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1 | INTRODUCTION

Abstract

The ongoing outbreak of the recently emerged 2019 novel coronavirus (nCoV), which
has seriously threatened global health security, is caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) with high morbidity and mortality. Despite the
burden of the disease worldwide, still, no licensed vaccine or any specific drug against
2019-nCoV is available. Data from several countries show that few repurposed drugs
using existing antiviral drugs have not (so far) been satisfactory and more recently
were proven to be even highly toxic. These findings underline an urgent need for
preventative and therapeutic interventions designed to target specific aspects of
2019-nCoV. Again the major factor in this urgency is that the process of data
acquisition by physical experiment is time-consuming and expensive to obtain. Sci-
entific simulations and more in-depth data analysis permit to validate or refute drug
repurposing opportunities predicted via target similarity profiling to speed up the
development of a new more effective anti-2019-nCoV therapy especially where in
vitro and/or in vivo data are not yet available. In addition, several research programs
are being developed, aiming at the exploration of vaccines to prevent and treat the
2019-nCoV. Computational-based technology has given us the tools to explore and
identify potentially effective drug and/or vaccine candidates which can effectively
shorten the time and reduce the operating cost. The aim of the present review is to
address the available information on molecular determinants in disease pathobiology
modules and define the computational approaches employed in systematic drug re-

positioning and vaccine development settings for SARS-CoV-2.

KEYWORDS
bioinformatics, COVID-19, drug target, SARS-CoV-2, treatment, vaccine

2,000,000 reported human infections and nearly 160,000 deaths

worldwide, surpassing even the number of cases caused by severe acute

On December 31, 2019, 27 cases of pneumonia of unknown etiology/
cause in Wuhan, Hubei Province of China was reported to the World
Health Organization (WHO) China Country Office (Sohrabi et al., 2020).
On 12 January 2020, the World Health Organization temporarily
named the causative virus as 2019 novel coronavirus (2019-nCoV). The

recent outbreak of 2019-nCoV pandemic has so far caused more than

respiratory syndrome coronavirus (SARS-CoV) and Middle East re-
spiratory syndrome coronavirus (MERS-CoV) combined (Huang
et al,, 2020; Hui et al.,, 2020). Coronaviruses (CoVs) are a family of RNA
viruses important in humans and numerous animal hosts of which six
are known to infect humans: 229E, OC43, NL63, HKU1, SARS-CoV, and
MERS-CoV. They constitute important infectious pathogens that cause
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severe respiratory and enteric diseases in humans and animals (Fehr &
Perlman, 2015). The seventh human coronavirus also known as the
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is
identified to be a novel deadly and highly contagious virus that quickly
spread to over 150 countries. On March 11, the WHO declared the
outbreak of a pandemic (Djalante, Shaw, & DeWit, 2020). It is well
recognized that the virus has an unusually high speed of transmission
and can survive in the environment, on different surfaces for long hours,
which poses a serious risk (Negahdaripour, 2020). Moreover, the illness
causes flu-like symptoms, and the reports show that one person in-
fected can easily infect others (J. Xu et al., 2020).

Even though coronavirus infection of humans was identified for
the first time in 1960; however, scientific research in this area grew
only following the outbreak of SARS coronavirus in the year 2003
(Drosten et al., 2003; Ksiazek et al., 2003). In spite of the reaction from
the scientific community that was instantaneous and nearly uniform, at
the current state of our knowledge, vaccines for COVID-19 seem
months or even years away (Nabel, 2013). While there is still much to
be understood about the SARS-CoV-2, considerable research efforts
have been made to yield answers to the basic questions of the SARS-
CoV-2 behavior. There is currently off-label use of antiviral drugs for
the treatment of this novel virus of coronaviruses that are not totally
effective but only partially satisfactory treatment available. There is an
urgent need for effective and specific interventions to help tackle the
growing global health burden of SARS-CoV-2. To develop an effective
care plan for SARS-CoV-2 outbreak, it is vital to find new targets for
novel therapeutic anti-SARS-CoV-2 approach. In de novo drug dis-
covery, it is fundamental to understand the molecular entities and
specific pathways driving the virus replication during infection. In this
paper, we review the available information on molecular determinants
in disease pathobiology modules. In addition, the computational ap-
proaches employed in systematic drug repositioning and vaccine de-
velopment settings for SARS-CoV-2 are described. In this procedure,
for example, instead of traditional epitope identification upon experi-
mental techniques, being costly and time-consuming (Sanchez-
Trincado, Gomez-Perosanz, & Reche, 2017), predictive computational
methods can be the key way for screening the large-scale peptide
candidates. It is hoped that the proposed methodology will open up
new avenues for the rapid identification of candidate drugs for the
potential prevention and treatment of SARS-CoV-2.

2 | PATHOGENIC HUMAN
CORONAVIRUSES

Coronaviruses are enveloped single-stranded RNA viruses with one of
the largest viral genomes found in the RNA viruses that the majority are
disease-causing agents (Pyrc, Berkhout, & Van Der Hoek, 2007). Several
phylogenetic studies subdivided the coronaviruses into four genera
known as alpha-CoVs, beta-CoVs, gamma-CoVs, and delta-CoVs, of
which alpha- and beta-CoVs are pathogenic viruses for mammals and
gamma- and delta-CoVs are known to infect mainly birds (Paules,

