and
the need to rely on distant forms of diplomacy, including digital diplomacy, were
a serious obstacle to Iranian diplomats’ efforts. However, it seems that in spite of
Iran’s structural weaknesses in digital diplomacy, in many cases Iran was able to
make its voice heard by the other parties, and through “naming and shaming” policy

! However, Mr. Amir Sherkat, an Iranian diplomat in Germany, disagrees, “The naming and shaming
policy has been part of our approach, but due to the supremacy of nationalism and national interests,
it has not affected ethics in international relations, particularly after the COVID-19 pandemic”
(interview with Amir Sherkat, an Iranian diplomat in Germany, October 25, 2020).



262 A. M. Haji-Yousefi

and using the conditions caused by the COVID-19, to achieve some of its goals in
changing the behavior of other countries and international organizations, which is a
major goal of diplomacy, in favor of Iran.
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