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ABSTRACT 

The sudden emergence of severe respiratory disease, caused by a novel severe 

acute respiratory syndrome coronavirus (SARS-CoV-2), has recently become a 

public health emergency. Genome sequence analysis of SARS-CoV-2 revealed its 

close resemblance to the earlier reported SARS-CoV and Middle East respiratory 

syndrome coronavirus (MERS-CoV). However, initial testing of the drugs used 

against SARS-CoV and MERS-CoV has been ineffective in controlling SARS-CoV-2. 

The present review looks to highlight the differences in genomic, proteomic, 

pathogenesis, and therapeutic strategies of SARS-CoV-2. We have carried out 

sequence analysis of potential drug target proteins in SARS-CoV-2 and, compared 

them with SARS-CoV-1 and MERS viruses. Analysis of mutations in the coding and 

non-coding regions, genetic diversity, and pathogenicity of SARS-CoV-2 have also 

been done. A detailed structural analysis of drug target proteins was performed to 

gain insights into the mechanism of pathogenesis, structure-function relationships, 

and the development of structure-guided therapeutic approaches. The cytokine 

profiling and inflammatory signalling are different in the case of SARS-CoV-2 

infection. We also highlighted possible therapies and their mechanism of action 

followed by clinical manifestation. Our analysis suggests a minimal variation in the 

genome sequence of SARS-CoV-2, may be responsible for a drastic change in the 

structures of target proteins, makes available drugs ineffective.  

Keywords: SARS-CoV-2; COVID-19; Molecular basis of pathogenesis; Comparative 

genomics; Molecular evolution; Drug target  
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Abbreviations: 

SARS-CoV - Severe acute respiratory syndrome coronavirus,  

MERS-CoV – Middle-east respiratory syndrome coronavirus,  

COVID-19- Coronavirus disease 2019,  

IL- Interleukin,  

TNF- Tumor necrosis factor,  

IFNγ- Interferon,  

G-CSF- Granulocyte-colony stimulating factor,  

S – Spike protein,  

M – Membrane protein,  

N – Nucleocapsid protein,  

E – Envelope protein,  

Nsp – Nonstructural protein,   

ORF- Open reading frame,  

UTR- Untranslated region,  

RBD- Receptor binding domain,  

ACE2- Angiotensin-converting enzyme 2,  

TMPRSS2- transmembrane protease serine 2,  

WHO- World Health Organization,  

FDA- Food and Drug Administration,  

JAK- Janus Kinase,  

STAT – Signal transducer and activator of transcription protein  
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1. Introduction 

Coronavirus disease (COVID-19) is an infectious disease caused by a novel severe 

acute respiratory syndrome coronavirus (SARS-Cov-2) that initially started in Wuhan 

province in China and has now affected more than 200 countries worldwide and 

declared a Pandemic [1, 2]. The virus primarily affects the respiratory system 

causing flu-like illness with symptoms such as a cough, fever, and in more severe 

cases, difficulty breathing [3]. As per the statistics available, mortality is high in older 

age group individuals (more than 60 years of age) and people with other morbid 

conditions. In addition to acute respiratory distress syndrome and respiratory failure, 

coronavirus disease (COVID-19) is now known to manifest as systemic 

inflammation, leading to sepsis, acute cardiac injury, and heart failure and multi-

organ dysfunction in patients at high risk [4].  

COVID-19 has been declared a pandemic that has currently affected more than 200 

countries across the world. As on the 8th of June, 2020, more than 70 lakh people 

have been infected so far, with about 1 lakh cases infected every day 

(https://www.worldometers.info/coronavirus/). There have been more than 4 lakh 

deaths so far, at an average rate of 5000 deaths each day in the last three months. 

While close to 35 lakh people have recovered completely, 32 lakh continues to be 

active cases and 53000 people in critical condition, requiring respiratory assistance. 

The countries that have been affected the most have been the USA, Brazil, Russia, 

Spain, UK, India, and Italy, with more than 2.34 lakh infected cases each. While the 

USA has the greatest number of cases with over 20 lakhs being infected and has 

mortality with over 1 lakh deaths so far. China, the country where it all began in 

December, is now on the downslope reporting only single-digit cases and no deaths 

being reported. The majority of the countries around the world were in lockdown to 

halt human to human transmission of the virus to halt the spread of infection. As the 

number of COVID-19 cases is increasing, the World Health Organization has rightly 

declared it as a  global health emergency and pandemic [5]. 

Coronaviruses (CoVs) are a group of enveloped viruses, having a positive single-

stranded RNA genome and pathogenic [6]. COVID-19 is caused by the SARS-CoV-2 

is a more pathogenic form in comparison to previously identified SARS-CoV (2002) 
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and Middle East respiratory syndrome coronavirus (MERS-CoV, 2013). There is an 

urgent need to study the virus more holistically to understand the mechanism of 

pathogenesis, its virulence, and to develop effective therapeutic strategies [7].  

CoVs belong to the Coronaviridae family of order Nidovirales. They have been 

classified into four genera that include α-, β-, γ-, and δ-coronaviruses [8]. Among 

them, α- and β- COVs infect mammals, γ-coronaviruses infect avian species, and δ-

coronaviruses infect both mammals and aves. SARS-CoV, mouse hepatitis 

coronavirus (MHV), MERS-CoV, bovine coronavirus (BCoV), bat coronavirus HKU4, 

and human coronavirus OC43, including SARS-CoV-2, are belonging to β-

coronaviruses [9]. All three CoVs, SARS-, MERS-, and SARS-CoV-2 are transmitted 

through zoonotic transmission and spread among humans through close contact. 

The primary reproduction number (R0) of the person-to-person spread of SARS-

CoV-2 is about 2.6, which means that the infected cases grow at an exponential rate 

[10].  

CoVs have the largest RNA viral genome, ranging from 26 to 32 kb in length [11].  

The SAR-CoV-2 genome share about 82 % sequence identity with SARS‐CoV and 

MERS‐CoV and more than 90 % sequence identity for essential enzymes and 

structural proteins. This high level of the sequence revealed a common pathogenesis 

mechanism, thus, therapeutic targeting. Structurally, SAR-CoV-2 contains four 

structural proteins, that include spike (S), envelope (E), membrane (M), and 

nucleocapsid (N) proteins. These proteins share high sequence similarity to the 

sequence of the corresponding protein of SARS –CoV, and MERS-CoV. 

CoVs rely on their spike (S) proteins for binding to the host cell‐surface receptor 

during host cell entry [12]. The S protein binds to the host receptor through the 

receptor-binding domain (RBD) in the S1 subunit, followed by the fusion of the S2 

subunit to the cell membrane. Different cell surface receptors recognize S proteins of 

SARS-CoV and MERS-CoVs RBDs. MERS-CoV recognizes the dipeptidyl peptidase 

4 receptor. Whereas, SARS-CoV and SARS-CoV-2 recognize the ACE2 receptor to 

bind with the viral S protein [13]. These CoVs mainly differ in their mechanism of 

host entry, suggesting possible changes in the residual composition of S protein that 

may dictate host entry.  
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Design and development of SARS-CoV-2 specific direct-acting antiviral drugs can be 

made possible by targeting conserved enzymes such as 3C-like protease, papain-

like protease, non-structural protein 12 (nsp12) and RNA-dependent RNA 

polymerase (RdRP) [14]. A comparative genomics-based approach can be used to 

understand the molecular basis of pathogenesis with possible implications in the 

development of a therapeutic strategy against COVID-19.  

Out of the seven pathogenic CoVs, many of them including, HCoV-NL63, HCoV-

229E, HCoV-OC43, and HCoV-HKU1 cause mild clinical symptoms. SARS-CoV, 

MERS-CoV, and the newly identified SARS-CoV-2 infection causes severe 

respiratory illness and resulting in death in comorbid individuals. Potential adaptive 

mutations in the SARS-CoV-2 genome possibly made it highly pathogenic and 

difficult for drug and vaccine development [15]. This review provides comprehensive 

insights into the genome, proteome, structural features of potential drug targets, and 

molecular mechanisms of pathogenesis of these viruses in a comparative manner. 

We further highlighted the cytokine profiles, inflammatory pathways, followed by the 

underlying mechanism of action of current therapeutics.  

2. Molecular basis of pathogenesis   

Like SARS-CoV and MERS-CoV, SARS-CoV-2 is also known to infect humans and 

cause severe respiratory disease. Whereas, other coronaviruses like HKU1, NL63, 

OC43, and 229E cause mild symptoms [16]. Virion particles enter the host cell via 

binding through the ACE2. Subsequently, its genome (ss RNA) gets attached to the 

host's ribosomes, resulting in the translation of 2 co-terminal and large polyproteins 

that are further processed by proteolytic enzymes/proteolysis [13, 17]. A brief outline 

of the virus life cycle is illustrated in Figure 1. Proteolysis mediated by Coronavirus 

main protease (3CLpro) and papain-like protease (PLpro) [18, 19], slices large 

polyproteins into smaller components for the folding and packaging of new virions, 

which consequently promotes the spread of infection. The main protease is a key 

enzyme of SARS-CoV-2, which plays a pivotal role in mediating viral replication and 

transcription, making it an attractive drug target [20]. Another interesting enzyme, 

RNA-dependent RNA polymerase  (RdRp), a replicase is essential for the replication 

of the viral genome [21].  
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These major enzymes, 3CLpro, PLpro, and RdRp are responsible for the proteolysis, 

replication, and production of new virions [22, 23]. Hence, these enzymes are 

considered as potential drug targets for the development of therapeutic strategies, as 

they are crucial for the survival, replication, and transmission of the viruses. In this 

viewpoint, we investigated the sequence similarities of these proteins with their close 

viruses like SARS-CoV (2002) and MERS-CoV (2013) for which possible drugs and 

vaccines were developed. A deeper understanding of sequence similarity and 

differences in the conserved region might help design improved therapeutics 

approaches. 

 

Figure 1: Schematic representation of the SARS-CoV-2 structure and its mode of host entry. 

Generally, catalytic pockets of potential target enzymes are the important regions for 

the design and development of small-molecule inhibitors. We observed that pocket 

residues of these enzymes are highly conserved, and share a high level of sequence 

similarity with the corresponding CoVs. Since the SARS-CoV2 shares a high 

sequence identity in their RdRp and 3CLpro proteins to the SARS-CoV and MERS-

CoV. Therefore, it is believed that therapeutic molecules used for targeting the 

SARS-CoV and MERS-CoV could be useful for the treatment of SARS-CoV-2 with 

similar efficacy. However, SARS-CoV-2 spike RBD is significantly different from the 

SARS‐CoV, especially in the two regions that interact with ACE2. This difference 

made the previously developed antibodies and therapeutic peptides for the SARS‐
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CoV spike RBD not to work efficiently against SARS-CoV-2  and thus demands 

newer structure-based drugs and therapies developed by considering these 

structural differences [24].  

CoVs influence the host cells by its cytocidal activity as well as by immune-mediated 

mechanisms [25]. Many studies revealed that infection of CoVs leads to cytopathic 

effects, including apoptosis and cell lysis. The virus causes cellular fusion leading to 

the formation of syncytia. The above-mentioned processes are witnessed in the cell 

due to the mobilization of vesicles to form the replication complex and disruption of 

Golgi complexes during viral replication. Compared to other CoVs like the SARS-

CoV and MERS-CoV have shown to exert their cytopathic effects in the kidney cells 

and the formation of syncytia in lung tissues. 

SARS‐CoV-2 pathogenesis involves both innate as well as an adaptive immune 

system [26]. During viral infection, T cells and secondary messengers like cytokines 

play important roles in the progression of the disease. Evolutionarily conserved 

innate pattern recognition receptors (PRRs) recognize molecules associated with 

pathogens, or released by damaged cells are found to be involved in modulating the 

innate and adaptive immune response to SARS-CoV-2 infection. Besides T cells, 

humoral antibodies have been reported to be crucial in infections caused by CoVs. 

3. Genome structure  

The genome of SARS-CoV-2 is comprised of a single-stranded positive-sense RNA 

[27]. The newly sequenced genome of the SARS-CoV-2 was submitted in the NCBI 

genome database (NC_045512.2) ~29.9 Kb in size [11]. The genetic makeup of 

SARS-CoV-2 is composed of 13-15 open reading frames (ORFs) containing ~30,000 

nucleotides. The genome contains 38% of the GC content and 11 protein-coding 

genes, with 12 expressed proteins. The genetic arrangement of ORFs highly 

resembles the SARS-CoV and MERS-CoV [28, 29]. The ORFs are arranged as 

replicase and protease (1a-1b) and major S, E, M, and N proteins, which follows a 

typical 5′-3′ order of appearance, and are considered as major drug/vaccine targets. 

These gene products play important roles in viral entry, fusion, and survival in host 

cells [23].  
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The genomic organization of the SARS-CoV-2 is in the form of a linear topology, 

sharing about 89% sequence identity with other CoVs (Figure 2A). The translated 

sequences of SARS-CoV-2 proteins were retrieved from the GenBank (Accession 

ID: NC_045512.2)]. The whole genome of SARS-CoV-2 encodes about 7096 

residues long polyprotein which consists of many structural and non-structural 

proteins (NSPs). The nucleotide content of the viral genome is held mainly by two 

non-structural proteins ORF1a and ORF1ab followed by structural proteins. 

Polyproteins pp1a and pp1ab are encoded by ORFs 1a and 1b, where polyprotein 

pp1ab is encoded by the ribosomal frameshift mechanism of the gene 1b. These 

polyproteins are further processed by virally encoded proteinases and produce 16 

proteins, which are well conserved in all CoVs belonging to the same family (Figure 

2B).  

