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ARTICLE INFO ABSTRACT

Keywords: The recent epidemic outbreak of a novel human coronavirus called SARS-CoV-2 and causing the respiratory tract
Coronavirus disease COVID-19 has reached worldwide resonance and a global effort is being undertaken to characterize the
SARS-CoV-2 molecular features and evolutionary origins of this virus. Therefore, rapid and accurate identification of pa-
gg\tgp])eig thogenic viruses plays a vital role in selecting appropriate treatments, saving people's lives and preventing

epidemics. Additionally, general treatments, coronavirus-specific treatments, and antiviral treatments useful in
fighting COVID-19 are addressed. This review sets out to shed light on the SARS-CoV-2 and host receptor re-
cognition, a crucial factor for successful virus infection and taking immune-informatics approaches to identify B-
and T-cell epitopes for surface glycoprotein of SARS-CoV-2. A variety of improved or new approaches also have
been developed. It is anticipated that this will assist researchers and clinicians in developing better techniques
for timely and effective detection of coronavirus infection. Moreover, the genomic sequence of the virus re-
sponsible for COVID-19, as well as the experimentally determined three-dimensional structure of the Main
protease (Mpro) is available. The reported structure of the target Mpro was described in this review to identify
potential drugs for COVID-19 using virtual high throughput screening.

Immune-informatics

1. Introduction acute kidney injury (~7%) [2], implying that Sars-CoV-2 may infect

various human tissues. COVID-19 is a highly infectious disease [3,4]

Coronavirus is a type of single-stranded RNA (ssRNA) virus [1]
Before the emergence of Sars-CoV-2, there are 6 known human cor-
onaviruses, including the Middle East respiratory syndrome coronavirus
(MERS-CoV) and severe acute respiratory syndrome coronavirus (SARS-
CoV). The symptoms caused by Sars-CoV-2 infection include acute re-
spiratory distress syndrome (~29%), acute cardiac injury (~12%) or

associated with high mortality [5]. SARS-CoV-2, the virus responsible
for COVID-19, is a betacoronavirus [6]. The previous name for this
virus was Sars-CoV-2. The genome of SARS-CoV-2 has been sequenced
[7,8]. The genomic sequence of SARS-CoV-2 has 96% similarity to the
bat-coronavirus and 76.5% identity to the SARS-CoV [9]. Although
there are no approved drugs or vaccines for COVID-19, some clinical
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trials are in progress [10]. Lopinavir and Ritonavir were used in pre-
liminary clinical studies [3].

Nevertheless, in the past two decades, a massive amount of work has
been done to understand the molecular basis of the coronavirus infec-
tion and evolution, develop an effective treatment in forms of both
vaccines and antiviral drugs, and propose efficient measures for viral
detection and prevention [11-13]. Structures of many individual pro-
teins of SARS, MERS, and related coronaviruses, as well as their bio-
logical interactions with other viral and host proteins, have been ex-
plored along with the experimental testing of anti-viral properties of
small compounds [14-16]. In this context, the use of bioinformatics
approaches may help fill the gap of missing data and improve the
process of knowledge discovery by elucidating molecular mechanisms
behind virus replication, the process of viral attachment to the host cells
and the effect on the host molecular pathways [17]. The final under-
standing of the molecular action of the virus may improve or accelerate
the development of anti-viral therapeutic approaches using information
and data available for other coronaviruses.

Therefore, understanding the molecular effects of this virus on
human proteins play a pivotal role in prioritizing pharmacological
strategies [18]. In this review, the crystal structure of the SARS-CoV-2
nucleocapsid N-terminal domain (termed as SARS-CoV-2 N-NTD), as a
model for understanding the molecular interactions that govern SARS-
CoV-2 N-NTD binding to ribonucleotides is described. and the unique
RNA binding site characteristics are discussed, which in turn will aid in
the development of new drugs that interfere with viral N protein and
viral replication in SARS-CoV-2, and highly related virus SARS-CoV.
Furthermore, it is attempted to propose suitable vaccine candidates by
identifying B-Cell and T-cell epitopes with computational approaches
for drug and vaccine design.