Marston, & Fauci, 2020). Most coronaviruses are addressed as common
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cold viruses in humans that are of zoonotic origin and cause a more
serious disease in animals (Lake, 2020). In general, the gene pools of
Groups 1 and 2 coronaviruses are thought to have originated in bats
which are the reservoir of diverse CoVs and further spread to humans
through an intermediate host or sometimes directly (Cui, Li, &
Shi, 2019). Human coronaviruses are typically associated with re-
spiratory tract diseases such as those observed in the common cold
including HCoV-229E, HCoV-NL63, HCoV-OC43, and HCoV-HKU1 and
sometimes enteric illnesses. However, the emergence of highly patho-
genic human coronavirus infections in the last two decades has greatly
illuminated their potential to cause high morbidity and mortality in
humans (Cockrell, Leist, Douglas, & Baric, 2018). The recent cor-
onaviruses SARS-CoV and MERS-CoV that are two representative
members of the genus Betacoronavirus emerged into the human po-
pulation as zoonotic infections and were the most serious endemic ill-
nesses associated with high mortality in the years 2003 and 2012,
respectively (Peck, Burch, Heise, & Baric, 2015). While no case of SARS-
CoV infection has been around since 2004, multiple sporadic cases of
MERS-CoV have been reported in different countries. Despite the low
interhuman transmissibility, MERS-CoV has been identified as an in-
fectious disease associated with high mortality rates which is about
~35% and much higher than that of SARS (~10%; Donnelly, Malik,
Elkholy, Cauchemez, & Van Kerkhove, 2019; Fong, 2017). It is likely that
discrepancy in the outcome of MERS-CoV- and SARS-CoV-infections be
explained by differential virus pathogenicity and virulence. The recently
identified SARS-CoV-2 also belongs to the same Betacoronavirus genus.
The International Committee on Taxonomy of Viruses has named the
novel strain coronavirus SARS-CoV-2, as it is very similar to the known
SARS-CoV in terms of the whole genome sequence (R. Lu et al., 2020).
SARS-CoV-2 has a genomic size of ~30 kilobases encoding several
structural and nonstructural proteins. The major structural proteins,
which form the viral particle, include spike (S), envelope (E), membrane
(M), and the nucleocapsid (N) protein. Preliminary studies show that the
SARS-CoV-2 full-length genome is quite similar to SARS-CoV (P. Zhou
et al., 2020). However, as more data become available, the SARS-CoV-2
is undoubtedly distinct from SARS-CoV and from other bat origin cor-
onaviruses and thus it is imperative to understand the novel coronavirus
demanding immediate treatment to develop effective interventions
targeting SARS-CoV-2. In the next phase, researchers and vaccine
companies will further develop new vaccines for controlling and pre-
venting this highly pathogenic virus.

3 | THERAPEUTIC OPTIONS FOR
2019-nCoV

3.1 | Perspectives on targeting “structural” proteins
of COVID-19

There is currently no approved treatment for COVID-19 in humans,
and up to now, a number of antiviral treatments such as ribavirin,
primarily have been used based on the experiences from SARS and

MERS medication (Singhal, 2020). In addition, using chloroquine



GHAEBI €T AL

9100 Journalrof:
—I_Wl B2 & Cecllular Physiology

phosphate, an old antimalarial drug, is found with limited success in
patients with COVID-19 (Gao, Tian, & Yang, 2020). 2019-nCoV is
genetically closely related to SARS coronavirus (about 79% identity)
and MERS-CoV (about 50%) but more similar (with 88%) to two bat-
derived SARS-like coronaviruses (R. Lu et al., 2020). This virus is
found to be a bat CoVs of the genus Betacoronavirus, however, has
displayed large genetic distances to its close relatives to be con-
sidered a new human coronavirus. However, the modeling study did
indicate a similar structure in receptor-binding domain (RBD) of
2019-nCoV to that of SARS-CoV with variations at some key amino
acid residues. Emerging evidence suggest that 2019-nCoV might be
bound to the SARS-CoV receptor angiotensin-converting enzyme 2
(ACE2) as a functional cell receptor in human (R. Lu et al., 2020).
Clinical features of 2019-nCoV-infected patients indicate multiple
organ failure in addition to pneumonia. ACE2 acting in a first key step
of 2019-nCoV infection may help explain the clinical features of
other systems observed in these patients. ACE2 is expressed ex-
tensively in the endothelium of the heart, liver, kidney, testis, and
intestine (M. Yang, Zhao, & Zhang, 2020) and 2019-nCoV may
probably infect any tissues where ACE2 is available. The ongoing
works dissecting genetic molecular interactions highlight that
SARS-CoV-2 differ in several critical residues at RBD (particularly
GIn493) from other SARS strains leading to high-affinity interactions
with ACE2 receptors, being significantly more contagious than those
other viruses as a result (Wan, Shang, Graham, Baric, & Li, 2020). One
prophylactic and therapeutic strategy can be through the competi-
tive inhibition of the ACE2 receptor binding of 2019-nCoV by using
an agent that can target the receptor (M. Yang et al., 2020). The
molecular docking results revealed the binding of the five natural
compounds including Scutellarin, Nicotianamine, Hesperetin, Baica-
lin, and Glycyrrhizin to the ACE2 receptor confirming antivirus ef-
fects of these agents for preventing 2019-nCoV disease (H. Chen &
Du, 2020). Alternatively, the high identity between 2019-nCoV and
SARS-CoV raised the possibility of cross-reactivity of SARS-CoV-
specific antibodies with 2019-nCoV spike protein (S-protein). The
modeling results validate the potential interaction between the RBD
in S-protein of 2019-nCoV and certain anti-SARS-CoV antibodies and
suggest that SARS-CoV-specific human monoclonal antibody,
CR3022, but not the other SARS-CoV antibodies (e.g, m396,
CR3014), may be effective in neutralizing 2019-nCoV and blocking
its cell infection (Tian et al., 2020). At present, numerous attempts
are being made to develop monoclonal antibodies that are specific
and effective against 2019-nCoV. There may be more similarities in
the mechanisms of cell entry for 2019-nCoV and SARS-CoV which
employ ACE2 as entry receptor and the cellular serine protease
called transmembrane protease, serine 2 for activating S-protein for
host cell entry (Hoffmann et al., 2020) which might hopefully work as
candidate therapeutic target for anti-2019-nCoV intervention
(Hoffmann et al., 2020). Thus, in this context, serine protease in-
hibitor camostat mesylate that is approved for human use in a dif-
ferent indication may provide an effective therapeutic option for the
treatment of 2019-nCoV-infected patients (Kawase, Shirato, van der
Hoek, Taguchi, & Matsuyama, 2012; Y. Zhou et al., 2015). In another