MERS-CoV is closely related to the SARS-CoV-2 as it carries a larger genome with 

~30,119 nucleotides. The genetic makeup of MERS contains a 5′ cap structure, a 

poly(A) tail at 3′ end, the rep gene containing 16 NSPs which were numbered as 

nsp1-nsp16 from the 5′ end. Around 10 kb of the genome at 3′ end constitutes 4 

structural genes (S, E, M, N) and 5 accessory proteins (ORF3, ORF4a, ORF4b, 

ORF5, ORF8). The SARS-CoV-2 is relatively more infectious in comparison to the 

SARS-CoV and MERS-CoV possibly due to different epidemiological dynamics. It 

may be possible that other mammalian species act as an “intermediate” or 

“amplifying” hosts and subsequent ecological separation acquired some or all of the 

mutations needed for efficient human transmission [30]. 

Comparative sequence analysis of the SARS-CoV-2 genome indicates striking 

similarities to the BAT-CoV, suggesting a possible mammalian origin from bats in the 

Wuhan city of China [31]. However, there is evidence suggesting bats as the natural 

reservoirs of SARS-like CoVs, including the SARS-CoV-2 [32-34]. CoVs needed 

intermediate hosts before transmitted to humans. A probable Pangolin origin of 

SARS-CoV-2 was also suggested, based on the significant similarity of the certain 

gene [35]. It is still not clear how the bat CoVs are genetically transformed and 

reached to humans? Another evidence suggested that dogs get infected by SARS-

CoV-2. It is interesting to note that angiotensin-converting enzyme (ACE2) of both 

humans and dogs share high sequence identity (13 out of 18) and thus their binding 
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to the spike RBD of SARS-CoV-2 are quite similar, suggesting human-to-animal 

transmission [36].  

 

 

Figure 2: Genome architecture of SARS-CoV-2. A. Representation of the reference genome of 

SARS-CoV-2 showing the protein-coding regions and GC content of the genome. B. 

Representation of 5’ capped mRNA has a leader sequence (LS), poly-A tail at 3’ end, and 

5’ and 3’ UTR. It consists of ORF1a, ORF1b, Spike (S), ORF3a, ORF3b, Envelope (E), 

Membrane (M), ORF6, ORF7a, ORF7b, ORF8, ORF9b, ORF14, Nucleocapsid (N), and 

ORF10. 

 

4. Non-structural proteins 

In addition to the capsid-forming structural proteins, the viral genome encodes many 

NSPs that perform numerous roles in the replication and virus assembly processes 

[37]. These proteins participate in viral pathogenesis by modulating early 

transcription regulation, helicase activity, immunomodulation, gene transactivation, 

and countering the antiviral response [38-40].  
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We explored some of the major functions of NSPs in SARS-CoV-2 (Table 1). The 

InterProScan search revealed that NSPs of SARS-CoV-2 are involved in many 

biological processes including, viral genome replication (GO:0019079 and 

GO:0039694), protein processing (GO:0019082), transcription (GO:0006351), and 

proteolysis (GO:0006508). These proteins are involved in the RNA-binding 

(GO:0003723), endopeptidase activity (GO:0004197), transferase activity 

(GO:0016740), ATP-binding (GO:0005524), zinc ion binding (GO:0008270), RNA-

directed 5'-3' RNA-polymerase activity (GO:0003968), exoribonuclease activity, 

producing 5'-phosphomonoesters (GO:0016896), and methyltransferase activity 

(GO:0008168). 

Table 1: List of non-structural proteins in SARS-CoV-2 and their molecular functions. 

S.  

No.     
Range 

Protein 
name and ID 

Description Proposed Function 

1.  1-180 

Nsp1 

YP_0097252
97.1 

Nsp1 is the N-
terminal product 
of the viral 
replicase 

Leader protein host translation 
inhibitor. Mediates RNA 
replication and processing. 
Involved in mRNA degradation 
[41]. 

2.  
181-
818 

Nsp2 

YP_0097252
98.1 

Nsp2 is a 
replicase product 
essential for 
proofreading viral 
replication 

Modulation of host cell survival 
signalling pathway by interacting 
with host PHB and PHB2 [42]. 

3.  
819-
2763 

Nsp3 

YP_0097252
99.1 

Nsp3 is a 
papain-like 
proteinase 
contains several 
domains. 

Functions as a protease to 
separate the translated 
polyprotein into its distinct 
proteins [43, 44]. 

4.  
2764-
3263 

Nsp4 

YP_0097253
00.1 

A membrane-
spanning protein 
contains 
transmembrane 
domain 2 (TM2) 

Believed to anchor the viral 
replication-transcription complex 
to modified ER membranes [45]. 

5.  
3264-
3569 

Nsp5 

YP_0097253
01.1 

3C-like 
proteinase and 
main proteinase 

Involved in viral polyprotein 
processing during replication [46]. 

6.  3570- Nsp6 Putative Plays a role in the initial induction 
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3859 YP_0097253
02.1 

transmembrane 
domain 

of autophagosomes from host 
endoplasmic reticulum. 

7.  
3860-
3942 

Nsp7 

YP_0097253
03.1 

Nsp7 is an RNA-
dependent RNA 
polymerase 

It forms a hexadecameric super-
complex with nsp8 that adopts a 
hollow cylinder-like structure 
implicated replication [47, 48]. 

8.  
3943-
4140 

Nsp8 

YP_0097253
04.1 

Multimeric RNA 
polymerase; 
replicase  

It forms a hexadeca-meric super-
complex with nsp7 that adopts a 
hollow cylinder-like structure 
implicated replication [47, 48]. 

9.  
4141-
4253 

Nsp9 

YP_0097253
05.1 

A single-
stranded RNA-
binding viral 
protein 

Participate in viral replication by 
acting as an ssRNA-binding 
protein [49]. 

10.  
4254-
4392 

Nsp10 

YP_0097253
06.1 

Growth-factor-
like protein 
contains two 
zinc-binding 
motifs 

In viral transcription by stimulating 
both nsp14 3'-5' exoribonuclease 
and nsp16 2'-O-methyltransferase 
activities. Therefore plays an 
essential role in viral mRNAs cap 
methylation  [50].  

11.  
4393-
5324 

Nsp12 

YP_0097253
07.1 

RNA-dependent 
RNA polymerase 

(Pol/RdRp) 

Responsible for replication and 
transcription of the viral RNA 
genome [51]. 

12.  
5325-
5925 

Nsp13 

YP_0097253
08.1 

Zinc-binding 
domain, 
NTPase/ 
helicase domain, 
RNA 5'-
triphosphatase 

A helicase core domain that binds 
ATP. Zinc-binding domain is 
involved in replication and 
transcription [52, 53]. 

13.  
5926-
6452 

Nsp14 

YP_0097253
09.1 

Proofreading 
Exoribonuclease 
domain 
(ExoN/nsp14) 

Exoribonuclease activity acting in 
a 3' to 5' direction and N7-guanine 
methyltransferase activity. 

14.  
6453-
6798 

Nsp15 

YP_0097253
10.1 

EndoRNAse; 
nsp15-A1 and 
nsp15B-NendoU 

Mn(2+)-dependent 
endoribonuclease activity 

15.  
6799-
7096 

Nsp16 

YP_0097253
11.1 

2'-O-ribose 
methyltransferas
e 

Methyltransferase that mediates 
mRNA cap 2'-O-ribose 
methylation to the 5'-cap structure 
of viral mRNAs [54]. 
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To explore the intrinsically unstructured regions in SARS-CoV-2 polyprotein, the 

translated sequence of SARS-CoV-2 ORF1ab polyprotein was retrieved from the 

GenBank (Accession ID: NC_045512.2). We have predicted the intrinsically 

unstructured regions in SARS-CoV-2 polyprotein through multiple predictors such as 

PONDR® (Predictor of Natural Disordered Regions), VLXT, VL3, VLS2 [55] and 

IUPred2A web servers [56]. These tools allowed us to identify disordered protein 

regions by predicting the residues which do not possess the tendency to form a 

structure in the native condition. Residues with a score of >0.5 thresholds were 

considered to be intrinsically disordered; whereas, residues with a score of between 

0.2 and 0.5 were considered as flexible. The graph shows the disordering tendency 

of each residue in the SARS-CoV-2 polyprotein, where higher values correspond to 

a higher probability of disorder (Figure 3). The data analysis suggests that the 

SARS-CoV-2 has a chunk of intrinsically disordered regions that lack a well-defined 

tertiary structure under native conditions. The N-terminal region of Nsp3 (920-1020) 

shows a higher tendency to be disordered as predicted by all four predictors. 

Further, this analysis provides a brief insight into the non-structural proteome as well 

as the unstructured protein regions of the SARS-CoV-2 polyprotein that may be 

useful to understand the structural basis of infection, structure-based drug discovery 

and interaction of SARS-CoV-2 proteins with host proteins in different physiological 

conditions. 

 

Figure 3: Graph illustrating the disordering tendency of each residue in SARS-CoV2 polyprotein. The 

dotted line is the threshold value of 0.5. 
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5. Potential drug targets 

The small machinery of proteins of human COVs as discussed in the preceding 

section contributes to the pathogenesis by helping the virus entry into the host cell 

(Figure 1). We observed that the spike glycoprotein (S), an envelope protein (E), 

membrane protein (M), nucleoprotein (N), and two isoforms of replicase polyprotein, 

namely 1a and 1ab are considered as potential drug/vaccine targets. Replicase 

polyproteins contain the main protease domain, including 1ab with the RNA-binding 

RdRp domain that plays crucial roles in the process of pathogenesis.  

We performed sequence analysis of these proposed drug target proteins using 

multiple sequence alignment (MSA) to understand the relationship among viruses in 

terms of sequence conservation and divergence. A BLASTp search indicated that 

out of 12 predicted coding regions (1ab, S, 3, E, M, 7, 8, 9, 10b, N, 13 and 14), most 

of them are similar in the length to the bat-SL-CoVZC45 and bat-SL-CoVZXC21 with 

a few insertion and deletion except for a longer spike protein. A large number of 

proteins showed a high level of sequence similarity between SARS-CoV-2 and CoV 

of bat-origin, with a 90% sequence identity for 1a, 86% for 1ab but a lesser 

sequence identity for spike protein (~ 80%) and protein 13 (73.2%). Protein 1ab is 

quite similar between SARS-CoV-2 and SARS-CoV, while 3a and 8b accessory 

genes of SARS-CoV-2 are closest to the SARS-CoVs. However, the RdRp is quite 

distinct among them [57].  

A systematic comparison showed significant differences in the proteins of human-

infecting CoVs: 8a protein present in SARS-CoV but absent in SARS-CoV-2; 8b 

protein is longer in SARS-CoV-2 (121 aa); while 3b protein is shorter in SARS-CoV-2 

(22 amino acids). A total of 380 amino acid substitutions were identified between 

SARS-CoV-2 and consensus sequences of SARS and SARS-like CoVs, causes 

divergence in functional and pathogenic characters of SARS-CoV-2. These 

substitutions were observed mainly in the nsp3, nsp2, and S protein; whereas, nsp7, 

nsp13, envelope, matrix, or accessory proteins p6 and 8b were conserved. Based on 

protein sequence similarity, it can be inferred that three viral species, namely, SARS-

CoV, bat-SL-CoVZC45, and bat-SL-CoVZXC21 are very similar to SARS-CoV-2. 

Here, we discuss the roles and sequence comparison of each drug target among 
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four strains of coronaviruses, i.e., BAT-CoV HKU3, SARS-CoV, MERS-CoV, and 

SARS-CoV-2 strains.  

5.1. Spike Glycoprotein (S)  

Spike glycoprotein plays a significant role in pathogenesis by binding to the host cell 

through its RBD [58]. The S protein initiates the infection by sticking the virion to the 

host cell. It is composed of 1273 amino acid residues containing three subunits, 

namely S1, S2, and S2’ which act differently during the process of adherence to the 

host cell. The S1 subunit is involved in the attachment of virions with the host cell 

membrane by interacting with human ACE2 that subsequently initiates the infection 

process [17]. During this process, S protein undergoes conformational changes 

induced upon its entry into the endosomes of the host cell [24]. The understanding of 

these conformational changes is essential for the process of vaccine development as 

dynamic changes in the target protein might affect immune responses [59]. 

Mutations in the S protein seem to induce conformational changes, which may cause 

an altered antigenicity. Although several mutations have been found in the S1 

receptor binding region of SARS-CoV-2, its interaction with ACE2 is preserved in 

humans, swine, civet, and bats, except for mouse ACE2 [60-62].  

The other subunit of the S protein, S2 works as the fusion protein that helps in the 

fusion of virion with the mammalian cell membrane. During the process of fusion, the 

S2 protein appears in three main conformational states 1) pre-fusion native state, 

followed by 2) a pre-hairpin intermediate state, and 3) ensuing post-fusion hairpin 

state. It is interesting to understand how these dynamic conformation states 

orchestrate the mechanism of viral entry into the host cell membrane for this might 

lead to the development of effective therapeutics [59]. The remaining S2’ cleaved 

subunit of the S protein functions as a fusion peptide [63]. The sequence of spike 

stalk S2 of SARS-CoV-2 is highly similar to bat SARS-like CoVs and human SARS-

CoV (~99%), indicating a broad spectrum use of antiviral compounds designed 

against S2 domain of these viruses may be useful in COVID-19 therapy [15, 64].  