2. Structural genomics of 2019 Wuhan novel coronavirus

Structures of many individual proteins of SARS, MERS, and related
coronaviruses, as well as their biological interactions with other viral
and host proteins, have been explored along with the experimental
testing of anti-viral properties of small compounds [16]. However, ex-
perimental data of the same scale for Sars-CoV-2 may take years to
obtain by the research community. By leveraging the previously known
information on genome sequences as well as protein structure and
function, bioinformaticians have been successfully helping the virolo-
gists by structurally characterizing proteins of novel viruses, de-
termining the evolutionary trajectories, identifying interactions with
host proteins, and providing other important biological insights. In
particular, a plethora of results have been achieved through compara-
tive, or homology, modeling principles [19,20]. In addition to the
global structural genomics initiatives focusing on determining the 3D
structures of proteins on a genome-scale [21] and specific efforts on
rapid structural characterization of proteins in emerging viruses
[22,23], multiple works have used comparative modeling to predict the
structures of protein-protein interaction complexes [24-26], facilitating
structure-based drug discovery [20,27,28], inferring protein functions
[29], determining the macromolecular interaction network [30-32],
and providing molecular insights into viral evolution [33-35].

By providing a comprehensive structural genomics and inter-
actomics road-maps of Sars-CoV-2 and using this information to infer
the possible functional differences and similarities with the related
SARS coronavirus, Sars-CoV-2 has 16 predicted non-structural proteins
constituting a polyprotein, followed by 13 downstream ORFs: Surface,
ORF3a, ORF3b, Envelope, Membrane, ORF6, ORF7a, ORF7b, ORF8,
Nucleocapsid, ORF9a, ORF9b, and ORF10. The three viral species
whose proteins shared the highest similarity were consistently the
same: human SARS (SARS- Cov), bat coronavirus (BtCoV), as well as
another bat betacoronavirus (BtRf-BetaCoV) [36].
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Fig. 1. Schematic diagram of the SARS coronavirus structure. Like all cor-
onaviruses, Sars-CoV-2 consist of a minimum of three viral proteins namely
spike protein (S), a type of glycoprotein, a membrane protein (M) that spans the
membrane and an envelope protein (E), a highly hydrophobic protein that
covers the entire structure of the coronavirus. The spike (S) glycoprotein in the
coronavirus recognizes the host cell receptors and causes an important role in
viral infection.

3. RNA binding domain of SARS-CoV-2 nucleocapsid protein

SARS-CoV-2 is a betacoronavirus with single-stranded RNA gen-
omes, like MERS-CoV and SARS-CoV. The first two-thirds of viral 30 kb
RNA genome, mainly named as ORFla/b region, translates into two
polyproteins (ppla and pplab) and encodes most of the non-structural
proteins (nsp) [37]. The rest parts of the virus genome encode accessory
proteins and four essential structural proteins, including spike (S) gly-
coprotein, small envelope (E) protein, matrix (M) protein, and nu-
cleocapsid (N) protein [37,38] Current antiviral drugs developed to
treat coronavirus (CoV) infections primarily target S protein, the 3C-
like (3CL) and papain-like (PLP) proteases [39,40]. Because mutant
viruses in the S protein is prone to escape the targeted therapeutic with
different host-cell receptor binding patterns [39], as well as antibody-
dependent enhancement (ADE) effects of S protein antibodies are found
in MERS coronavirus [41], there are several limitations on targeting S
protein for antiviral approaches. Antiviral protease inhibitors may
nonspecifically act on the cellular homologous protease, resulting in
host cell toxicity and severe side effects. Therefore, novel antiviral
strategies are needed to combat acute respiratory infections caused by
this novel coronavirus SARS-CoV-2 (Fig. 1).

