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Abstract: Coronaviruses are named after the crown-like spike proteins on their surface. In 
the 21st century, three coronaviruses, namely severe acute respiratory syndrome coronavirus 
2 (SARS-CoV-2), SARS-CoV, and Middle East respiratory syndrome related coronavirus 
(MERS-CoV), have emerged in the human population, presumably evolving from pathogens 
infecting other animals. Coronaviruses are enveloped viruses responsible for 15–30% of the 
atypical pneumonia cases in humans worldwide. The current coronavirus disease 2019 
(COVID-19) pandemic is caused by the newest SARS virus, SARS-CoV-2, an enveloped, 
positive-sense, single-stranded RNA betacoronavirus of the family Coronaviridae. As of 
April 2021, the World Health Organization has reported more than 3 million deaths from 
COVID-19 and more than 140 million people have been infected with the virus, thereby 
making it the worst SARS pandemic of all time. Here, I review the current understanding of 
the molecular biology of coronaviruses and their host interactions, bringing together knowl-
edge of the infection process to aid in the development of therapeutic drugs and/or vaccines 
against SARS-CoV-2. I also briefly overview the current situation of available treatments, 
vaccinations, and emerging strains. 
Keywords: ACE2, coronavirus, spike protein, mechanism, vaccine pandemic

Introduction
Coronaviruses are characterized by and named for the crown-like spikes on the 
virion surface. There are four main subgroups of coronaviruses, alpha, beta, 
gamma, and delta. Alpha and beta subgroups are suggested to have originated 
from bats and mammals, whereas gamma and delta subgroups primarily infect 
birds. There are four common human coronaviruses, 229E (Alphacoronavirus), 
NL63 (Alphacoronavirus), OC43 (Betacoronavirus), and HKU1 
(Betacoronavirus). NL63 and HKU1 were recently discovered after the severe 
acute respiratory syndrome (SARS) epidemic but are thought to have been circulat-
ing in the human population for some time.1 Coronaviruses are enveloped viruses 
responsible for 15–30% of atypical pneumonia in humans worldwide.2 In the 21st 
century, three coronaviruses, SARS coronavirus (SARS-CoV), Middle East respira-
tory syndrome related coronavirus (MERS-CoV), and SARS-CoV-2, have emerged 
in the human population, presumably after transmission from other animals.3 The 
intermediate host of SARS-CoV is the civet or raccoon and that of MERS-CoV is 
the camel,4 but the host of the current SARS-CoV-2 pandemic strain is yet to be 
proven, although it is believed to be closely related to BatCov RaTG13 (Table 1). 
Although the RaTG13 bat virus exhibits similarity to SARS-CoV-2 across the 
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genome, coronaviruses in Malayan pangolins (Manis java-
nica) remain closest to SARS-CoV-2.5 In particular, all six 
key receptor-binding domain (RBD) residues are identical 
in the coronaviruses of M. javanica and SARS-CoV-2.6,7

The fact that there have been three events of wide-
spread zoonotic transmission within the past 20 years is 
concerning, and it suggests that additional emergence 
events are likely to occur in the future.8 During the first 
SARS pandemic in 2002, more than 8000 cases and 774 
deaths were reported worldwide. However, fewer numbers 
of MERS cases have been reported – 2567 cases to date; 
however, 866 total deaths have resulted (from the WHO 
website: https://www.emro.who.int/health-topics/mers-cov 
/mers-outbreaks.html, viewed February 2021). The current 
virus, SARS-CoV-2, is the most pathogenic of the three 
coronaviruses, resulting in more than 3.1 million deaths 
from coronavirus disease 2019 (COVID-19) and more 
than 150 million people infected worldwide as of 
April 2021. Whereas the majority of COVID-19 cases 
are asymptomatic, symptomatic patients can experience 
mild to severe symptoms. Mild symptoms include fever, 
cough, headache, and fatigue, with mild or no pneumonia, 
and with severe clinical manifestations, acute respiratory 
syndrome, hypoxia, and dyspnea can develop. In critical 
cases, patients suffer from multi-organ dysfunction, 
respiratory failure, and shock. Disease fatality rates are 
higher in older people with chronic comorbidities such as 
diabetes, coronary artery disease, hypertension, chronic 
obstructive disease, and obesity. Despite the relatively 