effort to limit 2019-nCoV infection, furin inhibitors have been re-
ported to develop as a specific antiviral treatment (Coutard
et al, 2020). As the priming of viral envelope glycoproteins (such
spike [S] protein) by the proteases of the target cells is essential for
cell tropism and pathogenicity of virus, the efficacy and extent of this
cleavage event may have implication in the development of antiviral
agents. Human furin is a protease highly expressed in lungs, which
cleaves the 2019-nCoV S-protein at a specific conserved site absent
in SARS-CoV sequences (Bassi, Zhang, Renner, & Klein-Szanto, 2017)
and thereby generates mature infectious virus particles. Overall,
because of the fact that S-protein relates to degrees of pathogenicity,
transmissibility, and pandemic potential, S-protein-based antiviral
therapies offer an attractive and seemingly efficient modality into the
area of anti-nCoV treatment (Jiang, He, & Liu, 2005; X. Li, Geng,
Peng, Meng, & Lu, 2020). Treatment regimens based on the use of
S-protein-based therapeutics include antagonists of RBD-ACE2 in-
teraction, inhibitors of S-protein cleavage proteases, neutralizing
antibodies, S-protein inhibitors, and small interfering RNAs (Malik
et al.,, 2020). Nevertheless, a potential concern for the treatment of
COVID-19 infection is the emergence of drug resistance by the rapid
genomic evolution of virus during therapy. The higher risk of drug
resistance has most often been noted to occur when targeting single
virus proteins (Zumla, Chan, Azhar, Hui, & Yuen, 2016). Even though
these therapeutic strategies have demonstrated in vitro efficacy,
they have not undergone animal or clinical testing so far and may,

therefore, be of limited use in our present COVID-19 problem.

3.2 | Perspectives on targeting “nonstructural”
proteins of COVID-19

It is indicated that the key to the development of new drugs able to
control the cause of the recent outbreak of the deadly viral pneumonia
in China requires the identification of a conserved target region within
the whole Coronavirus genus (H. Yang et al, 2005). Despite all
structural proteins including S, E, M, and N proteins, nonstructural
proteins (NSPs) withstand considerable sequence variation among
different CoVs (Woo et al., 2005). NSPs responsible for viral replica-
tion and transcription may be adopted to target CoV. The SARS-CoV
encodes 16 NSPs as potential virulence factors. Among these NSPs, an
RNA-dependent RNA polymerase (RdRp), the NSP12, which is the
central subunit of the CoV replicative machinery and its essential
cofactors NSP7 and NSP8 play a crucial role in the replication of the
SARS-CoV genome (Kirchdoerfer & Ward, 2019; Subissi et al., 2014).
Accordingly, there should be possibly interference with the binding of
NSP7 or NSP8 to NSP12 to inhibit the RdRp activity of NSP12 for the
development of novel antiviral agents. As the comparative analyses of
their amino acid sequences show high similarity with NSP7 (98.8%)
and NSP8 (97.5%) of SARS-CoV (Ruan et al., 2020), screening for
compounds disrupting NSP12-NSP7-NSP8 complex may evolve as
novel therapies of SARS-CoV-2. Based on virtual screening
and docking methods, seven compounds (Saquinavir, Tipranavir,

Lonafarnib, Tegobuvir, Olysio, Filibuvir, and Cepharanthine) have been
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suggested to have potential as efficacious new inhibitors of virus re-
plication process (Ruan et al., 2020) offering more opportunities for
clinical assessment of anti-SARS-CoV-2 drugs.

Usually, beta-coronaviruses produce a ~800 kDa polypeptide that
is posttranscriptionally cleaved at certain processing sites into sepa-
rate subunits. The papain-like protease and 3-chymotrypsin-like pro-
tease (3CLP™) are main proteases usually responsible for this
proteolytic processing to generate various NSPs and are thus im-
portant for viral replication (Anand, Ziebuhr, Wadhwani, Mesters, &
Hilgenfeld, 2003). Recent studies revealed that 3CLP™ is conserved in
SARS-CoV-2 having 12-point mutations identified in the receptor-
binding site that affects its binding ability to some medicinal plant
compounds already used to treat viral diseases like inhibitor of
SARS-CoV 3CLP™ named ML188. Therefore, further optimization and
drug development efforts were made to develop new compounds to
inhibit SARS-CoV-2 3CLP™ and the results identified nine novel nat-
ural compounds predicted to bind with the receptor-binding site of
SARS-CoV-2 3CLP™ which possess therapeutic activities (ul Qamar,
Algahtani, Alamri, & Chen, 2020). These investigations lack experi-
mental validation, and to further address this anti-COVID-19 drug
discovery with putative clinical application, more in vitro and in vivo
studies are required. The enzyme Nspl13 helicase another potential
target in the viral replication apparatus has been investigated in SARS-
CoV-2 and could be structurally characterized by computational
methods. Its nucleotide sequence predicted a protein of 596 amino
acids. Similar to previous reports, molecular dynamics simulations to-
gether with virtual screening efforts were applied to identify the in-
teraction profile of important binding site residues of SARS-CoV-2
Nsp13 helicase and potential therapeutic small molecules to find po-
tent and selective inhibitors against SARS-CoV-2 (Mirza &
Froeyen, 2020). In silico predictions were used for determining ADME
parameters of the identified potential hits against SARS-CoV-2 Nsp13
target, such as absorption, distribution, metabolism, elimination, toxi-
city (ADME-Tox) and resulting top hits were selected following
removal of hits that exhibited poor ADMET-Tox found to contain high-
risk chemical groups (Mirza & Froeyen, 2020).