The CoV N protein is a multifunctional RNA-binding protein ne-
cessary for viral RNA transcription and replication [42]. It plays many
pivotal roles in forming helical ribonucleoproteins during packaging
the RNA genome, regulating viral RNA synthesis during replication,
transcription and modulating infected cell metabolism [42,43]. The
primary functions of N protein are binding to the viral RNA genome,
and packing them into a long helical nucleocapsid structure or ribo-
nucleoprotein (RNP) complex [44,45]. In vitro and in vivo experiments
revealed that N protein bound to leader RNA, and was critical for
maintaining highly ordered RNA conformation suitable for replicating,
and transcribing the viral genome [43,45,46]. More studies implicated
that N protein regulated host-pathogen interactions, such as actin re-
organization, host cell cycle progression, and apoptosis [47,48]. The N
protein is also a highly immunogenic and abundantly expressed protein
during infection, capable of inducing protective immune responses
against SARS-CoV and SARS-CoV-2 [49-51]. The common domain ar-
chitectures of coronavirus N protein are consisting of three distinct but
highly conserved parts: An N-terminal RNA-binding domain (NTD), a C-
terminal dimerization domain (CTD), and intrinsically disordered cen-
tral Ser/Arg (SR)-rich linker. Previous studies have revealed that the
NTD are responsible for RNA binding, CTD for oligomerization, and
(SR)-rich linker for primary phosphorylation, respectively [52-54]. The
crystal structures of SARS-CoV N-NTD [55], infectious bronchitis virus
(IBV) N-NTD [56,57], HCoV-OC43 N-NTD [53] and mouse hepatitis
virus (MHV) N-NTD [58] have been solved. The CoVs N-NTD have been
found to associate with the 3’ end of the viral RNA genome, possibly
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through electrostatic interactions. Additionally, several critical residues
have been identified for RNA binding and virus infectivity in the N-
terminal domain of coronavirus N proteins [58-60]. However, the
structural and mechanistic basis for newly emerged novel SARS-CoV-2
N protein remains largely unknown. Understanding these aspects
should facilitate the discovery of agents that specifically block the
coronavirus replication, transcription and viral assembly [61]. Kang
et al. [62] reported the crystal structure of SARS-CoV-2 nucleocapsid N-
terminal domain (termed as SARS-CoV-2 N-NTD), as a model for un-
derstanding the molecular interactions that govern SARS-CoV-2 N-NTD
binding to ribonucleotides. This finding will aid in the development of
new drugs that interfere with viral N protein and viral replication in
SARS-CoV-2, and highly related virus SARS-CoV [62].

4. Single-cell RNA sequencing of human tissues

Angiotensin I converting enzyme 2 (ACE2), is the host receptor by
Sars-CoV-2 to infect human cells. Viruses bind to host receptors on the
target cell surface to establish infection. Membrane proteins mediated
membrane fusion allowed the entry of enveloped viruses [63]. As re-
cently reported, both nCoV and SARS-CoV could use ACE2 protein to
gain entry into the cells [64]. Since the outbreak, many data analysis
have shown a wide distribution of ACE2 across human tissues, in-
cluding lung [65], liver [66], stomach [67], ileum [67], colon [67] and
kidney [68], indicating that Sars-CoV-2 may infect multiple organs.
However, these data showed that AT2 cells (the main target cell of Sars-
CoV-2) in the lung expressed rather low levels of ACE2 [68]. Hence, the
nCoVs may depend on co-receptor or other auxiliary membrane pro-
teins to facilitate its infection. It is reported that viruses tend to hijack
co-expressed proteins as their host factors [69]. For example, Hoffmann
et al. recently showed that Sars-CoV-2-S use ACE2 for entry and de-
pends on the cellular protease TMPRSS2 for priming [70], showing that
2019- nCoV infections also require multiple factors. Understanding the
receptors’ usage by the viruses could facilitate the development of in-
tervention strategies. Therefore, identifying the potential co-receptors
or auxiliary membrane proteins for Sars-CoV-2 is of great significance.

Although ACE2 is reported to be expressed in the lung, liver, sto-
mach, ileum, kidney, and colon, its expressing levels are rather low,
especially in the lung [71]. Sars-CoV-2 may use co-receptors/auxiliary
proteins as ACE2 partners to facilitate the virus entry [72]. To identify
the potential candidates [73], explored the single-cell gene expression
atlas including 119 cell types of 13 human tissues and analyzed the
single-cell co-expression spectrum of 51 reported RNA virus receptors
and 400 other membrane proteins. Consistent with other recent reports
[73], confirmed that ACE2 was mainly expressed in lung AT2, liver
cholangiocyte, colon colonocytes, esophagus keratinocytes, ileum ECs,
rectum ECs, stomach epithelial cells, and kidney proximal tubules. In-
triguingly [73], found that the candidate co-receptors, manifesting the
most similar expression patterns with ACE2 across 13 human tissues,
are all peptidases, including ANPEP, DPP4, and ENPEP. Among them,
ANPEP and DPP4 are the known receptors for human CoVs, suggesting
ENPEP as another potential receptor for human CoVs.

5. Receptors of human coronaviruses

The viruses target host cells via binding host receptors before en-
gaging the infection cycle. ACE2 was proved to be the cell receptor of
Sars-CoV-2, the same receptor as SARS-CoV [65,70]. The expression
profiles of ACE2 across different cell types of different organs will re-
veal clues of the virus transmission routes and its potential pathogen-
esis. In previous studies, ACE2 was found to express in the esophagus
upper and stratified epithelial cells, absorptive enterocytes from ileum
and colon, alveolar type II cells in the lung, liver cholangiocyte and
kidney proximal tubules [66,67]. These findings suggested that the
clinical symptoms of hepatic failure, respiratory injury, acute kidney
injury or diarrhoea may be associated with the pervasive ACE2
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expressing cells in these tissues.