high number of deaths, the rate of recovery from 
COVID-19 is substantial; the death rate varies regionally 
between 0.8% and 14.5% of the total population (mortality 
analyses, Johns Hopkins University of Medicine https:// 
coronavirus.jhu.edu/data/mortality; for daily case report, 
please see the World Health Organization [WHO] corona-
virus disease dashboard at https://covid19.who.int/). The 
actual number of presumed cases is thought to be much 
higher owing to the current testing limitations,9 and the 
number of cases is expected to continue to grow 
exponentially.10 The nomenclature of the new emerging 
coronavirus as SARS-CoV-2 has been found to be mis-
leading owing to its differences from previous SARS-CoV 
in epidemiology, transmission, and unique genetic struc-
ture, although the two viruses share approximately 79% 
similarity in genome structure and cause severe acute 
respiratory syndrome. It was suggested that the virus be 
named nCov19 to resemble the disease announced by the 
WHO, COVID-19.11

Virus Genomic Structure
The current COVID-19 pandemic is caused by the novel 
coronavirus strain SARS-CoV-2, a positive-sense, single- 
stranded enveloped RNA belonging to the Coronaviridae 
family12 (Figure 1A). The SARS-CoV-2 genome is >30 kb 
in length and consists of 14 open reading frames (ORFs) 
encoding 27 proteins.13 The 5′ end of the SARS-CoV-2 
genome consists of ORF1a/b encoding a polyprotein that 
is post-translationally cleaved into 16 non-structural pro-
teins (nsp1–16), which form the replicase/transcriptase 
complex (RTC). This complex contains enzymes involved 
in the replication mechanism, including papain-like pro-
tease (nsp3), main protease (nsp5), nsp7-nsp8 primase 
complex, primary RNA-dependent RNA polymerase 
(RdRp; nsp12), helicase/triphosphatase (nsp13), exoribo-
nuclease (nsp14), endonuclease (nsp15), and N7- and 2′- 
O-methyltransferases (nsp10/nsp16). The 3′ terminus of 
the viral genome contains ORFs encoding the four main 
structural proteins, spike (S), envelope (E), membrane 
(M), and nucleocapsid (N), as well as nine putative acces-
sory factors (Figure 1B).14,15

The virus uses host machinery to produce its lipid 
envelope, which is studded with several S proteins giv-
ing the virus a crown-like appearance. The 
M glycoprotein, also called the matrix protein, is the 
most abundant structural protein, traversing the viral 
envelope and attaching the viral membrane to the 
nucleic acid within the virion. The N protein is 

Table 1 Zoonotic Transmission of Coronaviruses

Virus Origin of 
Pathogen

Natural 
Reservoir 
Host

Virulent 
Coronavirus

Cell 
Receptor

SARS- 
CoV

Palm civets, 
raccoon, 

dogs, 

domestic cat, 
and ferret 

badgers

Bat SARS ACE269

MERS- 

CoV

Dromedary 

camels

Bat MERS DPP470

SARS- 

CoV-2

Unknown Unknown COVID-19 ACE27

Abbreviations: SARS-CoV, severe acute respiratory syndrome coronavirus; 
MERS-CoV, Middle East respiratory syndrome related coronavirus; COVID-19, 
coronavirus disease 2019; ACE2, angiotensin-converting enzyme 2; DPP4, dipeptidyl 
peptidase 4.
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important for the morphogenesis phase of the viral life 
cycle (Figure 1A).14