To improve control strategies, the research studies have at-
tempted to develop effective treatments and prophylactic strategies
including vaccination. Considering the cost per cured subject, vacci-
nation appears more favorable. Alternatively, with rising morbidity
and death rates, the benefit of the vaccine in reducing the disease
burden will be higher. For this, the rest of the review will focus on
what is known about the development of vaccine against COVID-19.

4 | VACCINE DEVELOPMENT AGAINST
COVID-19 CORONAVIRUS

4.1 | Multiple vaccine platforms against COVID-19
coronavirus challenge

Vaccine efficacy depends largely upon the vaccine target and

platform. Among all platform technologies, whole-virus such as
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live-attenuated viral vaccines, and killed whole virus vaccines, sub-
unit vaccines, plasmid-based DNA vaccines, RNA replicons, and virus-
like particle have been developed to induce protective responses to
viral infections (Anthony & Fauci, 2018). Choosing a suitable vaccine
platform is especially challenging and important to ensure both ef-
ficacy and safety. Vaccine strategy that uses inactive viruses is a
classic formula for viral vaccination (W.-H. Chen, Strych, Hotez, &
Bottazzi, 2020). In some cases, vaccination with live virus cause
complications including lung destruction and pulmonary im-
munopathology in mice such as infiltration with eosinophils (Tseng
et al, 2012). Multiple platforms are under development and/or in-
vestigation. DNA- and RNA-based platforms have great potential for
speeding up the research related to this field. The genetic vaccines
can be made quickly requiring no culture and facilitate rapid testing
allowing for more rapid development of vaccine (Lurie, Saville,
Hatchett, & Halton, 2020). This is particularly important because a
major problem is the time it takes to produce a vaccine. Since the
genetic sequence of the 2019-nCoV became available in early
January, some companies have made significant steps forward in the
early development of a vaccine for COVID-19. Inovio Pharmaceu-
ticals in San Diego funded by the Coalition for Epidemic Prepared-
ness Innovations (CEPI) began animal testing of a COVID-19 plasmid
DNA vaccine called “INO-4800" in February 2020 and this vaccine
candidate is currently under early-stage phase | clinical evaluation
(Challener, 2020). Already, a messenger RNA vaccine expressing the
stabilized S-protein of COVID-19 has been made and is being tested
in a Phase | dose escalation study by Kaiser Permanente Washington
Health Research Institute (KPWHRI; Cohen, 2020). Within a short
period of time, at least 62 projects (list of April 4, 2020) have begun
vaccine research against COVID-19. Although each vaccine product
must pass through several stages before application in the clinical
setting, new technology and previous experience with vaccine against
related viruses make an enormous acceleration of the process pos-
sible. This is apparently shown by the results reported by some
leading companies and research groups that have made the most
progress in their projects. These include the projects that have
already entered the clinical testing phase for vaccine against
COVID-19 infection (see Table 1) or plan to do so within a few
months (Table 2).

Although the virus's S-protein is considered a promising im-
munogen for inclusion in a nucleic acid COVID-19 vaccine, there
continues to be debate over the best approach to ensure optimal
immune response. For example, in the current debate, target antigen
design in a full-length protein or the receptor-binding domain is
challenging (Lurie et al., 2020). However, several areas of consensus
that are herein disclosed have emerged in this area. Beginning from
the basics, it has been demonstrated that immune response to cor-
onavirus infection or vaccination involves early neutralizing im-
munoglobulin G (IgG) antibody response against viral surface
proteins (Zand & Wang, 2020). There is also some evidence that
coronaviruses make use of certain antibodies for entry to the cell as
an alternative mechanism of target cell binding (Wan et al., 2020).

The phenomenon called antibody-dependent enhancement (ADE) of



GHAEBI €T AL

9102 Journalrof:
—I_Wl B2 & Cecllular Physiology

*J33UdD) YdJeasay audeA s,aIvIN ‘DY¥A
{Z SNJIABUOJOD SWOIPUAS AJojedidsal 91Nde 919A3S ‘Z-A0D- SHVS (WNY J98uUassaw ‘YNYW DINHISUl “Isu| ‘9seas|p SNIIABU0J0D ‘QIAOD ‘Auedwod “02) ‘s|j2d Suiuasald-uagijue [edijIIe ‘SDJVE :Suoljeinaiqqy

S[192 DdVe du1dads-uadoyied

SJ199JUN|OA sujewop uja3o.4d 3y} 03} Sauas|ulwW [eJIA 3y}
0z0Z ‘6 aAlysod-4T-AIAOD aseajoud pue pue saua3d AJoje|npow-aunwwi 21N31Isu| [ed1paIA
¥¢L66CY01ON YaJenN pue Ayjjeay 00T |eIN3ONUIIS PaAISSUOD) | seyd Sulpnpul UOIEDLIPOW SNUIAIRUST 2dVve/61-AINOD aunww|-ousg usyzusys
$199JUN|OA ose BUIIJEA |92 ] JIX0303AD
0202 ‘6T aAIlsod-4T I 4d suagiue 4T-AIA0D Suissaidxa Jads-uadijue 21N313SU| [BIIP3IN
9689/LC¥01DON Aleniga -pinoD pue Ayleay 00T | @seyd 03 saudBIUIW dNIINS [eJIAIJUST  pue dulddeA DA-dNINS-AT suNuww|-ousH usyzusys
uszoud ajids Z-A0D-SHVS
0202 ‘LT sjuedidijied ss2.4dxa 0] J0329A 3y) se G adA]
LCTETEYOLON YaJenN Ayzjesy 80T uszo.d ax1ds | seyd SNJIAOUSPE dAI323)3p-Uoijedl|day ANODU-GPY ouisued
C-N\OD-SHVS
0z0Z ‘LT sjuedidijed papulig-9|3uls J0 upa304d a1ds ay3 Supnpoud
909¥CEY0LON YaJe Ayesy 0TS uiajoud ajids 1I/1 3seyd 40 3|qeded sn.irouspe pajenually 6T-AODU TXOPVYD pJoJxQ Jo Aysianiun
O0TY9€EY0LON  020Z ‘9 Iudy  sjuedidinied Aylesy of | seyd aulddeA paseq-yYNd V 008%-ONI S[ed13nadeulieyd olAou|
0202 ‘€ uia304d dUIDJBA paseq-yYNyw
T9¥€8¢¥0LON Yodely  sjuedidired Ayijesy Gi jids Jo uoiod v | seyd paje|nsdesus-ajoipedoueu pidi| v €LCT-VNYW EUISPOIN pue DYA
‘ON el [edtul)d ajep jiels sjuedidiyied jo "'oN uasijue jo8.1e )| Apms A3ojouyda | w.ojjeld sudep ‘Jsuj 40 ‘0D
Apms