However, we and others found that ACE2 is lowly expressed,
especially in the lung (the main target organ of nCoVs), raising the
possible existence of co-receptors facilitating nCoV infection. It is well
recognized that ssSRNA viruses tend to have multiple receptors [69]. For
example, ACE2, CD209 (Dendritic Cell-Specific ICAM-3-Grabbing Non-
Integrin 1), CLEC4G (C-type lectin domain family 4 member G) and
CLEC4M (C-type lectin domain family 4 member M) are receptors of
SARS-CoV [71,74]. Also, other membrane proteins may also assist virus
entry [63]. Since the viral receptors and co-receptors should be co-ex-
pressed on the same cell types, single-cell co-expression patterns cov-
ering 400 membrane proteins and 51 known viral receptors was ana-
lyzed [64]. After calculating gene expression similarity, they found
ANPEP, ENPEP and DPP4 are the top three genes correlated with ACE4
(R > 0.8). Interestingly, both ANPEP and DPP4 are viral receptors of
human coronaviruses [75], while ENPEP is also a peptidase, despite
that its involvement in virus infection is unclear. For mysterious rea-
sons, human coronaviruses use peptidases as their receptors [76]. In
addition, Li et al. [77] showed co-expression profiles of these mole-
cules, indicating that different human CoVs target similar cell types
across different human tissues.

6. General treatment for viral infection

Currently, there is no registered treatment or vaccine for the dis-
ease. In the absence of a specific treatment for this novel virus, there is
an urgent need to find an alternative solution to prevent and control the
replication and spread of the virus.

6.1. Nutritional interventions

Vitamin A supplementation reduced morbidity and mortality in
different infectious diseases, such as measles, diarrheal disease,
measles-related pneumonia, human immunodeficiency virus (HIV) in-
fection, and malaria, as described by Semba et al. [78]. Keil et al. [79]
had reported that vitamin B2 and UV light effectively reduced the titer
of MERS-CoV in human plasma products. Atherton et al. [80] had re-
ported that vitamin C increased the resistance of chick embryo tracheal
organ cultures to avian coronavirus infection. In addition, the decreased
vitamin D status in calves had been reported to cause the infection of
Bovine coronavirus [81]. Vitamin E deficiency had been reported to
intensify the myocardial injury of coxsackievirus B3 (a kind of RNA
viruses) infection in mice [82]. Protection D1, the omega-3 PUFA-de-
rived lipid mediator, could markedly attenuate influenza virus re-
plication via RNA export machinery [83]. Dietary selenium deficiency
that causes oxidative stress in the host can alter a viral genome so that a
normally benign or mildly pathogenic virus can become highly virulent
in the deficient host under oxidative stress [84]. The combination of
zinc and pyrithione at low concentrations inhibits the replication of
SARS coronavirus [85]. Iron is required for both host and pathogen and
iron deficiency can impair host immunity, while iron overload can
cause oxidative stress to propagate harmful viral mutations [86].

6.2. Immunoenhancers

A combination of interferon-a-2a with ribavirin was administered to
patients with severe MERS-CoV infection and the survival of these pa-
tients was improved [87]. During the SARS outbreak in 2003, In-
travenous gammaglobulin (IVIg) was used extensively in Singapore.
However, one-third of critically ill patients developed venous throm-
boembolism including pulmonary embolism despite the use of low-
molecular-weight heparin prophylactic [88]. Thymosin a-1 could in-
crease resistance to glucocorticoid-induced death of the thymocyte
[89]. Thymosin a-1 could also be used as an immune enhancer to SARS
patients and it was effective in controlling the spread of the disease
[90,91]. Thymopentin (TP5, munox), a synthetic pentapeptide
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corresponding to the active site of thymopoietin, had been shown to
restore antibody production in old mice [92]. levamisole can act as
either an immunostimulant agent or an immunosuppressive agent de-
pending upon the dosing and the timing [93]. Luo et al. [94] had
speculated that nucleocapsid protein (NP) of SARS-CoV played an im-
portant role in the process of virus particle assembly and release and it
might also bind to human cyclophilin A.