The S protein plays a critical role in promoting cell 
attachment and fusion of the virus to the host membrane; it 
is trimeric and contains two distinct domains, the RBD at 
the amino-terminus of the S1 subunit and the carboxy- 
terminus domain (CTD) of the S2 subunit, which is 
responsible for membrane fusion.16 SARS-CoV and 
SARS-CoV-2 share a highly conserved S protein RBD 
with 79.5% genome sequence identity.8 Cryo-electron 
microscopy images of SARS-CoV-2 showed sequence 
conservation of all related coronaviruses across the S2 
subunit CTD.17,18 However, the S1 subunit RBD protein 

sequence contains unique regions, and this uniqueness 
tends to be common to coronaviruses in general. This is 
likely a result of intense evolutionary pressure due to 
constant interactions with the host immune system.19

SARS-CoV-2 antigenic evolution continues to be 
observed, particularly in the spike protein RBD. The first 
variant was reported and sampled in Italy in February of 
2020, a D614G mutation in the S protein gene. Over time, 
this became the dominant variant displacing the original 
SARS-CoV-2 strain.20 Thereafter, additional variants have 
been emerging in different countries. The most widespread 
variant to date is B.1.1.7 or SARS-CoV-2 VOC 202012/ 
01, a variant that emerged in the United Kingdom and was 

A

B

ORF1a ORF1b

Figure 1 Schematic diagram of SARS-CoV-2: (A) SARS-CoV-2 is a positive-sense, single-stranded enveloped RNA. 
Notes: The lipid envelope (E) is studded with several spike (S) glycoproteins giving the virus a crown-like appearance. The membrane (M) glycoprotein is the most abundant 
structural protein and spans the envelope. (B) The 5′ end of the SARS-CoV-2 genome consists of open reading frame (ORF)1a/b that encodes a polyprotein, which is post- 
translationally cleaved into 16 non-structural proteins (nsp1–16), including RNA-dependent RNA polymerase (RdRp). The 3′ terminus of the viral genome contains ORFs 
encoding the four main structural proteins, spike (S), envelope (E), membrane (M), and nucleocapsid (N), as well as nine putative accessory factors. Figure created with 
BioRender.com. Figure adapted from Wang N, Shang J, Jiang S, Du L. Subunit vaccines against emerging pathogenic human coronaviruses. Front Microbiol. 2020;11:298.30 

Creative Commons Attribution License (CC-BY 4.0; https://creativecommons.org/licenses/by/4.0/legalcode).
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reported to the WHO in December 2020 (Table 2). Initial 
clinical studies showed that the 17-nucleotide mutation or 
deletion21 increases the transmissibility of the virus with 
little or no impact on severity, diagnosis, pathogenesis, 
reoccurrence, or response to vaccination.22 According to 
the WHO report on April 20, 2021, this variant has been 
reported in over 137 different countries. Another variant 
reported on December 18, 2020 emerged in South Africa, 
was named B.1.351 or 501Y.V2 after the mutation showed 
high similarity to the variant of the UK lineage (https:// 
www.who.int/publications/m/item/weekly-epidemiological 
-update-on-covid-19—20-april-2021). The latest variant, 
P.1, was identified first in January 2021 in Japan from 
travelers returning from Brazil.23 Various aspects of these 
three variants are summarized in Table 2.

Mechanism of Viral Cell Entry
Both SARS-CoV-2 and SARS-CoV bind to the angioten-
sin-converting enzyme 2 (ACE2) receptor protein to gain 
entry into the host cell, whereas MERS-CoV uses dipepti-
dyl peptidase 4 (DPP4) as a host receptor through the RBD 
(CTD) region.17 ACE2 is located on the membrane surface 
of host cells and after virus binding, proteolytic activity is 
critical for fusion of the S protein; its exposure facilitates 
fusion of the virus with the host membrane. Thereafter, 
host cell proteolytic cleavage of the S protein into S1 and 
S2 subunits proceeds via activity of the transmembrane 
protease serine 2 (TMPRSS2) and human airway trypsin- 
like protease (HAT).24 The S2 subunit is composed of 
a fusion peptide (FP) and heptad repeat domains (HR)1 
and HR2. Upon insertion of the hydrophobic FP into the 

host membrane, the pre-hairpin coiled coils of HR1 and 
HR2 undergo irreversible conformational changes and 
interact to form a six-helix bundle. This brings the viral 
envelope and cell membrane close enough for host 
penetration.25