Z-\0D-SHVS Isulese saulodeA Jo sjery [edu SuioSuo T 319VL



GHAEBI ET AL

TABLE 2 Top COVID-19 vaccine candidates undergoing preclinical testing

Co. or Inst.

Sanofi and GlaxoSmithKline (GSK)

Novavax

Vaccine platform

A recombinant DNA vaccine
expressed in baculovirus system

Protein nanoparticle technology

Target antigen

Spike protein COVID-19 antigen

Antigens derived from the spike

Journal-of 9103
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Expected time to
enter clinical trial

In the second half
of 2020

In late spring of 2020

platform

NuGenerex Immuno-Oncology (NGIO) Synthetic peptide

Johnson & Johnson and Biomedical
Advanced Research and Development
Authority (BARDA)

vaccine

Serum Institute and Codagenix Live-attenuated vaccine

Clover (Sichuan) Biopharmaceuticals COVID-19 S-Trimer

Altimmune and University of Alabama at AdCOVID

Birmingham (UAB)
MIGAL Galilee Research Institute

Recombinant adenovirus-based -

Avian coronavirus Infectious

protein+ saponin-based Matrix-
M™ adjuvant

Spike protein -
In September 2020

_ Be market ready
by 2022

Combined with CpG 1018, a -
proprietary TLR9 agonist
adjuvant

- In the third quarter
of 2020

Bronchitis Virus (IBV) vaccine

Tonix Pharmaceuticals TNX-1800

Vaxart

Applied DNA and Takis Biotech

Vaxart's COVID-19 oral vaccine

Linear DNA synthetic gene

Live horsepox virus vaccine -
expressing a COVID-19 protein

In the second half
of 2020

Different SARS-CoV-2 antigens
combination

Abbreviations: Co., company; CoV, coronavirus; Inst., institute; SARS -CoV-2, severe acute respiratory syndrome coronavirus 2; TLR9, toll-like receptor 9.

Source: (Hodgson, 2020).

virus infection is thought to occur when antivirus antibodies attach
surface viral antigens and subsequently cause uptake of the virus-1gG
complex via the Fc family of receptors leading to viral infection of
cells expressing Fc receptor including macrophages, monocytes, B
cells, and vascular endothelium which may contribute to disease
severity (Wan et al., 2020). Binding of 1gG subclasses 1gG1 and 1gG3
targeting the receptor-binding domain of coronavirus S-protein
function as a mechanism for viral inactivation and clearance, at the
same time provides a route for viral persistence via ADE and can
cause severe disease by induction of cytokine storm through a me-
chanism that depends on these enhancing antibodies (as illustrated in
Figure 1; Jaume et al., 2011; X. Li et al., 2020). Importantly, specific
protein sequences responsible for ADE have been recognized on the
S-proteins of SARS and COVID-19 coronaviruses (Wang et al., 2016).
It is also clinically demonstrated that sera from SARS patients ap-
parently contain both neutralizing IgG antibodies and those that
cause ADE (Wang et al,, 2016). This is particularly important when
modeling optimal vaccine strategy for reducing severe disease. Of
note, within the different vaccine types (except for live-attenuated
virus vaccines), the general goal is to induce adaptive immune re-
sponse against S or N viral proteins and also the increase in high-
affinity 1gG production is of the utmost importance for planning

vaccine actions. These data collectively suggest that one approach

may be to manipulate and modify the protein sequences to disable
the potential for ADE if possible (Zand & Wang, 2020). In addition,
given that such an adverse effect may be associated with T helper
type 2 (Th2) immune responses, extended human safety testing will
be critical. To this point, using a suitable adjuvant with a capacity to
trigger a type 1T helper (Th1) response and high neutralizing anti-
body titers, theoretically, is likely to be protective to avoid im-
munopathology (Lurie et al., 2020). It worth noting that the use of an
adjuvant in the vaccine is a reasonable approach in a pandemic that
may substantially reduce the amount of vaccine material required for
immunization. Owing to the limited worldwide production capacity
for vaccine, this strategy will allow more vaccine doses to be pro-
duced for widespread vaccination of populations and therefore
contributes to protection of more people (Hotez & Bottazzi, 2020).