6.3. Coronavirus-specific treatments

Chymotrypsin-like (3C-like) and papain-like protease (PLP) are
coronavirus encoded protein. They have an essential function for cor-
onaviral replication and also have an additional function for inhibition
of host innate immune responses [95]. Cinanserin, an old drug, is well-
known for serotonin receptor antagonists. It could inhibit the 3 chy-
motrypsin-like (3C-like) protease and was a promising inhibitor of re-
plication of SARS-CoV [96]. Flavonoids are an important class of nat-
ural products and have several subgroups, which include chalcones,
flavones, flavonols, and isoflavones [97]. Other flavonoids (Herbacetin,
isobavachalcone, quercetin 3-B-d-glucoside, and helichrysetin) were
also found to be able to block the enzymatic activity of MERS-CoV/
3CLpro [98]. Papain-like protease (PLP) of human coronavirus is a
novel viral-encoded deubiquitinase and is an IFN antagonist for in-
hibition of host innate antiviral immune response. Diarylheptanoids is a
natural product and is extracted from the stem bark of Alnus japonica.
It was able to inhibit papain-like protease of SARS-CoV [95].

Angiotensin-converting enzyme-2 (ACE2) is a type I integral mem-
brane protein which that functions as a carboxypeptidase and is the first
human homolog of ACE. Besides, ACE2 is also a functional receptor of
SARS-CoV and it mediates virus entry into the cell through binding with
spike (S) protein [99,100]. Zhang et al. [101] reported that COVID-19
used ACE2 as a sole receptor for the entry, but did not use other cor-
onavirus receptors, aminopeptidase N and dipeptidyl peptidase, for the
entry. Blocking the binding of S protein to ACE2 is important for the
treatment of SARS-CoV infection [102]. One recombinant human
monoclonal antibody (mAb) (single-chain variable region fragments,
scFvs 80R) against the S1 domain of S protein of SARS-CoV from two
nonimmune human antibody libraries. The mAb could efficiently neu-
tralize SARS-CoV and inhibit syncytia formation between cells expres-
sing the S protein and those expressing the SARS-CoV receptor ACE2
were found by Sui et al. [103].

Chloroquine has many interesting biochemical properties including
antiviral effects. In addition, it had been used against viral infection
[104]. Emodin is an anthraquinone compound derived from genus
Rheum boosted protease inhibitor in the treatment of HIV infection.
Lopinavir (LPV) is usually combined with ritonavir (RTV) to increase
and Polygonum and it is also a virucidal agent [105]. Emodin could
significantly block the interaction between the S protein of SARS-CoV
and ACE2 [106]. Promazine, an anti-psychotic drug, shares a similar
structure with emodin. It has been found to exhibit a significant effect
in inhibiting the replication of SARS-CoV [107]. As compared to
emodin, promazine exhibited potent inhibition of the binding of S
protein to ACE2. These findings suggested that emodin and promazine
might be able to inhibit SARS-CoV infectivity by blocking the interac-
tion of S protein and ACE2. Therefore, the monoclonal antibody
(scFv80R), chloroquine, emodin, and promazine could be used as
choices for the treatment of COVID-19. Nicotianamine is an important
metal-ligand in plants [108] and it is found a novel angiotensin-con-
verting enzyme-2 inhibitor in soybean [109]. So, it is another potential
option to be used to reduce the infection of COVID-19.

6.4. Antiviral treatments
Ribavirin, a broad-spectrum antiviral agent, is routinely used to

treat hepatitis C [110]. Morgenstern et al. [111] had reported that ri-
bavirin and interferon-$ synergistically inhibited the replication of
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SARS-associated coronavirus in animal and human cell lines. Given
adverse reactions and the lack of in vitro efficacy, the use of ribavirin
should be seriously considered for the treatment of COVID-19, even in
combination with other antiviral drugs. The combination of lopinavir
(LPV) with ritonavir (RTV) is widely used as a boosted protease in-
hibitor in the treatment of HIV infection [112]. Kim et al. [113] had
also reported a successful case of MERS-CoV disease treated with triple
combination therapy LPV/RTV, ribavirin, and IFN-a2a. Remdesivir
(RDV), a nucleoside analog GS-5734, had been reported to inhibit
human and zoonotic coronavirus in vitro and to restrain severe acute
respiratory syndrome coronavirus (SARS-CoV) in vivo [114]. Recently,
the antiviral activity of RDV and IFN-f3 was found to be superior to that
of LPV/RTV-IFN-f3 against MERS-CoV in vitro and in vivo [115].
Therefore, the use of RDV with IFN-f} could be a better choice for the
treatment of COVID-19 comparing with that of the triple combination
of LPV/RTV-IFN-f. However, randomized and controlled trials are still
needed to determine the safety and efficacy of remdesivir. Yamamoto
et al. [116] had found that nelfinavir could strongly inhibit the re-
plication of SARS-CoV.