The RBD of spike protein is the most variable part of the SARS-CoV-2. MSA profile 

of the RBD of S protein suggested that three CoVs (BAT-CoV HKU3, SARS-CoV, 

and SARS-CoV-2) share a typical evolutionary pattern, while MERS-CoV has a 
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different RBD amino acid composition showing a divergence from the previously 

mentioned strains of the virus (Figure 4A). The ~90 amino acid long receptor binding 

motif of the RBD facilitates the binding of the virus to the host receptor shows the 

least conservation, suggesting the involvement of multiple mechanisms in 

pathogeneses. In the further analysis, we found that out of six residues of SARS-

CoV2 critical for binding to ACE2 (Leu455, Phe486, Gln493, Ser494, Asn501, and 

Tyr505) of RBD, five differ from SARS-CoV, a feature that needs to be factored in 

drug design and development [16]. 

5.2. Envelope protein (E) 

Envelope membrane (E) proteins are a group of relatively small viral proteins that 

help the “assembly and release” of the virions [65]. Among the structural proteins of 

the SARS-CoV-2, E protein is considered as a potential drug target. The E protein is 

relatively small (75 aa), and play a significant role in the viral morphogenesis and 

assembly [66]. The E protein is known to act as viroporins that assemble into host 

membrane forming protein-lipid pores involved in ion transport. The sequences of E 

protein for all four strains are highly conserved regions among the BAT-CoV, SARS-

CoV, and SARS-CoV-2 while exhibiting a slight variation in the sequence of MERS-

CoV envelope proteins (Figure 4B). 

5.3. Membrane protein (M)  

M proteins are 222 amino acid long structural proteins that function in concurrence 

with E, N, and S proteins, and plays a major role in the RNA packaging [67]. The 

conserved stretch of amino acids suggests a common architecture for these proteins 

(Figure 4C). M proteins are the most abundant viral proteins of CoVs that are 

involved in providing distinct shape to the virus. MSA profile of the M protein shows 

higher sequence conservation among BAT-CoV, SARS-CoV, and SARS-CoV-2 

(Figure 2B). However, a considerable variation in the sequence of the M protein of 

the MERS-CoV strain was observed. The presence of three transmembrane 

domains is a distinct feature of M proteins.  
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Figure 4: Multiple sequence alignment of A. RBD of the spike glycoprotein, B. Envelope protein, C. 

Membrane protein, D. MSA of nucleoprotein showing regions of sequence conservation.  

 

5.4. Nucleoprotein (N)  

Nucleocapsid proteins (N) play an important role in the packaging of viral RNA into 

ribonucleocapsid [68]. N protein of SARS-CoV-2 is highly conserved across CoVs 

sharing ~90% sequence identity with that of SARS-CoV. It mediates viral assembly 

by interacting with the viral genome and M protein, which are helpful in the 

augmentation of viral RNA transcription and replication [69]. Thus, N proteins are 

considered as potential drug targets. The N proteins bind to viral RNA through its 

~140 amino acid long RNA-binding domain in their core in a “bead on a string” 

manner [65]. MSA of N protein from the BAT-CoV, SARS-CoV, and SARS-CoV-2 

show highly conserved regions (Figure 4D). Based on the high sequence similarity 
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of N protein, it may be suggested that antibodies against the N protein of SARS-CoV 

would likely to recognize the N protein of SARS-CoV-2. A similar pattern has been 

observed for the MERS-CoV strain, where regions of slight sequence variations 

suggesting its divergence in the evolutionary process.    

5.5. Replicase polyprotein 

Replicase polyprotein is another essential enzyme that helps in the cleavage of host 

RNA and replication of the viral RNA [21]. As discussed earlier, the non-structural 

ORFs 1a and 1ab share the majority of nucleotide content of the viral genome. 

Replicase polyproteins are multifunctional proteins that can perform various tasks, 

contributing to the viral pathogenesis [70]. However, the principal role of these 

proteins is to help in the transcription and replication of the viral RNA. Mainly, these 

proteins are subdivided into various NSPs such as nsp1, nsp2, nsp3, nsp4, and 

proteases such as PL and 3CL proteases. The ORF1ab contains a specific RdRp 

domain playing a pivotal role in the viral RNA transcription and replication.  

The replicase polyprotein is composed of three domains including, macro-, papain-

like- and the main protease domains. MSA of replicase polyprotein 1a shows a 

conserved region amongst all three domains except for the main protease where 

regions of least sequence conservation are present (Figure 5A-C). The main 

protease of SARS-CoV, and SARS-CoV-2 show higher sequence similarity (~96%) 

suggesting a common evolution. The main protease domain of MERS-CoV does not 

show any similarity with the other three viral strains, suggesting a clear divergence in 

the evolution. Replicase polyprotein 1ab also contains macro, papain-like, and main 

protease domains with an addition to the RdRp catalytic domain which acts as an 

RNA-binding polyprotein. The MSA of replicase polyprotein 1ab suggests higher 

sequence conservation among all four strains of CoVs (Figure 5D-G). 
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Figure 5: MSA of the Replicase polyprotein 1a and 1ab showing sequence conservation in 

macrodomains. A. Papain like domain, B. Main protease, C. Highly dissimilar, and 

flanking regions. D. The macro domain of Replicase polyprotein 1ab, E. Papain like 

domain, F. Main protease, and G. RdRp domain.  
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6. Structure analysis and comparison of target proteins 

The detailed knowledge of the structural organization of the target proteins is helpful 

in drug and vaccine development for therapeutic management of COVID-19 [71]. 

This section deals with the structural analysis of the target proteins of SARS-CoV-2 

and compared to other known human CoVs. For the ease of visualization, graphical 

representation of the target proteins and their subsequent domains is provided in the 

supplementary section. A broader picture of the structural similarities and the 

variations can be viewed in terms of MSAs discussed in the previous section. 

However, an in-depth description of the structure of target proteins at the 

active/binding site shows a larger variation.  

The S protein is one of the most important drug/vaccine targets in CoV pathogenesis 

because the RBD of the S1 domain undergoes a hinge-like conformational 

movement and an important determinant of host cell receptor binding [7]. Such 

interactions help the virus to stick to the host cell ACE2 by the RBD [22, 72]. 

Because of the vital function of the S protein, it is considered as an attractive target 

for antibody-mediated vaccine and drug development [62, 73]. The overall structure 

of the S protein of SARS-CoV2 closely resembles with the SARS-CoV (RMSD = 3.8 

Å for 959 Cα atoms). However, the position of the RBD was found in relatively in 

down conformation. This difference is evident as in the case of SARS-CoV RBD in 

the down conformation packs tightly against the N-terminal domain of neighbouring 

protomer. The receptor-binding motif of the S protein shows a notable structural 

difference and thus small molecule inhibitors designed against other CoV strains 

seem ineffective (Figure 6, S1). On the other hand, the RBD in the down 

conformation of SARS-CoV-2is angled closer to the central cavity of the trimer. 

Despite this little conformational difference, structural domains of SARS-CoV-2 S 

protein shares a high degree of structural similarity to their counterparts from SARS-

CoV S protein with calculated RMSD for the NTDs, RBDs, subdomains 1 and 2 (SD1 

and SD2), and S2 subunits as 2.6 Å, 3.0 Å, 2.7 Å, and 2.0 Å, respectively [61].  

Despite a high sequence similarity (~98%) of SARS-CoV2 S protein to the bat CoV 

RaTG13, insertion of the S1/S2 protease cleavage site is observed in the case of 

SARS-CoV-2, resulted in an “RRAR” furin recognition site. Insertion of such a 
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polybasic furin site is the possible reason for the high degree of virulence [74]. 

Structure analysis revealed that the S1/S2 junction is present in a disordered, 

solvent-exposed loop which is not much conserved in other CoVs, causes a 

substantial effect on the structure or function [61]. RBD-directed monoclonal 

antibodies of SARS-CoV sharing common three epitopes were tested for SARS-

CoV2, shows insignificant binding. Hence, a comparative structure analysis will 

enable the design and screening of a new class of small-molecule inhibitors which 

can interfere with the host fusion. Further, structural information will support to 

design a precise vaccine to accelerate therapeutic measures against COVID19.  

 

Figure 6: Structural comparison of RBDs of S protein for all four strains. A. Superposed image 

of BAT CoV S RBD protein (lime green) and SARS-CoV-2 (red) (RMSD: 2.3 Å), B. Surface 

representation of superimposed RBD of BAT-CoV and SARS-CoV-2. C. Superposed image 

of RBD of MERS-CoV S protein (light orange) and SARS-CoV-2 (light blue) (RMSD: 8.6 Å),  

D. Surface representation of the RBD of MERS-CoV and SARS-CoV-2, E. Superposed 

image of RBD of SARS-CoV S protein (warm pink) and SARS-CoV-2 (slate) (RMSD: 1.5 Å),  

F. Surface representation of the RBD of SARS-CoV and SARS-CoV-2. 

No significant difference was observed in the architecture of the E proteins (Figure 

S2). M protein does not show any significant difference in protein architecture 

(Figure S3). Similarly, nucleoprotein also shows a higher similarity in the core RNA-

binding domain of the N protein (Figure S4). Both isoforms of replicase polyprotein 

1a and 1ab show significant structural similarities except for the main protease of the 
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1a isoform where it shows structural differences with those of the other three strains 

when compared (Figure S5 and S6). These observations are in agreement with the 

results of MSA.  

RdRp domain present in the 1ab isoform of the replicase polyprotein shows a 

significant structural similarity among all four strains (Figure S7-S12). The 

polymerase domain of RdRp adopts a similar architecture of the viral polymerase 

family as it is composed of a finger, a palm, and thumb subdomains. However, the 

conserved catalytic metal ion is absent due to the lack of primer-template RNA and 

NTPs. The catalytic site of the RdRp domain of SARS-COV-2 is formed by the 

conserved polymerase motifs A-G in the palm domain and configured like other RNA 

polymerases. Motif A (611-TPHLMGWDYPKCDRAM-626), Motif C (753-

FSMMILSDDAVVCFN-767), and the catalytic residues (759-SDD-761) are 

conserved in most viral polymerases [75].  

The main protease is one of the most characterized drug targets of the CoVs as this 

enzyme is essential for processing the polyproteins required for viral assembly [76]. 

Despite a very high sequence identity (96%) between the SARS-CoV and SARS-

CoV-2, they differ at 12 positions (residues number 33, 44, 63, 84 86, 92, 132, 178, 

200, 265, 283 and 284) in the sequence which leads an RMSD value of 0.53 Å for all 

Cα atoms by comparing their published structures [77, 78]. We observed that the 

main protease of replicase polyprotein 1ab isoform shows significant similarities 

when compared between other related strains (Figure 7).  

The observations in the preceding sections helped to deduce the intricate 

mechanisms adopted by the viral strains in terms of pathogenesis and drug 

resistance. These explanations are also accommodating in setting up the therapeutic 

strategies against these target proteins. We discuss these aspects by taking the 

example of the receptor-binding motif of the S protein. As discussed, it contains the 

most structurally diverse regions as compared to other target proteins. Due to its 

significance in the pathogenesis, the S protein is considered as a target for drug 

development against coronavirus infections. Hence, it is interesting to know that 

structural variations might have a significant role in drug resistance.  
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Figure 7: Structural comparison of Replicase polyprotein 1ab main protease for all four 

strains. A. Superposed image, and B. Surface representation of the main protease of BAT-

CoV (warm pink) and SARS-CoV-2 (pale green) (RMSD: 1.9 Å). C. Superposed image, and 

D. Surface representation of main protease MERS-CoV (salmon) and SARS-CoV-2 (pale 

green) (RMSD: 2.7 Å), E. Superposed image and F. Surface representation of the main 

protease of SARS-CoV (yellow) and SARS-CoV-2 (pale green) (RMSD: 1.1 Å). 

 

7. Inflammatory pathways and cytokine response 

The innate immune response forms the first line of defense against viral infections. 

However, when the immune response is dysregulated, it will result in excessive 

inflammation, and even death [79]. During the CoV infections, the innate immune 

responses have been involved in driving a cytokine storm and altering the adaptive 

immune responses [80]. CoVs are RNA viruses that are recognized by intracellular 

pattern recognition receptors. This recognition leads to the activation of signalling 

cascades, culminating in the release of cytokines and chemokines, which directs the 

recruitment of immune cells to the site of infection [81]. These immune cells, based 
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on their activation status are involved in the clearance of pathogen using various 

mechanisms. 

Here, we compare the inflammatory pathways and cytokine responses during SARS-

CoV, MERS-CoV, and SARS-CoV-2 infections [82]. The ORF8a and ORF9b trigger 

cellular apoptosis. ORF8b induces DNA synthesis and suppressing viral envelope 

protein expression. ORF7a activates nuclear factor-κB (NF-κB) and ORF6 limits 

interferon production. ORF3b upregulates the expression of several cytokines and 

chemokines and ORF3a induces necrotic cell death. ORF9b alters interferon 

responses by promoting the degradation of mitochondrial antiviral signalling protein 

[83]. Overall, SARS-CoV ORFs engage multiple pathways that control disease 

severity. Further, in vitro studies of SARS-CoV infection of macrophages, dendritic 

cells, and epithelial cell lines, showed low levels of type I interferon production 

similar to in vivo responses observed in the mice and humans [84]. 