The E protein has also been proposed as an attractive vaccine
target for developing live-attenuated vaccines, which is based
on prior studies of related coronaviruses that cause MERS and
SARS-CoV (Almazan et al., 2013). For both SARS and MERS-CoV, the
construction of an attenuated virus deleted in E protein could result
in a replication-competent but propagation-defective virus that
supports the efficacy of the attenuated viruses as vaccine candidates
(Almazan et al., 2013). Deletion of E protein can be accomplished to

2019-nCoV and it is expected to lead to a similar breakthrough given
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FIGURE 1 The putative neutralizing and infection-enhancing antibody response to human SARS-CoV-2 virus infection. The host's immune
response elicited by either natural infection or vaccination targeting a surface antigen influences the proliferative activity of live virus through
antibody-mediated mechanisms. Infected individuals develop specific antibodies capable of neutralizing the ability of virus to enter certain cell
types. These neutralizing antibodies to the viral envelope can protect against reinfection with SARS-CoV-2. In addition, nonneutralizing
antibodies to the viral surface proteins provide no protection against viral challenge and potentiate the uptake of virus particles by Fc
receptor-bearing cells including macrophages, monocytes, B cells, and endothelium cells leading to viral persistence. The so-called enhancing
antibodies have substantial effects through antibody Fc-mediated effector function which amplify the overwhelming cytokine storm and,
potentially, exacerbate disease pathologies. This phenomenon is called antibody-dependent enhancement (ADE) of infection. The role of
infectivity-enhancing antibodies raises issues about the development of SARS-CoV-2 virus vaccines and the use of passive antibody therapy.
This is perhaps an important challenge in SARS-CoV-2 vaccine research. The goal of the current vaccine research programs should be therefore
to develop antibodies for the virus eradication. Ab, antibody; IgG, immunoglobulin G; SARS -CoV-2, severe acute respiratory syndrome
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its phylogenetic clustering with human SARS-CoV E protein (Ralph
et al., 2020).

As reported, the long-term immunologic outcomes of SARS
survivors have been correlated with antiviral antibody responses that
persisted for up to 6 years after infection and T cell responses de-
tectable for as long as 11 years (Tang et al, 2011). In a research
published in 2016, a novel subunit vaccine based on a native con-
formational epitope from a MERS-CoV envelope glycoprotein was
first developed (Tai et al., 2016) and gave encouraging results that
trimeric form of MERS-CoV spike receptor-binding domain is capable
of inducing protective immunity in a human DPP4 transgenic
(hDPP4-Tg) mouse model. This vaccine candidate containing residues
377-588 of MERS-CoV S-protein was shown to adhere the cell-
associated DPP4 receptor and block MERS pseudovirus entry into

target cells displaying high cross-neutralizing activity of the epitope

that give rise to the therapeutic efficacy of the vaccine. Therefore,
learning from the study of SARS- and MERS-CoVs, it should be noted
that a protective immune response from a vaccine must lead to
antibody-dependent or -independent virus neutralization and potent
cytotoxicity.

4.2 | Vaccine design against 2019-nCoV; the
current efforts of immunoinformatics approach

It is best to use vaccines to protect healthy individuals from infection
as well as create herd immunity and to reduce the burden on health
services. The rapid global spread of COVID-19 prompts the urgent
action to control the public health risk of this novel coronavirus. For

this purpose, applying analysis tools and databases, several modeling
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approaches have been carried out to elucidate the genetic and an-
tigenic properties of the virus to accelerate novel vaccine design.
Peptide-based vaccines have received more attention due to their
ease of production by the chemical synthesis of dominant protective
epitopes (Dudek, Perlmutter, Aguilar, Croft, & Purcell, 2010). Just as
neutralizing the free virus particles before cell entry is required to
prevent cells from being infected by COVID-19, rational vaccine
design strategies based on the characterization of epitopes on the
most exposed protein of the virus that can be recognized by B cell
antibodies and T lymphocytes may be able to overcome the ongoing
outbreak. Using immunoinformatics approach to find protein epi-
topes for vaccine development against COVID-19 infection, several
putative immune epitopes (including YLQPRTFLL, GVYFASTEK,
EPVLKGVKL, VVNQNAQAL, WTAGAAAYY as potential CTL epi-
topes, and CVNLTTRTQLPPAYTN, NVTWFHAIHVSGTNGT, and
SFSTFKCYGVSPTKLNDL peptides as B cell/antibody epitopes) from
surface glycoprotein of 2019-nCoV were identified (Baruah &
Bose, 2020). These assessments need to be followed to ensure work
with related antigens in vaccine development attempts for
preventive strategy of the novel virus. Interestingly, modeling of
COVID-19 glycoprotein could describe multiple epitope specificity of
cytotoxic T cells (CTL) and B cells generating immune responses to
COVID-19 and when compared with CTL epitopes predicted in the
S-protein of MERS-CoV, revealed one overlapping peptide epitope,
but no comparable epitopes with SARS-CoV were detected (Baruah
& Bose, 2020). This is an important issue because even though
the genomes of COVID-19 share better sequence homology with
SARS-CoV and despite greater genotype distance from MERS-CoV
(X. Xu et al.,, 2020), it may exhibit similar immunogenicity with MERS-
CoV which may contribute to the immunopathological outcomes.
Nevertheless, delineating peptide-binding properties of MHC/HLA
molecules, to which peptide antigens are attached, is also crucial to
examine subunit vaccine efficacy. Antigen presentation by MHC
molecules is essential to immune responses mediated by CD4+ and
CD8+ T cells. In essence, the characterization of the corresponding
HLA alleles can take a step toward designing T-cell-based vaccines.
For that, common epitopes of four structural proteins of 2019-nCoV
and the dominant HLA-DR alleles prevalent in the five ethnic popu-
lations were mapped using molecular modeling techniques with the
Immune Epitope Database and Analysis Resource consensus tool and
the results illustrated eight high-affinity epitopes in the functional
regions of the S and membrane proteins of the 2019-nCoV strain
Wuhan-Hu-1 recognized by HLA-DR. Furthermore, the authors sug-
gested that the administration of these immunodominant epitopes
from 2019-nCoV, as a multiepitopic peptide vaccine, able to provide
protective antiviral antibody and T-cell responses may represent a
universally potent subunit vaccine effective in different ethnic po-
pulations (Ramaiah & Arumugaswami, 2020). In another study,
bioinformatic analysis recognized various B-cell and T-cell epitopes
within the 2019-nCoV surface glycoprotein. A wide variety of se-
quential linear B-cell epitopes and candidate T-cell epitopes with
MHC-I and MHC-II binding affinity were initially obtained. However,
the antigenicity analysis pointed out that only 13 MHC-I epitopes
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and 3 MHC-II epitopes had the antigenic propensity (Bhattacharya
et al., 2020). Furthermore, of the S-protein oligopeptides, the most
immunogenic and uniquely viral epitopes were identified through
comparative Homo sapiens-coronavirus proteome analysis. Using the
Peptide Match program, the 2109-nCoV and the human proteomes
were compared and searched for viral peptides that are absent in
the human proteome to increase antiviral specificity and minimizing
the risk for cross-reactions (Lucchese, 2020). A total of 66 non-self
sequences in the virus genome were obtained as a result that re-
presents the best targets for vaccine development due to their
potential for immunogenicity (Richman, Vonderheide, & Rech, 2019).
In addition, the identification of the potential T cell epitopes of the E
protein of SARS-CoV-2 proposed three peptides of YVYSRVKNL,
SLVKPSFYV, and LAILTALRL with high binding affinity to MHC-I
molecules as promising vaccine candidates for COVID-19 (Abdel-
mageed et al., 2020).