Arbidol and its derivatives, arbidol mesylate, had been reported to
have antiviral activity against the pathogen of SARS in the cell cultures
and arbidol mesylate was nearly 5 times as effective as arbidol in re-
ducing the reproduction of SARS virus in the cultured cells [117]. Nitric
oxide (NO) is a gas with diverse biological activities and is produced
from arginine by NO synthases [118]. Akerstrom et al. [119] had re-
ported that organic NO donor, S-nitroso- N-acetylpenicillamine, could
significantly inhibit the replication cycle of SARS-CoV in a concentra-
tion-dependent manner. Therefore, NO inhalation could be also chosen
as an option for the treatment of severely COVID-19 infected patients
(Table 1).

7. Prediction of potential drugs for COVID-19
7.1. Virtual high throughput screening

Computational methods can be utilized for the design and en-
gineering of drugs [120,121]. The low time requirements of computa-
tional methods are conducive for high throughput screening of avail-
able drugs to identify potential drugs for novel diseases as well as to
predict the adverse effects of novel drugs [122]. Development of novel
drugs is a time-consuming process and generally, several years of work
are required for clinical approval [121]. Drug repositioning, also known
as repurposing, is an effective strategy to combat novel diseases caused
by infectious agents that spread rapidly [123]. Drugs that have been
approved for some disease, are safe for human use, and only their ef-
fectiveness against the disease of interest needs to be established [124].
In life-threatening cases, where there is no alternative medicine or
vaccine, such a drug repurposing strategy is particularly attractive.
However, clinical trials are necessary to ensure that such treatment is
better than a placebo [125].

Lopinavir and Ritonavir were identified in earlier studies to target
the Main protease (Mpro) of SARS virus. The protein sequences of
COVID-19 Main protease (Sars-CoV-2 Mpro) and SARS-CoV Mpro are
96% identical [126]. In several early studies, the similarities in the
sequence of a potential target for COVID-19 to that of the SARS Mpro
were utilized to build a model for the structure of SARS- CoV-2 Mpro
[126]. Homology based models were utilized to screen a library of
compounds to predict that Nelfinavir, an approved antiviral protease
inhibitor, is a potential drug for COVID-19 [122]. The sequence simi-
larity of the SARS-CoV-2 Mpro to the SARS Mpro is sufficiently high to
build a good model for the structure of SARS-CoV-2 Mpro [123,127].
However, the predictions of virtual screening studies and binding en-
ergy calculations are generally more accurate if a high-resolution ex-
perimental structure of the target is available.

The recent availability of the genomic sequence of the virus re-
sponsible for COVID-19, as well as the experimentally determined
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Table 1

Treatment options available for COVID-19.
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Compounds

Virus target

Functions

Representative References

General treatments for viral infection

Nutritional interventions
Vitamin A
B vitamins
Vitamin C

Vitamin D
Vitamin E
PUFA*
Selenium

Zinc
Iron

Immunoenhancers
Interferons

Intravenous gammaglobulin
Thymosin a-1

Thymopentin

Levamisole

Cyclosporine A

Measles virus, avian coronavirus
MERS-CoV; ventilator-induced lung injury
Avian coronavirus; lower respiratory tract
infections

Bovine coronavirus

Coxsackievirus, bovine coronavirus
Influenza virus, human immunodeficiency virus
Influenza virus, avian coronavirus; viral
mutations

Measles virus, SARS-CoV

Viral mutations

SARS-CoV, MERS-CoV
SARS-CoV
SARS-CoV
hepatitis B
SARS-CoV

SARS-CoV, avian infectious bronchitis virus

Coronavirus-specific treatments

Coronavirus protease inhibitors

Chymotrypsin-like (3C-like) inhibitors

Cinanserin
Flavonoids

SARS-CoV
SARS-CoV/MERS-CoV

Papain-like protease (PLP) inhibitors

Diarylheptanoids

SARS-CoV

Spike (S) protein-angiotensin-converting enzyme-2 (ACE2) blockers

Human monoclonal antibody
Chloroquine

Emodin

Promazine
Nicotianamine
Antiviral treatments
Ribavirin
(LPV)*/(RTV)® (Kaletra)
Remdesivir

Nelfinavir

Arbidol

Nitric oxide

SARS-CoV
SARS-CoV
SARS-CoV
SARS-CoV
SARS-CoV

SARS-CoV

MERS-CoV
SARS-CoV/MERS-CoV
SARS-CoV

SARS-CoV

SARS-CoV

Prevention of lung infection.
Enhance their immune system
Act as an antioxidant

Maintaining bone integrity

Reducing oxidative stress

Anti-inflammatory and pro-inflammatory effects.
Defense against infectious diseases

Maintaining immune system
Development of recurrent acute respiratory
infections

Immune response to virus infection.