In the case of SARS-CoV and MERS-CoV, both serine protease 2 and translation 

elongation factor 1 (EF-1A) of the host strongly bind to N protein and subsequently 

induces local or systemic inflammatory responses. The N protein of MERS-CoV 

binds to the E3 ubiquitin ligase of triple motif protein 25, preventing the interaction 

between the triple motif protein 25 and retinoic acid-inducible gene I. Blocking the 

ubiquitination and activation of the retinoic acid-inducible gene I mediated by triple 

motif protein 25 ultimately leads to the inhibition of type-I IFN production, suggesting 

that the N protein of CoV regulates the host’s immune response against the virus. 

Human cell culture models of MERS infection have shown a deficiency in interferon 

induction and innate immune responses, which may result in minor evolutionarily 

difference in MERS-CoV as compared to other CoVs,  and engagement of distinct 

mechanisms of regulation of host antiviral responses [85]. Other virus molecules, in 

addition to accessory protein 4a (p4a), the viral PLpro also blocks IFN-β induction, 

as well as downregulate the expression of CCL5 and CXCL10 pro-inflammatory 

cytokine genes [86, 87]. A transcriptomic approach revealed the infection of human 

lung epithelial cell line with MERS-CoV and SARS-CoV induced similar pathogen 

recognition receptor genes and pro-inflammatory cytokine genes related to 

interleukin 17 (IL-17) signalling by IL-17A and IL-17 F cytokines, but MERS-CoV 

infection downregulates the genes involved in antigen presentation pathway  [88].  
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SARS-CoV-2 infection also resulted in cytokine dysregulation similar to SARS-CoV 

and MERS-CoV [89], as evident by the presence of abnormally low levels of antiviral 

cytokines. Patients infected with SARS-CoV-2 show high levels of pro-inflammatory 

cytokines including IL-1, IL-2, IL-6, IL8, IL-17, G-CSF, GM-CSF  and chemokines 

such as IP-10 and MCP-1 in the sera during the disease, and may play a key role in 

the development of lung dysfunction by leading to the accumulation of immune cells 

within the lungs [90-93]. Increased concentrations of IL-6 are associated with 

increased viral load and the recruitment of inflammatory monocytes [94]. Suppressor 

of cytokine signalling 3 (SOCS3) regulates the negative feedback mechanism of IL-

6, which is found to be reduced in the patients with COVID-19 [95]. Plasma TNF-α 

was found to be moderately regulated in SARS-CoV patients [96]. In summary, the 

three diseases have marginal differences in terms of innate immune responses but 

greatly differ in terms of morbidity and mortality.  

8. Therapeutics approaches  

Therapies available for CoVs are mainly divided into either acting on targets of the 

human immune system or human cells, or another one is the virus itself. Figure 8 

shows the target sites for different drugs in the life cycle of the virus. The major 

attention of the scientific community has now shifted towards the SARS-CoV-2, 

leaving various essential projects in limbo [97]. The identification of available antiviral 

drugs as potential candidates through drug repurposing [98, 99], state of the art in 

silico methods to discover novel drugs [100, 101], allowing the use of anti-

inflammatory for treating COVID-19 [102]. As we have discussed, subtle structural 

differences in the target proteins lead to possible hurdles in the process of identifying 

effective therapeutics using the aforementioned strategies.  

Management of COVID-19 patients has been symptomatic approach, and the severe 

cases are provided with ventilation assistance. Prevention is achieved by 

propagating the importance of regular hand washing, avoiding touching of the face, 

and adopting social distancing where individuals are asked to maintain one-meter 

distance from each other. Also, several drug molecules have been tried in the last 

couple of months as a treatment strategy. Some of the studies relating to the 

treatment of COVID-19 has been highlighted in Table 2.  

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

26 
 

 

Figure 8: The life cycle of SARS-CoV2 showing potential drug targets in the host cell. The S 

protein of the virus binds to the cellular receptor (ACE2) followed by the entry of the viral 

RNA genome into the host cell. After the genome entry into the cell translation of structural 

and NSPs follows. ORF1a and ORF1ab are translated to produce polyproteins pp1a and 

pp1ab, which are further cleaved by the proteases that are encoded by ORF1a to yield 16 

non-structural proteins (nsp1-nsp16). Assembly and budding into the lumen of the ERGIC 

(Endoplasmic Reticulum Golgi Intermediate Compartment) then follow. Virions are finally 

released from the infected cell through exocytosis. In this life cycle of coronavirus, multiple 

stages are being seen as potential druggable targets, and drugs working like S protein 

inhibitors, RNA dependent RNA polymerase inhibitors (remdesivir, fivipiravir, galidesivir, 

ribavirin), protease inhibitors (lopinavir, ritonavir, nafamostat), drugs altering the endosomal 

pH (chloroquine, hydroxychloroquine), JAK-STAT inhibitors (fedratinib, baricitinib), 

monoclonal antibodies (tocilizumab) have been proposed to show promising effects against 

the novel virus. Taking cas- based approach from previously encountered viruses like 

SARS and MERS many drugs are facing clinical trials. This figure was adapted from 

reference [103].  
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Table 2: List of drugs that have been found to have clinical effectiveness in COVID-19 therapy. 

S. No Drug Target Impact Reference 

1. 
Remdesivi

r 

Abroad-spectrum 

antiviral inhibits RdRP 

of RNA viruses, 

including SARS-CoV 

and MERS-CoV. 

Adenosine analog, which 

incorporates into the nascent 

viral RNA chains during 

synthesis and causes 

premature termination. 

[104] 

2. 
Chloroquin

e 

Anti-malarial drug. 

Works at entry and 

post-entry stages of 

viral infection. 

Increases endosomal pH 

required for virus/cell fusion. 

Interferes with the 

glycosylation of cellular 

receptors of SARS-CoV2. 

[105, 106] 

 

3. Fedratinib 
JAK2 and FMS-

like tyrosine kinase 3 

Inhibition of JAK2 inhibits 

phosphorylation of STAT 3 and 

5, which prevents cell division 

and induces apoptosis. 

[107] 

4. Lopinavir 

Protease inhibitor have 

in vitro antiviral activity 

against SARS 

associated coronavirus 

Inhibition of coronavirus main 

proteinase interferes in the 

processing of polypeptide 

translation products. 

[106] 

5. 
Oseltamivi

r 

Neuraminidase 

inhibitor 

Inhibits the neuraminidase 

activity of the virus 

subsequently prevents viral 

replication. 

[108, 109] 

6. Fivipiravir 
RNA-dependent RNA 

polymerase 

A guanine analog inhibits the 

RdRP activity of several RNA 

viruses (influenza, Ebola, 

Yellow fever and Chikungunya) 

[110] 

7. Ribavirin 

Nucleoside inhibitor 

An approved of HCV 

and RSV patients with 

SARS and MERS.  

A nucleoside inhibitor that 

interferes with viral RNA 

synthesis and mRNA capping.  

[111, 112] 

8. Galidesivir   RNA polymerase 

Disrupts RNA polymerase 

activity causes premature 

termination of the elongating 

viral RNA strand 

[113] 
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9. 
Nafamosta

t 

Serine proteases 

inhibitor 

Prevents membrane fusion by 

reducing the release of 

cathepsin B.  

[104] 

10. 
Lianhuaqin

gwen 

Herbal medicine 

commonly used for the 

prevention and 

treatment of viral 

influenza in China. 

Chinese patent herbal 

medicine composed of 

13different herbs played 

significant roles in the 

treatment of COVID-19.  

[91] 

11. Baricitinib 
Janus kinase (JAK) 

inhibitor 

May block viral entry by 

inhibiting adaptor-associated 

protein kinase 1 and cyclin G-

associated kinase  

[114] 

12. 
Tocilizuma

b(mAB) 
IL-6 inhibitor 

Inhibition of IL-6 may attenuate 

pulmonary inflammation by 

controlling cytokine storm.  

[110] 

13. 

Anti TNF 

alpha 

agents 

TNF alpha 

TNF-α promotes the 

production of other chemokine 

and cytokines, controls 

endotoxin-induced septic 

shock 

[114] 

 

The existing broad-spectrum antiviral drugs used to treat pneumonia-like symptoms, 

interferons, ribavirin, and cyclophilin are the first line of the therapeutic option [115]. 

Remdesivir, an analog of adenosine, is what seems to have a more promising future. 

Remdesivir is an adenosine analog terminates the synthesis of viral RNA chains by 

incorporating in place of real nucleotide. In a recent study, it was shown that 

remdesivir binds to RdRp and inhibits its activity [75]. This drug has been effective 

against single-stranded RNA viruses including MERS and SARS-CoV. Encouraged 

by these results, remdesivir is being advocated for the treatment of SARS-CoV-2 

[104]. Remdesivir, as a single agent drug, was used for individual cases of COVID-

19 in Italy and the Czech Republic, in March 2020. But the outcomes of these trials 

still need to be verified before it is declared as being successful. Remdesivir along 

with chloroquine effectively inhibited SARS-CoV-2 in vitro. Further studies and 

clinical trials in humans will be required before it is declared as being effective 

against COVID-19 [116]. 
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In the frantic search for drug molecules against SARS-CoV-2, repurposing of 

antimalarials drugs for COVID-19 shown some positive impact [117]. Among these, 

chloroquine has been gaining a lot of attention in the last few weeks as an option to 

treat COVID-19 [118, 119]. Chloroquine has antiviral effects by increasing 

endosomal and lysosomal pH causes an impaired release of the virus from the 

endosome or lysosome and thus recommended to handle severe COVID-19 patients 

[120]. Hydroxy-chloroquine, a less toxic derivative of chloroquine, also found is 

effective in inhibiting SARS-CoV-2 infection [121]. Anti-inflammatory drugs like 

ibuprofen or cortisone sometimes recommended controlling the infection [122].  

To understand the SARS-CoV-2 infection at the molecular level, it is essential to 

know the renin-angiotensin-aldosterone system (RAAS) hormone system that is 

central to SARS-CoV-2 infection (Figure 9). The angiotensinogen is converted into 

angiotensin I by plasma renin released by the liver which is subsequently converted 

to angiotensin II by the ACE found on the surface of vascular endothelial cells of 

lungs. Angiotensin II acts on the AT1 receptor to cause vasoconstriction and also 

stimulates the secretion of the hormone aldosterone, which increases the 

reabsorption of sodium, thereby increasing blood pressure. Angiotensin I and II are 

degraded by ACE2 to angiotensin (1-9) and angiotensin (1-7), respectively. These 

molecules act on the Mas receptor to effect vaso-dilation thereby counteracting the 

effects of angiotensin II. SARS-CoV-2 infection requires the binding of the virus to 

the membrane-bound form of ACE2 and internalization of the S protein of the virus to 

the extracellular domain of ACE2, a membrane receptor, with a high affinity of 15nM 

to be internalized by the host cell [24, 123].  

In the last few months, the following hypothesis has emerged about COVID19 

infection and cardiovascular diseases. Whether or not RAS blockers would be 

beneficial to COVID-19 cases is still controversial. Many patients with hypertension 

or other cardiovascular diseases are routinely treated with RAAS blockers and 

statins. However, clinical concerns remain whether these patients are at greater risk 

for SARS-CoV-2 infection due to enhanced ACE2 expression [124]. However, this 

has been argued against Huang and his group [125] who have shown that 

ACE inhibitors (ACEIs) and angiotensin receptor blockers (ARBs) have few effects 

on increasing the clinical severe conditions of COVID-19. It would, therefore, be fair 
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to conclude here that more laboratory and clinical evidence are required to establish 

the roles of antihypertensive agents, ACE2 expression outcomes of COVID-19 in 

patients with cardiovascular disease [126].  

 

 

Figure 9: Showing role of ACE2 in SARS-CoV-2 infection. 

 

Many different approaches have been adopted to tide over the COVID-19 pandemic 

[127-132]. Few of therapeutics used and their lacunae have been enumerated: (i) 

chloroquine phosphate: acute poisoning and death [133]; (ii) Lopinavir/ritonavir 

combination: randomized control trial not conducted [134]; (iii) Ibuprofen: safety 

concerns [135]; (iv) hydroxyl-chloroquine: randomized control trial not conducted 

[62]; (v) umbilical cord mesenchymal stem cells: still under study [136], (vi) Tilorone: 

broad-spectrum anti-viral (not specific)  [137], (vii) losartan (ACE2 receptor blocker): 

hypothetical proposition [138], and (viii) Intravenous immunoglobulin collected from 

recovered coronavirus patients: SARS-CoV-2 contamination [139], (ix) blood 

purification therapy in reducing cytokine storm as a late complication of the disease 
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[140]. SARS-CoV-2 vaccine pipeline holds a lot of promises that include whole 

virus vaccines, recombinant protein subunit vaccines, and nucleic acid vaccines. All 

these vaccines are currently under evaluation [141]. 

Even as the pandemic is growing in proportion and affecting millions across the 

world, there have been certain misconceptions about drug therapies for certain co-

morbid conditions in COVID19 patients [142]. The most important one pertains to the 

notion that NSAIDs cause an aggravation of COVID19 infection. But with a lack of 

robust evidence, COVID-19 patients have been advised against self-medication with 

NSAIDs [143]. Also, paracetamol, an NSAID, is the choice of drug for fever, NSAIDs 

generally have no specific role in suppressing SAS-CoV-2. In terms of targeting the 

human immune system, the innate immune system is mostly recommended because 

it controls the replication and infection of CoVs [144]. In this regard, blocking the 

interferon signaling is expected to enhance the immune response. Also, blocking the 

signal pathways of human cells involved in virus replication was shown to have an 

effective antiviral effect. 