Previous experience with developing anti-SARS coronavirus
vaccines, since the last pandemic nearly 17 years ago, have opened
the doors to rationally develop vaccine approaches designed to
counter the COVID-19 pandemic. Preliminary studies suggest that in
convalescent SARS-CoV patients, immune protection is mainly as-
sociated with T cell responses against structural (e.g., the S and N
proteins) rather than nonstructural CoV proteins, indicating that
T-cell epitopes in SARS-CoV structural proteins have been found to
be the most immunogenic as compared with the nonstructural pro-
teins (C. k.-f. Li et al., 2008). The authors claim that immune targeting
of SARS-CoV-derived B cell and T cell epitopes that map identically
to SARS-CoV-2 proteins may offer substantial protection against the
new virus (Ahmed, Quadeer, & McKay, 2020). What strengthens
the idea is that the determined epitopes comprise no mutations in
the available SARS-CoV-2 sequences (Ahmed et al., 2020).

Since genomic variations of the pathogen have significant clinical
consequences, the genetic diversity of SARS-CoV-2 and strategies to

develop vaccine candidates are described in detail in the next section.

4.3 | The genetic diversity and rapid evolution of
SARS-CoV-2: Impact on treatment and vaccine
development

One hypothesis is that the rapid spread of SARS-CoV-2 may be due
to its evolution driven by viral mutations. Understandably, the
evolution of RNA viruses continues to occupy a great deal of at-
tention (Dolan, Whitfield, & Andino, 2018). The rapid evolution of
RNA viruses that utilize a highly divergent RNA-dependent RNA
polymerase is often more evident than those of DNA-based viruses.
In fact, enormous genetic diversity is a critical determinant of their
adaptative capacity (Lauring, Frydman, & Andino, 2013). Nucleotide
substitution in DNA is often involved as one of the most important
mechanisms provoking viral evolution in nature (Lauring &
Andino, 2010). In the last few months, genome-sequencing projects
have been conducted by the worldwide scientific community to

understand the evolutionary dynamics and characteristics of this
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virus. A comprehensive assessment using whole-genome sequen-
cing discovered 93 mutations comprising 42 missense mutations
across the entire genomes of SARS-CoV-2 (Phan, 2020). Among the
viral proteins, all the major nonstructural and structural proteins
showed missense mutations and most variations occur toward the
ORF1ab polyprotein (29 missense mutations) and in the spike sur-
face glycoprotein (eight missense mutations). Specifically, three of
these mutations were positioned in the receptor-binding domain of
spike surface glycoprotein (in residues: D354, Y364, and F367) and
were expected to affect its conformational changes that probably
lead to antigenic variation and the loss of binding to antibodies
against S-protein. Of note, no mutations were detected in the en-
velope (E) protein of SARS-CoV-2 (Phan, 2020). A comparison of
10 genomic information obtained from 2019-nCoV samples suggest
that the 2019-nCoV genomes would likely have low heterogeneity
(R. Lu et al., 2020). Data from 56 genomic sequences of distinct
patient infected with 2019-nCoV (showing >99% sequence identity)
have reported two hypervariable genomic hotspots and confirmed
previous results of a high level of genomic conservation within
2019-nCoV (Ceraolo & Giorgi, 2020). With potential implications in
epitope definition, the proteome analysis also reported the poly-
morphic variants corresponding to the two variable regions. The
viral ORF8-encoded protein-bearing Serine/Leucine variation and a
large gene encoding for a polyprotein (ORF1ab) translation of which
results an ~800 kDa polyprotein were described as the two most
variable locations in the core genome (Ceraolo & Giorgi, 2020).
Another important aspect of virus replication may be at the func-
tional contact between virus and host. Several viruses, including
coronaviruses, require host cellular factors to replicate (Zumla
et al., 2016). Furthermore, repeated observations in other families
of RNA viruses indicate that many, if not most, mutations are
surface-located and that the conserved residues are probably core
residues of viral proteins (Cheng & Brooks Ill, 2013; Patel &
Kukol, 2017; Warren, Wan, Conant, & Korkin, 2013). A more in-
depth analysis of the intraviral and virus-host protein-protein in-
teractions of SARS-CoV-2 has revealed several findings (Srinivasan
et al., 2020): (a) the spatial patterns of mutations that affect protein
functional surfaces are bidentified in a substantial number of
SARS-CoV-2 proteins and were also analyzed in terms of ligand-
binding abilities of human SARS-CoV-2, and (b) all protein-binding
sites of nonstructural proteins revealed fully conserved residues
supporting the notion that groups of mutations unlikely disrupt
the protein-protein interaction of viral proteins (Srinivasan
et al., 2020). The SARS-CoV-2 sequenced genome is predicted to
have 16 nonstructural proteins: NSP1-NSP16 involving in the in-
traviral heteromeric complexes such as NSP7-NSP8-NSP12, NSP10-
NSP16, and NSP10-NSP14 (Srinivasan et al., 2020), targeting of
which may be critical for developing effective antiviral SARS-CoV-2
therapies and vaccine. Taking advantage of all the currently avail-
able information, we postulated that the low variability within the
new pandemic virus 2019-nCoV contributes to mount the possibi-
lity of developing a practical vaccine that would confer protection

against the new virus strain.