Increase of viscosity in hypercoagulable states
Increase resistance to glucocorticoid-induced death
Restore antibody production

Immunostimulant agent or immunosuppressive
agent

Treatment of autoimmune disorders

Serotonin receptor antagonist
Antioxidant effects/antiviral abilities

Anti-inflammatory, antioxidant, antitumor

Treatment of many solid tumors

Prevention of malaria in adults

Pancreatic disease, inflammatory, and diabetes
Using in paranoid and manic-depressive conditions,
To reduce the infection

Treatment of hepatitis C

Treatment of HIV infection

Treatment of Ebola virus disease and Marburg virus
Treatment of HIV

Treatment for influenza infection

Treatment of inflammatory airway disease

(Semba 1999)
(Keil, Bowen et al., 2016)
(Atherton, Kratzing et al., 1978)

(Nonnecke, McGill et al., 2014)
(Beck, Kolbeck et al., 1994)
(Morita, Kuba et al., 2013)
(Rayman 2012)

(Te Velthuis, van den Worm et al., 2010)
(Wessling-Resnick 2018)

(Momattin, Al-Ali et al., 2018)
(Lew, Kwek et al., 2003)

(Baumann, Badamchian et al., 1997)
(Duchateau, Servais et al., 1985)
(Joffe, Sukha et al., 1983)

(Luo, Luo et al., 2004)

(Chen, Gui et al., 2005)
(Diwan, Ninawe et al., 2017)

(Park, Jeong et al., 2012)

(Sui, Li et al., 2004)

(Savarino, Boelaert et al., 2003)
(Vickers 2017)

(Cauwenberghs, Feijge et al., 2006)
(Cauwenberghs, Feijge et al., 2006)

(Ksiazek, Erdman et al., 2003)
(Tsang and Zhong 2003)
(Yamamoto, Yang et al., 2004)
(Mohanasundaram and Sekhar 2018)
(Khamitov, Loginova et al., 2008)
(Robbins and Grisham 1997)

2 Omega-3 polyunsaturated fatty acid.

Y Lopinavir.
¢ Ritonavir.

three-dimensional structure of the Mpro was utilized as the target for
virtual high throughput screening [120], indicating that the results
confirm earlier preliminary reports based on studies of homologs that
some of the drugs approved for the treatment of other viral infections
also have the potential for the treatment of COVID-19. Therefore, ap-
proved anti-viral drugs that target proteases were ranked for potential
effectiveness against COVID-19 and novel candidates for drug re-
purposing were identified.

7.2. Drug and vaccine design against novel coronavirus spike protein

There is an urgent need for the development of anti-viral drugs and
vaccines against the 2019- nCov virus due to the high mortality rate of
patients. During the epidemic and pandemic outbreak of new viral
pathogens, the conventional method of development of drugs and
vaccination is not possible to control as it is a time-consuming process
[128,129]. Consequently, the rapid approach based on in-silico infor-
matics has become very popular with recent advances in the sequencing
of many pathogen genomes and protein sequence databases [130-132].
The continuous increase of patients and a high mortality rate of Sars-
CoV-2 infection highlight the urgent need for the development of a safe
and effective vaccine [133]. The aim of this is to use to computational
approach to design both anti-viral drug and vaccine candidates. The

spike protein in the novel coronavirus sequence is used to design both
anti-viral drug and vaccine candidates. For anti-viral drug design, re-
ceptor-binding protein of novel coronavirus present in the N-terminal of
spike protein is homology modelled and used as a protein receptor
[134]. 3C like proteinase (3CLpro) plays a role in viral pathogenicity
and replication by clevaging the polyprotein. The inhibitors of 3CLpro
can block the clevage reaction thereby controlling viral replication and
pathogenicity [135]. The natural inhibitors were used as ligands and
docked with homology modelled coronavirus receptor binding protein
[136]. For vaccine design, the full sequence of the spike protein of
novel coronavirus is used to predict B-cell and T-cell epitopes. The se-
lect best T-cell epitopes based on antigenicity used as peptides and
docked with human allele protein.