SARS-CoV-2 Distinguishing Criteria
Three factors have been identified as possible contributors 
to the virulence of SARS-CoV-2, and they might impact 
pathogenicity. They include the following: 1) differences 
in the S protein RBD, 2) differences in properties of 
accessory proteins, and 3) the addition of a polybasic 
cleavage site in the S protein. Interestingly, five of the 
six critical amino acids in the S protein RBD that are 
necessary for interaction of S with the ACE2 receptor 
are different between SARS-CoV and SARS-CoV-2.17 

The SARS-CoV-2 S protein exhibits a stronger binding 
affinity to ACE2 than that of the SARS-CoV S protein, 
which could lead to the reportedly higher transmissibility 
and contagiousness of SARS-CoV-2 during the current 
pandemic.19,26 As indicated earlier, the genome sequences 
of SARS-CoV-2 and SARS-CoV share more similarities 
than differences. The differences are associated with the 
accessory proteins ORF33a, ORF8b, ORF6, and protein 
E,27 which are known to be involved in the NLRP3 
inflammasome complex and innate immunity, perhaps 
countering the interferon response.28 The functions of 
many of the accessory proteins are not yet established. It 
would be worthwhile to identify whether the differences in 
these proteins contribute to the enhanced virulence and 
pathogenicity of SARS-CoV-2.8,17

Table 2 Variants of SARS-CoV-2 Reported Worldwide20

Variant Country 
of First 
Case

Countries 
Reported in 
(no.) a

Transmissibility 
b

Virulence Number 
of 
Mutation

Diagnostic 
Assay c

Mutation Type

B.1.1.7 United 

Kingdom

137 43% to 90%71 NA 18 Work H69/V70 del,Y144 del, N501Y, 

A570D, P681H, S106/G107/F108 
del

B.1.351 South 
Africa

85 NA NA 8 Work L242/A243/L244 del, K417N, 
E484K, N501Y, S106/G107/F108 

del

P.1 Brazil 52 42%72 NR 21 Work K417T, E484K, N501Y, S106/ 

G107/F108 del

Notes: aBased on weekly report published on 20 April 2021 by WHO; data from reference;73 bTransmissibility is relative to that of the original SARS-CoV-2 strain reported 
in UK, USA, Ireland, Switzerland, and Denmark; cDiagnostic test capable of identifying those variants. 
Abbreviations: NA, not available; NR, not reported.
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The acquisition of a polybasic cleavage site (RRAR) at 
the junction of S1 and S2 allows for effective cleavage by 
furin and other proteases and is a determinant of viral 
infectivity and host range.7 In addition to this polybasic 
cleavage site, there are O-linked glycans and RBD muta-
tions that appear to be specific to SARS-CoV-2; they were 
not previously seen in other B-lineage betacoronaviruses. 
Insertion of a polybasic site increases the transmissibility 
of pathogenic influenza viruses.7,29 Thus, it is important to 
elucidate whether the same is true for SARS-CoV-2.30

Virion Replication and Assembly
Coronavirus RNA transcription occurs in the host cyto-
plasm via the catalytic subunit RdRp. Viral transcription 
generates a large viral mRNA transcript containing two 
overlapped ORFs, 1a and 1ab, and the other subgenomic 
mRNAs (sgmRNAs). In general, all of the mRNAs encode 
polyproteins with few exceptions; however, only the most 
5′-ORF of the smallest mRNA is translatable.31

All of the mRNAs possess a 5′-common leader 
sequence derived from the 5′-end of the viral genome. 
This short stretch of sequence represents a signal for the 
discontinuous transcription of sgmRNAs. The transcrip-
tional regulatory sequences (TRSs) act as a “slow-down” 
or “stop” signal for the RTC.15 mRNA gene expression is 
copied to a direct base pair with the leader TRS strand and 
the 3′ end of the viral genome.32,33 This discontinuous 
transcription mechanism is quite complex and orchestrated 
by a replicase that includes a polymerase and several other 
proteins required for functional integration of the RNA 
polymerase, capping, and proofreading activities. The 
mechanism of discontinuous transcription likely facilitates 
the extraordinary recombination rates observed within cor-
onaviruses, which are as high as ~25%.34 Most RNA 
viruses, and especially positive-sense RNA viruses, have 
vanishingly low levels of recombination. This unique fea-
ture of the large and complex genomic RNA of corona-
viruses might have evolved to enable the maintenance of 
such large genomes.35