5 | THE CHALLENGES FOR SARS-2
VACCINE DEVELOPMENT

Generally, the clinical development of a new vaccine requires many
years of efforts in this area. However, with the milestone experience
of a successful vaccine for the eradication of severe foot-and-mouth
disease caused by EV71 virus, it has been possible to develop vac-
cines against a modern highly pathogenic emerging virus (S. Lu, 2014;
J. Xu et al,, 2010). Moreover, having the results of previous efforts
related to SARS-CoV and MERS vaccine research available, first steps
have been taken toward achieving an effective vaccine to respond to
the threat of this emerging virus. This is readily apparent from a
recent study begun at KPWHRI in Seattle, a part of the National
Institutes of Health that was allowed to quickly proceed to Phase |
trial to determine human safety and efficacy of an investigational
vaccine designed to protect against COVID-19 which was related to
their experience as an NIH clinical trials center since 2007
(Challener, 2020). The question then at issue became factors af-
fecting the choice of vaccines. For vaccine developers, high-level
attention is focused on the safety evaluation of a new candidate
vaccine against SARS-2 in humans. As the immune response to virus
plays a major role in the pathogenesis of SARS-2 infection, it is im-
portant to ensure that vaccine should not induce immunopathological
injury of host cells. In this regard, the foremost issue to be considered
is the type of vaccines and the immunogens selected. Indeed, the
promise of future vaccine development would be most applicative by
rational design of new vaccine candidates. Subunit vaccines are
generally safe to use. This vaccine type is most often composed of
one or multiple recombinant protein- or synthetic peptide-based
formulations (Deng, Hu, Wang, & Deng, 2012). Subunit vaccines offer
many advantages over live-attenuated or inactivated organisms.
Unlike inactivated or live-attenuated virus vaccines, subunit vaccines
are known to provide better efficacy as they are unable to revert to
the virulent form of the pathogen and eliminate the risk of in-
complete inactivation, thus making them biologically safe; however,
they typically require coadministration with adjuvants (Zhang
et al., 2012). Based on this information, the subunit candidates such
as full-length S-protein and/or the RBD element of SARS-CoV-2
prove valuable for prevention against COVID-19 (Shang, Yang, Rao,
& Rao, 2020), though they are expensive to manufacture and need
for repeated injections (Phillpotts, Venugopal, & Brooks, 1996).
Moreover, subunit vaccines can be designed to contain
well-characterized neutralizing epitopes defined as those epitopes
which elicit a neutralizing antibody response but avoiding epitopes
with pathological ADE effects to improve immunogenicity (Naz &
Dabir, 2007). Another scientific challenge for vaccine development
may be dependent to the strategies of vaccine delivery. Evidence of
respiratory tract infection and findings of SARS-2 in stool (Holshue
et al., 2020; Q. Li et al., 2020) suggest that mucosal delivery routes by
oral or aerosol administration of vaccine appear to be the possible
modes of SARS-CoV-2 immunization.

Epidemiological studies have shown that the disease caused by

SARS-CoV-2 is significantly associated with a higher age in which



GHAEBI ET AL

individuals above 50 years of age often exhibit more severe pathol-
ogy following SARS-CoV-2 infection and are more likely to die from
infection. In many viral infections, the naive younger individuals ex-
perience milder manifestations of the disease. Because it affects the
health of older people more strongly, vaccine as a public health
measure, must protect this vulnerable population (Amanat & Krammer,
2020). Unfortunately, it is precisely in this population that vaccines are
the least efficacious because of immune senescence (Sambhara &
McElhaney, 2009). As of current influenza vaccines, specific formula-
tions including high-dose antigen or using an adjuvant may be particu-
larly useful for this segment of the population (Amanat & Krammer,
2020; DiazGranados et al, 2013). Interestingly, even if vaccination
does not result in protection in all recipients, it is still able to stop
the transmission of the virus and thereby benefits older individuals
(Amanat & Krammer, 2020).

Finally, once a successful SARS-2 vaccine is developed and
available, the responsibility to let the global access to it should be a
part of planning. Nonetheless, apart from the availability of the
vaccine, still social, clinical, and economic hurdles face SARS-2 vac-
cine and vaccination programmes that include, for example, will-
ingness of the public to get a new vaccination, the potential variation
in efficiency for quite different populations, as well as severe adverse

reactions arising from the new vaccine (Pang et al., 2020).

6 | CONCLUDING REMARKS

Our review of the available relevant literature summarized the
published information regarding COVID-19 vaccine research and
development. In summary, extensive bioinformatics analysis, in the
past few months, has helped provide a unique opportunity to a
better understanding of determinants of immunogenicity, im-
munodominance, and structure-function relationships that can to a
great extent reduce the experimental cost in epitope identification
for vaccine design as well as limit the pool of peptides available for
analysis. While research into such efforts is in its early stages, the
prospect of a preventative or therapeutic vaccine seems realistic as
a result of a more intense global cooperation and also by taking
advantage of the gathered data on SARS and MERS. As data col-
lection continues, we are getting closer to finding better ways to
conquer this disease. First and foremost, accurate and up to date
data on the status and timing of vaccine production and release
must be accessible. Meanwhile, the collaboration of countries from
all over the world is clearly needed in producing a preventive or
therapeutically desired result.
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