The computational approach is proposed for drug and vaccine de-
sign [120]. To explore suitable natural inhibitors for the N-terminal
receptor-binding domain of spike protein, the spike protein sequences
were collected from a protein database. And also they were analyzed
with various bioinformatics tools, attempting to identify suitable vac-
cine candidates by identifying B-Cell and T-cell epitopes [137]. In the
drug design, the tanshinone lia and methyl Tanshinonate were identi-
fied as natural inhibitors based on the docking score [138]. In the
vaccine design, B-cell epitope VLLPLVSSQCVNLTTRTQLPPAYTN was
found to have the highest antigenicity. FVFLVLLPL of MHC class-I allele
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Fig. 2. The overall workflow of computational drug and vaccine design by
using a novel coronavirus spike protein.

and FVFLVLLPL of MHC class-II allele were identified as best peptides
based on several alleles and antigenicity scores [139]. Therefore,
identifies natural inhibitors and putative antigenic epitopes might be
useful as effective drug and vaccine candidates for the eradication of
novel coronavirus.

7.3. Epitope-based peptide vaccine design and target site characterization
against novel coronavirus

Structural proteins are important targets for vaccine and anti-viral
drug development due to their indispensable function to fuse and enter
into the host cell [140]. SARS-CoV-2 utilizes glycosylated spike (S)
protein to gain entry into host cells. The S protein is a trimeric class [
fusion protein and exists in a metastable prefusion conformation that
undergoes a dramatic structural rearrangement to fuse the viral mem-
brane with the host-cell membrane [141,142]. The S protein includes
the receptor binding S1-subunit and the membrane fusion S2-subunit.
The S1 subunit receptor-binding domain (RDB) is specifically re-
cognized by the host receptor. When the S1 subunit binds to a host-cell
receptor, the prefusion trimer is destabilized, resulting in the shedding
of the S1 subunit, and the state transition of the S2 subunit to a stable
postfusion conformation [143]. The critical function of the S protein
can be a breakthrough in vaccine design and development.

Great efforts are being made for the discovery of antiviral drugs, but
there are no licensed therapeutic or vaccine for the treatment of SARS-
CoV-2 infection available in the market. Developing an effective
treatment for SARS-CoV-2 is, therefore, a research priority. It is time-
consuming and expensive to design novel vaccines against viruses by
the use of kits and related antibodies [144]. Thus, choosing the method
of immune-informatics is more efficient and more applicable for deep
analysis of viral antigens, B- and T-cell linear epitope prediction, and
evaluation of immunogenicity and virulence of pathogens. Among
those can be analyzed, B-cell can recognize and activate defense re-
sponses against viral infection, T-cell and antibody reactions may re-
cover extreme respiratory infection (Fig. 2).

The immune-informatics approaches to identify B- and T-cell epi-
topes for surface glycoprotein (S) of SARS-CoV-2, followed by esti-
mating their antigenicity and interactions with the human leukocyte
antigen (HLA) alleles was taken by Li et al. [145]. Four B cell epitopes,
two MHC class-I and nine MHC class-II binding T-cell epitopes, which
showed highly antigenic features were identified. Allergenicity, toxicity
and physiochemical properties analysis confirmed the specificity and
selectivity of epitopes. The stability and safety of epitopes were con-
firmed by digestion analysis. No mutations were observed in all the
selected B- and T-cell epitopes across all isolates from different loca-
tions worldwide. Epitopes were thus identified and some of them can be
potential candidates for vaccine development, as described by Li et al.
[145].

8. Conclusion

As noted before, COVID-19 has become a global concern, due to
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widespread outbreaks and lack of treatment. Therefore, it is necessary
to find and evaluate treatment methods more quickly in this case
computer methods are very effective and helpful. The predicted binding
and ranking of drugs will also be useful to interpret the results of on-
going clinical trials that are testing existing drugs for effectiveness
against COVID-19. Notwithstanding the limitations, it has been de-
scribed several diseases and traits which may be causally related to
ACE2 expression the lung, which in turn may mediate susceptibility to
Sars-CoV-2 infection. In addition, the proteome-wide MR analysis re-
vealed proteins that could lead to changes in ACE2 expression.
Subsequent drug repositioning analysis highlighted several candidates
that may warrant further investigations. We stress that most of the
findings require replications and validation in further studies, espe-
cially the part on drug repositioning. Nevertheless, it is believed that
this work is of value given the urgency to address the outbreak of Sars-
CoV-2.
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