In the quest to find a cure for COVID-19, WHO has conceptualized “SOLIDARITY”, 

an international clinical trial as a common global platform. The advantages of this 

trial are manifold: (i) reduces the time taken by 80%, as compared to other trials; (ii) 

helps facilitate the rapid worldwide comparison of unproven treatments; (iii) 

overcome the risk of multiple small trials not generating the strong evidence needed 

to determine the relative effectiveness of potential treatments, and (iv) it looks to 

involve developers and companies to collaborate on ensuring affordability and 

availability of the treatment options if they prove effective. Based on the evidence so 

far from laboratories, animal studies and preliminary clinical studies, the treatment 

options of Remdesivir, Lopinavir/Ritonavir, Lopinavir/Ritonavir, Lopinavir/Ritonavir 

with Interferon beta-1a, have now been initiated [113, 127, 145].  

In addition to discussed therapies, mesenchymal stem cell (MSC) therapy is a 

promising option currently implicated in the treatment of COVID-19 [146, 147]. The 

study conducted by Leng et al [148] on patients with COVID-19, suggested that 

intravenous transplantation of MSCs into patients is effective in the treatment of 

COVID-19 with lesser side effects. In should be noted that MSCs show 

immunomodulatory function. The successful infusion of MSCs resulted in increased 
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pulmonary function of the subjected patients to this therapy. On the other hand, 

convalescent plasma emerged as a potential therapy for severe COVID-19 patients 

[132]. The use of convalescent plasma as a treatment was recommended by WHO 

during the outbreak of the Ebola virus in 2014. In the strategy, the convalescent 

plasma is retrieved from the fully recovered patients of viral disease and is 

transfused in the infected person as a treatment strategy. During the time of the 

COVID-19 pandemic, the successful application of this therapy is effective in some 

of the patients [149]. 

Tocilizumab is a monoclonal antibody against the Interleukin-6. During recent 

months, as the severity of COVID-19 elevates globally, it has been used as an 

alternative treatment strategy for COVID-19 patients [129]. The rationale for using 

tocilizumab, an Interleukin-6 inhibitor, is that in most COVID-19 affected persons the 

activation of T lymphocytes and mononuclear macrophages occurs in large numbers 

resulting in the secretion of interleukin-6 [128]. Excessive presence of Interleukin-6 

causes cytokine storm and other inflammatory responses in the lungs and other 

organs [150]. The tocilizumab administration is used to control the elevated levels of 

Interleukin-6. The studies suggest that successful application of tocilizumab 

treatment in COVID-19 patients shows enhanced improvement in the condition of the 

patients with an average of 15 days from the start of treatment and resulted in 

decreased mortality [151]. 

As far as the drug resistance in coronaviruses is concerned, there are very few 

available studies that deal with the subject with intricate depth [152]. However, the 

studies conducted so far suggest the role of various mutations in the target proteins 

of the coronaviruses associated mutations to the drug resistance [153, 154]. Despite 

suggested studies, there is still a need to conduct more studies focusing specifically 

on gene mutations that are responsible for drug resistance in coronavirus related 

maladies [155]. The best approach for the development of drugs for SARS-CoV-2 

may be the use of available marketed drugs, validated through a well-defined 

pipeline of drug repurposing [156-158]. Recently, we have shown that FDA approved 

drugs, glecaprevir and maraviroc may be implicated as Inhibitors of the main 

protease of SARS-CoV-2 to address COVID-19 therapy [159]. Once the efficacy of 
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such drugs in the case of COVID-19 is determined, rapid clinical treatment of 

patients will be available. 

9. Conclusion 

The sudden emergence of pandemic SARS-CoV-2 has caused widespread fear and 

concern and has threatened global health security. The scientific community all over 

the globe is working rigorously to find an effective vaccine of drugs against the novel 

coronavirus. The genomic features of SARS-CoV-2 discussed in this study provide a 

possible hypothesis for the pathogenesis and transmission of the disease in humans. 

Efforts in the short term should be focused on developing a vaccine or inhibitors that 

help to prevent the infection by targeting the major viral proteins such as S protein, 

E, M, N, and proteases. The three diseases have marginal differences in terms of 

innate immune responses but greatly differ in terms of morbidity and mortality. The 

insights that we presented in the various sections of this review might help pave the 

way for understating how the novel coronavirus differs in its modus operandi 

compared to previously known strains. Our comparative study provides answers to 

some key critical questions relating to pathogenic mechanisms of SARS-CoV-2, in 

the context of developing potent drugs and vaccines against protein targets for better 

approaches in COVID-19 therapy. 

Declaration of Competing Interest:  

All authors of the manuscript declare to have no conflicts of interest. 

Acknowledgment: 

MIH thanks to the Department of Science and Technology and Indian Council of 

Medical Research for financial support.  

 

References 

 
[1] C. Huang, Y. Wang, X. Li, L. Ren, J. Zhao, Y. Hu, L. Zhang, G. Fan, J. Xu, X. Gu, 
Clinical features of patients infected with 2019 novel coronavirus in Wuhan, China, 
The Lancet, 395 (2020) 497-506. 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

34 
 

[2] Q. Li, X. Guan, P. Wu, X. Wang, L. Zhou, Y. Tong, R. Ren, K.S. Leung, E.H. Lau, 
J.Y. Wong, Early transmission dynamics in Wuhan, China, of novel coronavirus–
infected pneumonia, New England Journal of Medicine, (2020). 

[3] L. Zou, F. Ruan, M. Huang, L. Liang, H. Huang, Z. Hong, J. Yu, M. Kang, Y. 
Song, J. Xia, SARS-CoV-2 viral load in upper respiratory specimens of infected 
patients, New England Journal of Medicine, 382 (2020) 1177-1179. 

[4] D. Wang, B. Hu, C. Hu, F. Zhu, X. Liu, J. Zhang, B. Wang, H. Xiang, Z. Cheng, Y. 
Xiong, Clinical characteristics of 138 hospitalized patients with 2019 novel 
coronavirus–infected pneumonia in Wuhan, China, JAMA, 323 (2020) 1061-1069. 

[5] Y.S. Malik, S. Sircar, S. Bhat, K. Sharun, K. Dhama, M. Dadar, R. Tiwari, W. 
Chaicumpa, Emerging novel coronavirus (2019-nCoV)—current scenario, 
evolutionary perspective based on genome analysis and recent developments, 
Veterinary Quarterly, 40 (2020) 68-76. 

[6] Z. Xu, L. Shi, Y. Wang, J. Zhang, L. Huang, C. Zhang, S. Liu, P. Zhao, H. Liu, L. 
Zhu, Pathological findings of COVID-19 associated with acute respiratory distress 
syndrome, The Lancet respiratory medicine, (2020). 

[7] Y. Chen, Q. Liu, D. Guo, Emerging coronaviruses: genome structure, replication, 
and pathogenesis, Journal of medical virology, (2020). 

[8] A. Wu, Y. Peng, B. Huang, X. Ding, X. Wang, P. Niu, J. Meng, Z. Zhu, Z. Zhang, 
J. Wang, Genome composition and divergence of the novel coronavirus (2019-
nCoV) originating in China, Cell host & microbe, (2020). 

[9] A.R. Fehr, S. Perlman, Coronaviruses: an overview of their replication and 
pathogenesis, in:  Coronaviruses, Springer, 2015, pp. 1-23. 

[10] J. Hellewell, S. Abbott, A. Gimma, N.I. Bosse, C.I. Jarvis, T.W. Russell, J.D. 
Munday, A.J. Kucharski, W.J. Edmunds, F. Sun, Feasibility of controlling COVID-19 
outbreaks by isolation of cases and contacts, The Lancet Global Health, (2020). 

[11] R. Lu, X. Zhao, J. Li, P. Niu, B. Yang, H. Wu, W. Wang, H. Song, B. Huang, N. 
Zhu, Genomic characterisation and epidemiology of 2019 novel coronavirus: 
implications for virus origins and receptor binding, The Lancet, 395 (2020) 565-574. 

[12] Y.L. Lau, J.M. Peiris, Pathogenesis of severe acute respiratory syndrome, 
Current opinion in immunology, 17 (2005) 404-410. 

[13] H. Zhang, J.M. Penninger, Y. Li, N. Zhong, A.S. Slutsky, Angiotensin-converting 
enzyme 2 (ACE2) as a SARS-CoV-2 receptor: molecular mechanisms and potential 
therapeutic target, Intensive Care Medicine, (2020) 1-5. 

[14] A. Zumla, J.F. Chan, E.I. Azhar, D.S. Hui, K.Y. Yuen, Coronaviruses - drug 
discovery and therapeutic options, Nat Rev Drug Discov, 15 (2016) 327-347. 

[15] J. Xu, S. Zhao, T. Teng, A.E. Abdalla, W. Zhu, L. Xie, Y. Wang, X. Guo, 
Systematic Comparison of Two Animal-to-Human Transmitted Human 
Coronaviruses: SARS-CoV-2 and SARS-CoV, Viruses, 12 (2020). 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

35 
 

[16] K.G. Andersen, A. Rambaut, W.I. Lipkin, E.C. Holmes, R.F. Garry, The proximal 
origin of SARS-CoV-2, Nature Medicine, 26 (2020) 450-452. 

[17] M. Hoffmann, H. Kleine-Weber, S. Schroeder, N. Kruger, T. Herrler, S. Erichsen, 
T.S. Schiergens, G. Herrler, N.H. Wu, A. Nitsche, M.A. Muller, C. Drosten, S. 
Pohlmann, SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is 
Blocked by a Clinically Proven Protease Inhibitor, Cell, (2020). 

[18] A.T. Ton, F. Gentile, M. Hsing, F. Ban, A. Cherkasov, Rapid Identification of 
Potential Inhibitors of SARS-CoV-2 Main Protease by Deep Docking of 1.3 Billion 
Compounds, Mol Inform, (2020). 

[19] L. Zhang, D. Lin, X. Sun, U. Curth, C. Drosten, L. Sauerhering, S. Becker, K. 
Rox, R. Hilgenfeld, Crystal structure of SARS-CoV-2 main protease provides a basis 
for design of improved alpha-ketoamide inhibitors, Science, (2020). 

[20] A. Shamsi, T. Mohammad, S. Anwar, M.F. AlAjmi, A. Hussain, M.T. Rehman, A. 
Islam, M.I. Hassan, Glecaprevir and Maraviroc are high-affinity inhibitors of SARS-
CoV-2 main protease: possible implication in COVID-19 therapy, Biosci Rep, 40 
(2020). 

[21] R.L. Graham, J.S. Sparks, L.D. Eckerle, A.C. Sims, M.R. Denison, SARS 
coronavirus replicase proteins in pathogenesis, Virus Res, 133 (2008) 88-100. 

[22] J. Shang, G. Ye, K. Shi, Y. Wan, C. Luo, H. Aihara, Q. Geng, A. Auerbach, F. Li, 
Structural basis of receptor recognition by SARS-CoV-2, Nature, (2020). 

[23] T.R. Tong, Drug targets in severe acute respiratory syndrome (SARS) virus and 
other coronavirus infections, Infectious Disorders-Drug Targets (Formerly Current 
Drug Targets-Infectious Disorders), 9 (2009) 223-245. 

[24] D. Wrapp, N. Wang, K.S. Corbett, J.A. Goldsmith, C.L. Hsieh, O. Abiona, B.S. 
Graham, J.S. McLellan, Cryo-EM structure of the 2019-nCoV spike in the prefusion 
conformation, Science, 367 (2020) 1260-1263. 

[25] T. Suzuki, Y. Otake, S. Uchimoto, A. Hasebe, Y. Goto, Genomic 
Characterization and Phylogenetic Classification of Bovine Coronaviruses Through 
Whole Genome Sequence Analysis, Viruses, 12 (2020) 183. 

[26] J.S. Morse, T. Lalonde, S. Xu, W.R. Liu, Learning from the Past: Possible 
Urgent Prevention and Treatment Options for Severe Acute Respiratory Infections 
Caused by 2019-nCoV, Chembiochem, 21 (2020) 730-738. 

[27] F. Wu, S. Zhao, B. Yu, Y.M. Chen, W. Wang, Z.G. Song, Y. Hu, Z.W. Tao, J.H. 
Tian, Y.Y. Pei, M.L. Yuan, Y.L. Zhang, F.H. Dai, Y. Liu, Q.M. Wang, J.J. Zheng, L. 
Xu, E.C. Holmes, Y.Z. Zhang, A new coronavirus associated with human respiratory 
disease in China, Nature, 579 (2020) 265-269. 

[28] R. Lu, Y. Wang, W. Wang, K. Nie, Y. Zhao, J. Su, Y. Deng, W. Zhou, Y. Li, H. 
Wang, Complete genome sequence of Middle East respiratory syndrome 
coronavirus (MERS-CoV) from the first imported MERS-CoV case in China, Genome 
Announc., 3 (2015) e00818-00815. 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

36 
 

[29] P.A. Rota, M.S. Oberste, S.S. Monroe, W.A. Nix, R. Campagnoli, J.P. Icenogle, 
S. Penaranda, B. Bankamp, K. Maher, M.-h. Chen, Characterization of a novel 
coronavirus associated with severe acute respiratory syndrome, Science, 300 (2003) 
1394-1399. 

[30] Y.-Z. Zhang, E.C. Holmes, A Genomic Perspective on the Origin and 
Emergence of SARS-CoV-2, Cell, (2020). 

[31] Y.Z. Zhang, E.C. Holmes, A Genomic Perspective on the Origin and Emergence 
of SARS-CoV-2, Cell, 181 (2020) 223-227. 