The SARS-CoV-2 replication complex is composed of 
nsp12, 10, and 14.36,37 The nsp12 RdRp is the major 
machinery of transcription/translation; the holoenzyme 
structure is constructed by two processivity factors form-
ing nsp7/nsp8 complexes.37 The polymerase complex 
(nsp12/8/7) is associated with nsp14, which serves in 
both capping and as a source of exonuclease activity. 
The heterodimer structure of nsp14 is composed of 
a bifunctional enzyme of two different domains, a basic 

exoribonuclease (ExoN) activity domain involved in 
proofreading and a methyl transferase domain involved 
in the mRNA capping reaction. These two domains are 
separated by a flexible hinge region, which allows the 
protein to be positioned in different orientations for the 
mismatch repair mechanisms to occur.38 Silencing nsp14- 
ExoN induces a 21-fold increase in genome mutations in 
infected cells compared to that observed in wild-type 
viruses.39,40 Acquisition of such complex RdRp activity 
has allowed coronaviruses to evolve with a larger genome 
and to increase their fidelity rate.41 In addition, there are 
a variety of other viral processing proteins, undefined sets 
of cellular proteins, and activities involved in orchestrating 
this discontinuous transcription mechanism, which are not 
all biochemically understood.42

Viral-infected cells exhibit convoluted membranes and 
interconnected double-membrane vesicles where viral 
replication and transcription occur. These are derived 
from the endoplasmic reticulum (ER). The compartmenta-
lization of different RNA parts of replication in different 
vesicles protects the viral genome from potential attack by 
antiviral mechanisms, exonucleases, or nucleases gener-
ally present in the host cytosol.43 It can also help concen-
trate the factors necessary to efficiently replicate and 
transcribe the viral genome. Integral membrane proteins 
that are part of the replication complex are thought to 
function in vesicle biogenesis, and the three replication 
components, nsp3, 4, and 6, are predicted to have trans-
membrane domains and to be indirectly involved in vesicle 
formation.44,45 Expressing nsp3 and nsp4 alone, outside of 
the context of infection, is sufficient to drive double- 
membrane vesicle formation.45 This occurs through an 
interaction between the luminal loops of nsp3 and nsp4 
proteins that drive membrane curvature and vesicle 
formation.46 Components of the proteome are associated 
with these RTCs.

The co-expression of M protein with either E or 
N protein is sufficient to form membrane-enveloped vesi-
cles and virus-like particles.14 Assembly is driven first by 
the association of N protein with the genomic RNA lead-
ing to the formation of helical nucleic acids. Mature cor-
onavirus particles inserted into the ER and then bud into 
the ER-Golgi intermediate compartment. Assembly 
involves the interaction among components of the viral 
S, M, and E proteins and the interlinkage of proteins to the 
viral genome. After the accumulation of virions in large, 
smooth-walled vesicles, they are released from the host 
cells by exocytosis.
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Immune Response
SARS pathogenesis has been shown to be related to 
delayed interferon (IFN)-1 signaling and subsequent 
immune toxicity.47,48 Immunopathology associated with 
these infection responses are thought to cause acute 
respiratory distress syndrome. Several nsps, accessory fac-
tors, and matrix nuclear proteins were identified as puta-
tive interferon antagonists. Early prevention of the 
antiviral interferon response results in high initial viral 
titers and the accumulation of less toxic inflammatory 
monocyte-macrophages (IMMs). This results in elevated 
lung cytokine/chemokine levels, vascular leakage, and 
impaired virus-specific T cell responses. Knockdown of 
the IFN-αβ receptor or IMM depletion prevents the devel-
opment of SARS-CoV-associated pneumonia, which can 
be lethal.48 A key coronavirus pathogenicity factor, nsp1, 
restricts gene expression originating from the host cell via 
a multi-pronged approach. Nsp1 interacts directly with the 
40S ribosomal subunit to block the translation of host 
RNAs. Nsp1 also mediates endonucleolytic cleavage of 
host RNAs leading to broad, accelerated degradation. 
Widespread RNA degradation is also an immune evasion 
tactic to delay the IFN response. Mice infected with 
a wild-type virus die approximately 6 days after infection, 
but when the nsp1 protein is mutated, survival improves.48