[32] W. Li, Z. Shi, M. Yu, W. Ren, C. Smith, J.H. Epstein, H. Wang, G. Crameri, Z. 
Hu, H. Zhang, J. Zhang, J. McEachern, H. Field, P. Daszak, B.T. Eaton, S. Zhang, 
L.F. Wang, Bats are natural reservoirs of SARS-like coronaviruses, Science, 310 
(2005) 676-679. 

[33] Y. Guan, B.J. Zheng, Y.Q. He, X.L. Liu, Z.X. Zhuang, C.L. Cheung, S.W. Luo, 
P.H. Li, L.J. Zhang, Y.J. Guan, K.M. Butt, K.L. Wong, K.W. Chan, W. Lim, K.F. 
Shortridge, K.Y. Yuen, J.S. Peiris, L.L. Poon, Isolation and characterization of 
viruses related to the SARS coronavirus from animals in southern China, Science, 
302 (2003) 276-278. 

[34] S.K. Lau, P.C. Woo, K.S. Li, Y. Huang, H.W. Tsoi, B.H. Wong, S.S. Wong, S.Y. 
Leung, K.H. Chan, K.Y. Yuen, Severe acute respiratory syndrome coronavirus-like 
virus in Chinese horseshoe bats, Proc Natl Acad Sci U S A, 102 (2005) 14040-
14045. 

[35] T. Zhang, Q. Wu, Z. Zhang, Probable Pangolin Origin of SARS-CoV-2 
Associated with the COVID-19 Outbreak, Curr Biol, 30 (2020) 1578. 

[36] T.H. Sit, C.J. Brackman, S.M. Ip, K.W. Tam, P.Y. Law, E.M. To, V.Y. Yu, L.D. 
Sims, D.N. Tsang, D.K. Chu, Infection of dogs with SARS-CoV-2, Nature, (2020) 1-6. 

[37] B. Xue, D. Blocquel, J. Habchi, A.V. Uversky, L. Kurgan, V.N. Uversky, S. 
Longhi, Structural disorder in viral proteins, Chem Rev, 114 (2014) 6880-6911. 

[38] J.A. EA, I.M. Jones, Membrane binding proteins of coronaviruses, Future Virol, 
14 (2019) 275-286. 

[39] C. Tang, Z. Deng, X. Li, M. Yang, Z. Tian, Z. Chen, G. Wang, W. Wu, W.H. 
Feng, G. Zhang, Helicase of Type 2 Porcine Reproductive and Respiratory 
Syndrome Virus Strain HV Reveals a Unique Structure, Viruses, 12 (2020). 

[40] C. Muller, F.W. Schulte, K. Lange-Grunweller, W. Obermann, R. Madhugiri, S. 
Pleschka, J. Ziebuhr, R.K. Hartmann, A. Grunweller, Broad-spectrum antiviral activity 
of the eIF4A inhibitor silvestrol against corona- and picornaviruses, Antiviral Res, 
150 (2018) 123-129. 

[41] M.S. Almeida, M.A. Johnson, T. Herrmann, M. Geralt, K. Wuthrich, Novel beta-
barrel fold in the nuclear magnetic resonance structure of the replicase nonstructural 
protein 1 from the severe acute respiratory syndrome coronavirus, J Virol, 81 (2007) 
3151-3161. 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

37 
 

[42] B.H. Harcourt, D. Jukneliene, A. Kanjanahaluethai, J. Bechill, K.M. Severson, 
C.M. Smith, P.A. Rota, S.C. Baker, Identification of severe acute respiratory 
syndrome coronavirus replicase products and characterization of papain-like 
protease activity, J Virol, 78 (2004) 13600-13612. 

[43] M. Neuvonen, T. Ahola, Differential activities of cellular and viral macro domain 
proteins in binding of ADP-ribose metabolites, J Mol Biol, 385 (2009) 212-225. 

[44] E.J. Snijder, P.J. Bredenbeek, J.C. Dobbe, V. Thiel, J. Ziebuhr, L.L. Poon, Y. 
Guan, M. Rozanov, W.J. Spaan, A.E. Gorbalenya, Unique and conserved features of 
genome and proteome of SARS-coronavirus, an early split-off from the coronavirus 
group 2 lineage, J Mol Biol, 331 (2003) 991-1004. 

[45] I. Manolaridis, J.A. Wojdyla, S. Panjikar, E.J. Snijder, A.E. Gorbalenya, H. 
Berglind, P. Nordlund, B. Coutard, P.A. Tucker, Structure of the C-terminal domain of 
nsp4 from feline coronavirus, Acta Crystallogr D Biol Crystallogr, 65 (2009) 839-846. 

[46] K. Anand, G.J. Palm, J.R. Mesters, S.G. Siddell, J. Ziebuhr, R. Hilgenfeld, 
Structure of coronavirus main proteinase reveals combination of a chymotrypsin fold 
with an extra alpha-helical domain, EMBO J, 21 (2002) 3213-3224. 

[47] W. Peti, M.A. Johnson, T. Herrmann, B.W. Neuman, M.J. Buchmeier, M. 
Nelson, J. Joseph, R. Page, R.C. Stevens, P. Kuhn, K. Wuthrich, Structural 
genomics of the severe acute respiratory syndrome coronavirus: nuclear magnetic 
resonance structure of the protein nsP7, J Virol, 79 (2005) 12905-12913. 

[48] Y. Zhai, F. Sun, X. Li, H. Pang, X. Xu, M. Bartlam, Z. Rao, Insights into SARS-
CoV transcription and replication from the structure of the nsp7-nsp8 hexadecamer, 
Nat Struct Mol Biol, 12 (2005) 980-986. 

[49] M.P. Egloff, F. Ferron, V. Campanacci, S. Longhi, C. Rancurel, H. Dutartre, E.J. 
Snijder, A.E. Gorbalenya, C. Cambillau, B. Canard, The severe acute respiratory 
syndrome-coronavirus replicative protein nsp9 is a single-stranded RNA-binding 
subunit unique in the RNA virus world, Proc Natl Acad Sci U S A, 101 (2004) 3792-
3796. 

[50] J.S. Joseph, K.S. Saikatendu, V. Subramanian, B.W. Neuman, A. Brooun, M. 
Griffith, K. Moy, M.K. Yadav, J. Velasquez, M.J. Buchmeier, R.C. Stevens, P. Kuhn, 
Crystal structure of nonstructural protein 10 from the severe acute respiratory 
syndrome coronavirus reveals a novel fold with two zinc-binding motifs, J Virol, 80 
(2006) 7894-7901. 

[51] P.M. Zanotto, M.J. Gibbs, E.A. Gould, E.C. Holmes, A reevaluation of the higher 
taxonomy of viruses based on RNA polymerases, J Virol, 70 (1996) 6083-6096. 

[52] M. Nishikiori, S. Sugiyama, H. Xiang, M. Niiyama, K. Ishibashi, T. Inoue, M. 
Ishikawa, H. Matsumura, E. Katoh, Crystal structure of the superfamily 1 helicase 
from Tomato mosaic virus, J Virol, 86 (2012) 7565-7576. 

[53] L.C. van Dinten, H. van Tol, A.E. Gorbalenya, E.J. Snijder, The predicted metal-
binding region of the arterivirus helicase protein is involved in subgenomic mRNA 
synthesis, genome replication, and virion biogenesis, J Virol, 74 (2000) 5213-5223. 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

38 
 

[54] M. von Grotthuss, L.S. Wyrwicz, L. Rychlewski, mRNA cap-1 methyltransferase 
in the SARS genome, Cell, 113 (2003) 701-702. 

[55] R. Bomma, P. Venkatesh, A. Kumar, A. Babu, S. Rao, PONDR (predicators of 
natural disorder regions), International Journal of Computer Technology and 
Electronics Engineering, 21 (2012) 61-70. 

[56] B. Mészáros, G. Erdős, Z. Dosztányi, IUPred2A: context-dependent prediction of 
protein disorder as a function of redox state and protein binding, Nucleic acids 
research, 46 (2018) W329-W337. 

[57] R. Minakshi, K. Padhan, S. Rehman, M.I. Hassan, F. Ahmad, The SARS 
Coronavirus 3a protein binds calcium in its cytoplasmic domain, Virus research, 191 
(2014) 180-183. 

[58] J. Lan, J. Ge, J. Yu, S. Shan, H. Zhou, S. Fan, Q. Zhang, X. Shi, Q. Wang, L. 
Zhang, X. Wang, Structure of the SARS-CoV-2 spike receptor-binding domain bound 
to the ACE2 receptor, Nature, (2020). 

[59] A.C. Walls, Y.J. Park, M.A. Tortorici, A. Wall, A.T. McGuire, D. Veesler, 
Structure, Function, and Antigenicity of the SARS-CoV-2 Spike Glycoprotein, Cell, 
(2020). 

[60] J.F. Chan, C.C. Yip, K.K. To, T.H. Tang, S.C. Wong, K.H. Leung, A.Y. Fung, 
A.C. Ng, Z. Zou, H.W. Tsoi, G.K. Choi, A.R. Tam, V.C. Cheng, K.H. Chan, O.T. 
Tsang, K.Y. Yuen, Improved molecular diagnosis of COVID-19 by the novel, highly 
sensitive and specific COVID-19-RdRp/Hel real-time reverse transcription-
polymerase chain reaction assay validated in vitro and with clinical specimens, J Clin 
Microbiol, (2020). 

[61] D. Wrapp, N. Wang, K.S. Corbett, J.A. Goldsmith, C.-L. Hsieh, O. Abiona, B.S. 
Graham, J.S. McLellan, Cryo-EM structure of the 2019-nCoV spike in the prefusion 
conformation, Science, 367 (2020) 1260-1263. 

[62] R. Yan, Y. Zhang, Y. Li, L. Xia, Y. Guo, Q. Zhou, Structural basis for the 
recognition of SARS-CoV-2 by full-length human ACE2, Science, 367 (2020) 1444-
1448. 

[63] E. Qing, T. Gallagher, SARS Coronavirus Redux, Trends in Immunology, 
(2020). 

[64] S. Xia, L. Yan, W. Xu, A.S. Agrawal, A. Algaissi, C.-T.K. Tseng, Q. Wang, L. Du, 
W. Tan, I.A. Wilson, A pan-coronavirus fusion inhibitor targeting the HR1 domain of 
human coronavirus spike, Science advances, 5 (2019) eaav4580. 

[65] A.R. Fehr, S. Perlman, Coronaviruses: an overview of their replication and 
pathogenesis, Methods Mol Biol, 1282 (2015) 1-23. 

[66] S. Li, L. Yuan, G. Dai, R.A. Chen, D.X. Liu, T.S. Fung, Regulation of the ER 
Stress Response by the Ion Channel Activity of the Infectious Bronchitis Coronavirus 
Envelope Protein Modulates Virion Release, Apoptosis, Viral Fitness, and 
Pathogenesis, Frontiers in Microbiology, 10 (2020) 3022. 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

39 
 

[67] T. Tang, M. Bidon, J.A. Jaimes, G.R. Whittaker, S. Daniel, Coronavirus 
membrane fusion mechanism offers as a potential target for antiviral development, 
Antiviral Research, (2020) 104792. 

[68] B.W. Neuman, M.J. Buchmeier, Supramolecular Architecture of the Coronavirus 
Particle, Adv Virus Res, 96 (2016) 1-27. 

[69] Y. Cong, M. Ulasli, H. Schepers, M. Mauthe, P. V’kovski, F. Kriegenburg, V. 
Thiel, C.A. de Haan, F. Reggiori, Nucleocapsid protein recruitment to replication-
transcription complexes plays a crucial role in coronaviral life cycle, Journal of 
Virology, 94 (2020). 

[70] Z. Ruan, C. Liu, Y. Guo, Z. He, X. Huang, X. Jia, T. Yang, Potential Inhibitors 
Targeting RNA-Dependent RNA Polymerase Activity (NSP12) of SARS-CoV-2, 
(2020). 

[71] M.I. Hassan, Editorial. Recent Advances in the Structure-Based Drug Design 
and Discovery, Curr Top Med Chem, 16 (2016) 899-900. 

[72] X. Ou, Y. Liu, X. Lei, P. Li, D. Mi, L. Ren, L. Guo, R. Guo, T. Chen, J. Hu, Z. 
Xiang, Z. Mu, X. Chen, J. Chen, K. Hu, Q. Jin, J. Wang, Z. Qian, Characterization of 
spike glycoprotein of SARS-CoV-2 on virus entry and its immune cross-reactivity 
with SARS-CoV, Nat Commun, 11 (2020) 1620. 

[73] A.C. Walls, X. Xiong, Y.-J. Park, M.A. Tortorici, J. Snijder, J. Quispe, E. 
Cameroni, R. Gopal, M. Dai, A. Lanzavecchia, Unexpected receptor functional 
mimicry elucidates activation of coronavirus fusion, Cell, 176 (2019) 1026-1039. 
e1015. 

[74] J. Chen, K.H. Lee, D.A. Steinhauer, D.J. Stevens, J.J. Skehel, D.C. Wiley, 
Structure of the hemagglutinin precursor cleavage site, a determinant of influenza 
pathogenicity and the origin of the labile conformation, Cell, 95 (1998) 409-417. 

[75] Y. Gao, L. Yan, Y. Huang, F. Liu, Y. Zhao, L. Cao, T. Wang, Q. Sun, Z. Ming, L. 
Zhang, J. Ge, L. Zheng, Y. Zhang, H. Wang, Y. Zhu, C. Zhu, T. Hu, T. Hua, B. 
Zhang, X. Yang, J. Li, H. Yang, Z. Liu, W. Xu, L.W. Guddat, Q. Wang, Z. Lou, Z. 
Rao, Structure of the RNA-dependent RNA polymerase from COVID-19 virus, 
Science, (2020). 

[76] K. Anand, J. Ziebuhr, P. Wadhwani, J.R. Mesters, R. Hilgenfeld, Coronavirus 
main proteinase (3CLpro) structure: basis for design of anti-SARS drugs, Science, 
300 (2003) 1763-1767. 

[77] J. Tan, K.H. Verschueren, K. Anand, J. Shen, M. Yang, Y. Xu, Z. Rao, J. 
Bigalke, B. Heisen, J.R. Mesters, pH-dependent conformational flexibility of the 
SARS-CoV main proteinase (Mpro) dimer: molecular dynamics simulations and 
multiple X-ray structure analyses, Journal of molecular biology, 354 (2005) 25-40. 

[78] L. Zhang, D. Lin, X. Sun, U. Curth, C. Drosten, L. Sauerhering, S. Becker, K. 
Rox, R. Hilgenfeld, Crystal structure of SARS-CoV-2 main protease provides a basis 
for design of improved α-ketoamide inhibitors, Science, (2020). 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

40 
 

[79] L. Moens, I. Meyts, Recent human genetic errors of innate immunity leading to 
increased susceptibility to infection, Current opinion in immunology, 62 (2020) 79-90. 

[80] C.M. Greene, P.S. Hiemstra, Innate Immunity of the Lung, Journal of Innate 
Immunity, 12 (2020) 1-3. 

[81] T.S. Fung, D.X. Liu, Coronavirus infection, ER stress, apoptosis and innate 
immunity, Frontiers in Microbiology, 5 (2014) 296. 

[82] A.L. Totura, R.S. Baric, SARS coronavirus pathogenesis: host innate immune 
responses and viral antagonism of interferon, Current opinion in virology, 2 (2012) 
264-275. 

[83] C.S. Shi, H.Y. Qi, C. Boularan, N.N. Huang, M. Abu-Asab, J.H. Shelhamer, J.H. 
Kehrl, SARS-coronavirus open reading frame-9b suppresses innate immunity by 
targeting mitochondria and the MAVS/TRAF3/TRAF6 signalosome, J Immunol, 193 
(2014) 3080-3089. 

[84] S.R. Weiss, Forty years with coronaviruses, Journal of Experimental Medicine, 
217 (2020). 

[85] J.J. Chiang, M.E. Davis, M.U. Gack, Regulation of RIG-I-like receptor signaling 
by host and viral proteins, Cytokine & growth factor reviews, 25 (2014) 491-505. 

[86] C. Selinger, J. Tisoncik-Go, V.D. Menachery, S. Agnihothram, G.L. Law, J. 
Chang, S.M. Kelly, P. Sova, R.S. Baric, M.G. Katze, Cytokine systems approach 
demonstrates differences in innate and pro-inflammatory host responses between 
genetically distinct MERS-CoV isolates, BMC genomics, 15 (2014) 1161. 

[87] A.M. Mielech, A. Kilianski, Y.M. Baez-Santos, A.D. Mesecar, S.C. Baker, MERS-
CoV papain-like protease has deISGylating and deubiquitinating activities, Virology, 
450 (2014) 64-70. 

[88] L. Josset, V.D. Menachery, L.E. Gralinski, S. Agnihothram, P. Sova, V.S. Carter, 
B.L. Yount, R.L. Graham, R.S. Baric, M.G. Katze, Cell host response to infection with 
novel human coronavirus EMC predicts potential antivirals and important differences 
with SARS coronavirus, MBio, 4 (2013) e00165-00113. 

[89] A.A. Dandekar, S. Perlman, Immunopathogenesis of coronavirus infections: 
implications for SARS, Nature reviews immunology, 5 (2005) 917-927. 

[90] R. Channappanavar, A.R. Fehr, R. Vijay, M. Mack, J. Zhao, D.K. Meyerholz, S. 
Perlman, Dysregulated type I interferon and inflammatory monocyte-macrophage 
responses cause lethal pneumonia in SARS-CoV-infected mice, Cell host & microbe, 
19 (2016) 181-193. 

[91] L. Runfeng, H. Yunlong, H. Jicheng, P. Weiqi, M. Qinhai, S. Yongxia, L. 
Chufang, Z. Jin, J. Zhenhua, J. Haiming, Lianhuaqingwen exerts anti-viral and anti-
inflammatory activity against novel coronavirus (SARS-CoV-2), Pharmacological 
Research, (2020) 104761. 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

41 
 

[92] Y. Shi, Y. Wang, C. Shao, J. Huang, J. Gan, X. Huang, E. Bucci, M. Piacentini, 
G. Ippolito, G. Melino, COVID-19 infection: the perspectives on immune responses, 
Cell Death Differ, (2020). 

[93] X. Cao, COVID-19: immunopathology and its implications for therapy, Nat Rev 
Immunol, (2020). 

[94] S.G. Paquette, D. Banner, Z. Zhao, Y. Fang, S.S. Huang, A.J. Leόn, D.C. Ng, R. 
Almansa, I. Martin-Loeches, P. Ramirez, Interleukin-6 is a potential biomarker for 
severe pandemic H1N1 influenza A infection, PloS one, 7 (2012). 

[95] T. Okabayashi, H. Kariwa, S.i. Yokota, S. Iki, T. Indoh, N. Yokosawa, I. 
Takashima, H. Tsutsumi, N. Fujii, Cytokine regulation in SARS coronavirus infection 
compared to other respiratory virus infections, Journal of medical virology, 78 (2006) 
417-424. 

[96] S. Haga, N. Yamamoto, C. Nakai-Murakami, Y. Osawa, K. Tokunaga, T. Sata, 
N. Yamamoto, T. Sasazuki, Y. Ishizaka, Modulation of TNF-α-converting enzyme by 
the spike protein of SARS-CoV and ACE2 induces TNF-α production and facilitates 
viral entry, Proceedings of the National Academy of Sciences, 105 (2008) 7809-
7814. 

[97] H. Ledford, Coronavirus shuts down trials of drugs for multiple other diseases, 
Nature, 580 (2020) 15-16. 

[98] C. Liu, Q. Zhou, Y. Li, L.V. Garner, S.P. Watkins, L.J. Carter, J. Smoot, A.C. 
Gregg, A.D. Daniels, S. Jervey, D. Albaiu, Research and Development on 
Therapeutic Agents and Vaccines for COVID-19 and Related Human Coronavirus 
Diseases, ACS Cent Sci, 6 (2020) 315-331. 

[99] M. Guastalegname, A. Vallone, Could chloroquine /hydroxychloroquine be 
harmful in Coronavirus Disease 2019 (COVID-19) treatment?, Clin Infect Dis, (2020). 

[100] A.A. Elfiky, Ribavirin, Remdesivir, Sofosbuvir, Galidesivir, and Tenofovir 
against SARS-CoV-2 RNA dependent RNA polymerase (RdRp): A molecular 
docking study, Life Sci, (2020) 117592. 

[101] B. Robson, Computers and viral diseases. Preliminary bioinformatics studies 
on the design of a synthetic vaccine and a preventative peptidomimetic antagonist 
against the SARS-CoV-2 (2019-nCoV, COVID-19) coronavirus, Comput Biol Med, 
119 (2020) 103670. 

[102] W. Zhang, Y. Zhao, F. Zhang, Q. Wang, T. Li, Z. Liu, J. Wang, Y. Qin, X. 
Zhang, X. Yan, X. Zeng, S. Zhang, The use of anti-inflammatory drugs in the 
treatment of people with severe coronavirus disease 2019 (COVID-19): The 
Perspectives of clinical immunologists from China, Clin Immunol, 214 (2020) 
108393. 

[103] L. Du, Y. He, Y. Zhou, S. Liu, B.-J. Zheng, S. Jiang, The spike protein of 
SARS-CoV — a target for vaccine and therapeutic development, Nature Reviews 
Microbiology, 7 (2009) 226-236. 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

42 
 

[104] M. Wang, R. Cao, L. Zhang, X. Yang, J. Liu, M. Xu, Z. Shi, Z. Hu, W. Zhong, G. 
Xiao, Remdesivir and chloroquine effectively inhibit the recently emerged novel 
coronavirus (2019-nCoV) in vitro, Cell Res, 30 (2020) 269-271. 

[105] P. Colson, J.-M. Rolain, J.-C. Lagier, P. Brouqui, D. Raoult, Chloroquine and 
hydroxychloroquine as available weapons to fight COVID-19, Int J Antimicrob 
Agents, 105932 (2020). 

[106] A. Cortegiani, G. Ingoglia, M. Ippolito, A. Giarratano, S. Einav, A systematic 
review on the efficacy and safety of chloroquine for the treatment of COVID-19, 
Journal of critical care, (2020). 

[107] D. Wu, X.O. Yang, TH17 responses in cytokine storm of COVID-19: An 
emerging target of JAK2 inhibitor Fedratinib, J Microbiol Immunol Infect, (2020). 

[108] E. De Clercq, Antivirals and antiviral strategies, Nature Reviews Microbiology, 
2 (2004) 704-720. 

[109] T.P. Velavan, C.G. Meyer, The COVID-19 epidemic, Trop Med Int Health, 25 
(2020) 278-280. 

[110] H. Li, Y. Zhou, M. Zhang, H. Wang, Q. Zhao, J. Liu, Updated approaches 
against SARS-CoV-2, Antimicrob Agents Chemother, (2020). 

[111] G. Koren, S. King, S. Knowles, E. Phillips, Ribavirin in the treatment of SARS: 
A new trick for an old drug?, Cmaj, 168 (2003) 1289-1292. 

[112] A.A. Elfiky, Anti-HCV, nucleotide inhibitors, repurposing against COVID-19, Life 
sciences, (2020) 117477. 

[113] A.A. Elfiky, Ribavirin, Remdesivir, Sofosbuvir, Galidesivir, and Tenofovir 
against SARS-CoV-2 RNA dependent RNA polymerase (RdRp): A molecular 
docking study, Life sciences, (2020) 117592. 

[114] P. Sarzi-Puttini, V. Giorgi, S. Sirotti, D. Marotto, S. Ardizzone, G. Rizzardini, S. 
Antinori, M. Galli, COVID-19, cytokines and immunosuppression: what can we learn 
from severe acute respiratory syndrome?, Clinical and experimental rheumatology, 
(2020). 

[115] A. Zumla, J.F. Chan, E.I. Azhar, D.S. Hui, K.-Y. Yuen, Coronaviruses—drug 
discovery and therapeutic options, Nature reviews Drug discovery, 15 (2016) 327. 

[116] Y. Wang, D. Zhang, G. Du, R. Du, J. Zhao, Y. Jin, S. Fu, L. Gao, Z. Cheng, Q. 
Lu, Y. Hu, G. Luo, K. Wang, Y. Lu, H. Li, S. Wang, S. Ruan, C. Yang, C. Mei, Y. 
Wang, D. Ding, F. Wu, X. Tang, X. Ye, Y. Ye, B. Liu, J. Yang, W. Yin, A. Wang, G. 
Fan, F. Zhou, Z. Liu, X. Gu, J. Xu, L. Shang, Y. Zhang, L. Cao, T. Guo, Y. Wan, H. 
Qin, Y. Jiang, T. Jaki, F.G. Hayden, P.W. Horby, B. Cao, C. Wang, Remdesivir in 
adults with severe COVID-19: a randomised, double-blind, placebo-controlled, 
multicentre trial, The Lancet, 395 (2020) 1569-1578. 

[117] P. Schlagenhauf, M.P. Grobusch, J.D. Maier, P. Gautret, Repurposing 
antimalarials and other drugs for COVID-19, Travel Med Infect Dis, (2020) 101658. 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

43 
 

[118] M. Huang, T. Tang, P. Pang, M. Li, R. Ma, J. Lu, J. Shu, Y. You, B. Chen, J. 
Liang, Z. Hong, H. Chen, L. Kong, D. Qin, D. Pei, J. Xia, S. Jiang, H. Shan, Treating 
COVID-19 with Chloroquine, J Mol Cell Biol, (2020). 

[119] W. Hong, Combating COVID-19 with Chloroquine, J Mol Cell Biol, (2020). 

[120] J. Gao, Z. Tian, X. Yang, Breakthrough: Chloroquine phosphate has shown 
apparent efficacy in treatment of COVID-19 associated pneumonia in clinical studies, 
Bioscience trends, (2020). 

[121] J. Liu, R. Cao, M. Xu, X. Wang, H. Zhang, H. Hu, Y. Li, Z. Hu, W. Zhong, M. 
Wang, Hydroxychloroquine, a less toxic derivative of chloroquine, is effective in 
inhibiting SARS-CoV-2 infection in vitro, Cell discovery, 6 (2020) 1-4. 

[122] G.A. FitzGerald, Misguided drug advice for COVID-19, Science, (2020) 
eabb8034. 

[123] H. Xu, L. Zhong, J. Deng, J. Peng, H. Dan, X. Zeng, T. Li, Q. Chen, High 
expression of ACE2 receptor of 2019-nCoV on the epithelial cells of oral mucosa, Int 
J Oral Sci, 12 (2020) 8. 

[124] A.M. South, D.I. Diz, M.C. Chappell, COVID-19, ACE2, and the cardiovascular 
consequences, American Journal of Physiology-Heart and Circulatory Physiology, 
318 (2020) H1084-H1090. 

[125] G. Huang, J.b. Xu, J.x. Liu, Y. He, X.l. Nie, Q. Li, Y.m. Hu, S.q. Zhao, M. Wang, 

W.y. Zhang, Angiotensin‐converting enzyme inhibitors and angiotensin receptor 
blockers decrease the incidence of atrial fibrillation: a meta‐analysis, European 
journal of clinical investigation, 41 (2011) 719-733. 

[126] P. Zhang, L. Zhu, J. Cai, F. Lei, J.-J. Qin, J. Xie, Y.-M. Liu, Y.-C. Zhao, X. 
Huang, L. Lin, Association of inpatient use of angiotensin converting enzyme 
inhibitors and angiotensin II receptor blockers with mortality among patients with 
hypertension hospitalized with COVID-19, Circulation research, (2020). 

[127] J. Grein, N. Ohmagari, D. Shin, G. Diaz, E. Asperges, A. Castagna, T. Feldt, G. 
Green, M.L. Green, F.X. Lescure, E. Nicastri, R. Oda, K. Yo, E. Quiros-Roldan, A. 
Studemeister, J. Redinski, S. Ahmed, J. Bernett, D. Chelliah, D. Chen, S. Chihara, 
S.H. Cohen, J. Cunningham, A. D'Arminio Monforte, S. Ismail, H. Kato, G. Lapadula, 
E. L'Her, T. Maeno, S. Majumder, M. Massari, M. Mora-Rillo, Y. Mutoh, D. Nguyen, 
E. Verweij, A. Zoufaly, A.O. Osinusi, A. DeZure, Y. Zhao, L. Zhong, A. 
Chokkalingam, E. Elboudwarej, L. Telep, L. Timbs, I. Henne, S. Sellers, H. Cao, S.K. 
Tan, L. Winterbourne, P. Desai, R. Mera, A. Gaggar, R.P. Myers, D.M. Brainard, R. 
Childs, T. Flanigan, Compassionate Use of Remdesivir for Patients with Severe 
Covid-19, N Engl J Med, (2020). 

[128] X. Cao, COVID-19: immunopathology and its implications for therapy, Nat Rev 
Immunol, 20 (2020) 269-270. 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

44 
 

[129] X. Xu, M. Han, T. Li, W. Sun, D. Wang, B. Fu, Y. Zhou, X. Zheng, Y. Yang, X. 
Li, X. Zhang, A. Pan, H. Wei, Effective treatment of severe COVID-19 patients with 
tocilizumab, Proc Natl Acad Sci U S A, (2020). 

[130] A. Golchin, E. Seyedjafari, A. Ardeshirylajimi, Mesenchymal Stem Cell Therapy 
for COVID-19: Present or Future, Stem Cell Reviews and Reports, (2020) 1-7. 

[131] C. Shen, Z. Wang, F. Zhao, Y. Yang, J. Li, J. Yuan, F. Wang, D. Li, M. Yang, L. 
Xing, J. Wei, H. Xiao, J. Qu, L. Qing, L. Chen, Z. Xu, L. Peng, Y. Li, H. Zheng, F. 
Chen, K. Huang, Y. Jiang, D. Liu, Z. Zhang, Y. Liu, L. Liu, Treatment of 5 Critically Ill 
Patients With COVID-19 With Convalescent Plasma, JAMA, (2020). 

[132] L. Chen, J. Xiong, L. Bao, Y. Shi, Convalescent plasma as a potential therapy 
for COVID-19, Lancet Infect Dis, 20 (2020) 398-400. 

[133] Y.J. Duan, Q. Liu, S.Q. Zhao, F. Huang, L. Ren, L. Liu, Y.W. Zhou, The Trial of 
Chloroquine in the Treatment of Corona Virus Disease 2019 COVID-19 and Its 
Research Progress in Forensic Toxicology, Fa Yi Xue Za Zhi, 36 (2020). 

[134] T. Bhatnagar, M.V. Murhekar, M. Soneja, N. Gupta, S. Giri, N. Wig, R. 
Gangakhedkar, Lopinavir/ritonavir combination therapy amongst symptomatic 
coronavirus disease 2019 patients in India: Protocol for restricted public health 
emergency use, Indian J Med Res, (2020). 

[135] M. Day, Covid-19: European drugs agency to review safety of ibuprofen, BMJ, 
368 (2020) m1168. 

[136] S. Atluri, L. Manchikanti, J.A. Hirsch, Expanded Umbilical Cord Mesenchymal 
Stem Cells (UC-MSCs) as a Therapeutic Strategy in Managing Critically Ill COVID-
19 Patients: The Case for Compassionate Use, Pain Physician, 23 (2020) E71-E83. 

[137] S. Ekins, T.R. Lane, P.B. Madrid, Tilorone: a Broad-Spectrum Antiviral 
Invented in the USA and Commercialized in Russia and beyond, Pharm Res, 37 
(2020) 71. 

[138] D. Gurwitz, Angiotensin receptor blockers as tentative SARS‐CoV‐2 
therapeutics, Drug development research, (2020). 

[139] S. Jawhara, Could Intravenous Immunoglobulin Collected from Recovered 
Coronavirus Patients Protect against COVID-19 and Strengthen the Immune System 
of New Patients?, International Journal of Molecular Sciences, 21 (2020) 2272. 

[140] J. Ma, P. Xia, Y. Zhou, Z. Liu, X. Zhou, J. Wang, T. Li, X. Yan, L. Chen, S. 
Zhang, Potential effect of blood purification therapy in reducing cytokine storm as a 
late complication of severe COVID-19, Clinical Immunology (Orlando, Fla.), (2020). 

[141] W.H. Chen, U. Strych, P.J. Hotez, M.E. Bottazzi, The SARS-CoV-2 Vaccine 
Pipeline: an Overview, Curr Trop Med Rep, (2020) 1-4. 

[142] G.A. FitzGerald, Misguided drug advice for COVID-19, Science, 367 (2020) 
1434-1434. 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

45 
 

[143] A. Capuano, C. Scavone, G. Racagni, F. Scaglione, NSAIDs in patients with 
viral infections, including Covid-19: victims or perpetrators?, Pharmacological 
Research, (2020) 104849. 

[144] A.S. Omrani, M.M. Saad, K. Baig, A. Bahloul, M. Abdul-Matin, A.Y. Alaidaroos, 
G.A. Almakhlafi, M.M. Albarrak, Z.A. Memish, A.M. Albarrak, Ribavirin and interferon 
alfa-2a for severe Middle East respiratory syndrome coronavirus infection: a 
retrospective cohort study, The Lancet Infectious Diseases, 14 (2014) 1090-1095. 

[145] T.P. Sheahan, A.C. Sims, S.R. Leist, A. Schäfer, J. Won, A.J. Brown, S.A. 
Montgomery, A. Hogg, D. Babusis, M.O. Clarke, Comparative therapeutic efficacy of 
remdesivir and combination lopinavir, ritonavir, and interferon beta against MERS-
CoV, Nature Communications, 11 (2020) 1-14. 

[146] F.F. Cruz, P.R.M. Rocco, The potential of mesenchymal stem cell therapy for 
chronic lung disease, Expert review of respiratory medicine, 14 (2020) 31-39. 

[147] L. Orleans, H. is Vice, L. Manchikanti, Expanded umbilical cord mesenchymal 
stem cells (UC-MSCs) as a therapeutic strategy in managing critically ill COVID-19 
patients: The case for compassionate use, Pain Physician, 23 (2020) E71-E83. 

[148] Z. Leng, R. Zhu, W. Hou, Y. Feng, Y. Yang, Q. Han, G. Shan, F. Meng, D. Du, 
S. Wang, J. Fan, W. Wang, L. Deng, H. Shi, H. Li, Z. Hu, F. Zhang, J. Gao, H. Liu, X. 
Li, Y. Zhao, K. Yin, X. He, Z. Gao, Y. Wang, B. Yang, R. Jin, I. Stambler, L.W. Lim, 
H. Su, A. Moskalev, A. Cano, S. Chakrabarti, K.J. Min, G. Ellison-Hughes, C. 
Caruso, K. Jin, R.C. Zhao, Transplantation of ACE2(-) Mesenchymal Stem Cells 
Improves the Outcome of Patients with COVID-19 Pneumonia, Aging Dis, 11 (2020) 
216-228. 

[149] K. Duan, B. Liu, C. Li, H. Zhang, T. Yu, J. Qu, M. Zhou, L. Chen, S. Meng, Y. 
Hu, C. Peng, M. Yuan, J. Huang, Z. Wang, J. Yu, X. Gao, D. Wang, X. Yu, L. Li, J. 
Zhang, X. Wu, B. Li, Y. Xu, W. Chen, Y. Peng, L. Lin, X. Liu, S. Huang, Z. Zhou, L. 
Zhang, Y. Wang, Z. Zhang, K. Deng, Z. Xia, Q. Gong, W. Zhang, X. Zheng, Y. Liu, 
H. Yang, D. Zhou, D. Yu, J. Hou, Z. Shi, S. Chen, Z. Chen, X. Zhang, X. Yang, 
Effectiveness of convalescent plasma therapy in severe COVID-19 patients, Proc 
Natl Acad Sci U S A, 117 (2020) 9490-9496. 

[150] C. Zhang, Z. Wu, J.-W. Li, H. Zhao, G.-Q. Wang, The cytokine release 
syndrome (CRS) of severe COVID-19 and Interleukin-6 receptor (IL-6R) antagonist 
Tocilizumab may be the key to reduce the mortality, International journal of 
antimicrobial agents, (2020) 105954. 

[151] P. Luo, Y. Liu, L. Qiu, X. Liu, D. Liu, J. Li, Tocilizumab treatment in COVID-19: 
A single center experience, J Med Virol, (2020). 

[152] N.R. Sexton, E.C. Smith, H. Blanc, M. Vignuzzi, O.B. Peersen, M.R. Denison, 
Homology-Based Identification of a Mutation in the Coronavirus RNA-Dependent 
RNA Polymerase That Confers Resistance to Multiple Mutagens, J Virol, 90 (2016) 
7415-7428. 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

46 
 

[153] X.W. Wang, J.S. Li, M. Jin, B. Zhen, Q.X. Kong, N. Song, W.J. Xiao, J. Yin, W. 
Wei, G.J. Wang, B.Y. Si, B.Z. Guo, C. Liu, G.R. Ou, M.N. Wang, T.Y. Fang, F.H. 
Chao, J.W. Li, Study on the resistance of severe acute respiratory syndrome-
associated coronavirus, J Virol Methods, 126 (2005) 171-177. 

[154] X. Deng, S.E. StJohn, H.L. Osswald, A. O'Brien, B.S. Banach, K. Sleeman, 
A.K. Ghosh, A.D. Mesecar, S.C. Baker, Coronaviruses resistant to a 3C-like 
protease inhibitor are attenuated for replication and pathogenesis, revealing a low 
genetic barrier but high fitness cost of resistance, J Virol, 88 (2014) 11886-11898. 

[155] H. Kleine-Weber, M.T. Elzayat, L. Wang, B.S. Graham, M.A. Muller, C. 
Drosten, S. Pohlmann, M. Hoffmann, Mutations in the Spike Protein of Middle East 
Respiratory Syndrome Coronavirus Transmitted in Korea Increase Resistance to 
Antibody-Mediated Neutralization, J Virol, 93 (2019). 

[156] C. Wu, Y. Liu, Y. Yang, P. Zhang, W. Zhong, Y. Wang, Q. Wang, Y. Xu, M. Li, 
X. Li, M. Zheng, L. Chen, H. Li, Analysis of therapeutic targets for SARS-CoV-2 and 
discovery of potential drugs by computational methods, Acta Pharmaceutica Sinica 
B, (2020). 

[157] H.-H. Fan, L.-Q. Wang, W.-L. Liu, X.-P. An, Z.-D. Liu, X.-Q. He, L.-H. Song, Y.-
G. Tong, Repurposing of clinically approved drugs for treatment of coronavirus 
disease 2019 in a 2019-novel coronavirus (2019-nCoV) related coronavirus model, 
Chinese Medical Journal, (2020). 

[158] B. Mercorelli, G. Palù, A. Loregian, Drug repurposing for viral infectious 
diseases: how far are we?, Trends in microbiology, 26 (2018) 865-876. 

[159] A. Shamsi, T. Mohammad, S. Anwar, Mohamed F. AlAjmi, A. Hussain, M.T. 
Rehman, A. Islam, M.I. Hassan, Glecaprevir and Maraviroc are high-affinity inhibitors 
of SARS-CoV-2 main protease: possible implication in COVID-19 therapy, 
Bioscience Reports, 40 (2020). 

 
 

  

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

47 
 

 

Conflict of Interest  

The authors have declared no conflict of interest 

  

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

48 
 

 

Graphical abstract 

Schematic representation of novel corona virus showing target 

proteins and its mechanism of host entry. 
  

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

49 
 

Highlights 

 

 The recent exposure to SARS-CoV-2 has affected entire world resulted more than 0.3 

million deaths. 

 SARS-CoV-2, despite sharing 80% of genome similarity to SARS-CoV, its potential 

drug targets are highly conserved.  

 Despite high conservation among target proteins, structural differences make 

available drugs ineffective against SARS-CoV-2.  

 Cytokine storm is associated with viral inflammatory responses as seen in SARS-

CoV-2 infection which may be targeted to handle COVID-19 patients. 

 Experimental trials of various FDA approved drugs are showing positive effects but 

further evaluation of large subject groups is required to confirm their efficacy. 
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