Beyond the nsp1 virulence factor, several other pro-
teins contribute to virus infectivity, such as nsp7 and 
nsp8.49,50 These two proteins play a role in IFN degrada-
tion for both SARS-CoV and MERS-CoV. Additionally, 
most of the structural proteins, including the N protein, 
which were found to regulate the host-cell cycle by pre-
venting the S phase, block or antagonize the immune 
response by preventing the virus from presenting on 
cells.51,52 Understanding the infective properties of these 
proteins is essential for the development of novel thera-
peutic targets.

The neutralizing antibodies produced by natural immu-
nity mainly target the RBD at the amino-terminus of the 
S1 subunit. Convalescent plasma from recovered donors 
has been used as treatment or prophylaxis to prevent the 
disease.53 However, a clinical trial in Canada has stopped 
recruiting patients due to a lack of significance. 
Antibodies’ durability after infection varied between 3 to 
7 months. Diminishing IgG and IgA antibodies after 
a natural infection is normal but further studies are 
required to assess the ability of both humoral and cellular 
immunity to remember the infection. Results from 

longitudinal cohort studies of neutralizing antibodies vary 
between approximately 77–89% protection, with an inci-
dence of reinfection less than 1% in the 5–7 months 
following the initial infection.54–56 In these studies, it 
was found that high neutralization titers correlate with 
the severity of disease and older age of patients.54 They 
also correlate with a high increment of inflammatory fac-
tors found in severely ill patients.

There are few studies addressing the immunogenicity, 
durability, and efficacy of natural or vaccine-acquired nat-
ural immunity toward new emerging variants. 
A serological cross-reactivity study with D614G 
mutants57 showed that the presence of antibodies provides 
cross-protection with parental strains but there was mar-
ginal drop when cross-recognizing B.1.1.7 and a further 
drop with B.1.351.22 The best way to understand the 
immune response further is through virus challenge stu-
dies, which cannot be performed due to the lack of proper 
treatment and the possible severity of the consequences. 
The UK government has recently approved the first human 
challenge study to take place among a healthy young 
population. The controlled human infection trial will help 
to understand more about host responses to the organism 
and further shed light on the pathogenesis of Covid-19.

Pathophysiology of Disease and 
Clinical Management
Positive feedback initiated by delayed IFNγ production, 
cytokine secretion, IL-6 overproduction, and neutrophil 
and macrophage activation will cause a cytokine storm, 
acute respiratory distress, sepsis, and multiple organ dys-
function in critical cases.58 The disease pathophysiology 
can also involve the development of severe macro- and 
micro-vascular disorders, which result in a systemic hyper-
coagulable state and severe vascular injury, leading to 
thrombosis.27,59 This can either be due to immune dysre-
gulation and a cytokine storm or the high expression of 
ACE2 in endothelial tissue (the site of entry for SARS- 
CoV-2).60 The combination of these disease manifestations 
will lead to a ventilation/perfusion mismatch and severe 
dyspnea.

The underlying pathophysiology of the disease 
described previously herein requires a combination of 
different drugs, including anti-inflammatory, anticoagu-
lants, antiviral, antibacterial, and supplemental oxygen.61 

Such drugs might not directly fight the virus but instead 
are used to prevent or reduce its complications. Drugs such 
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as chloroquine and hydroxychloroquine, previously 
approved as antimalarial drugs, have shown promising 
results in preventing viral multiplication; however, clinical 
trials did not confirm their efficacy.62,63 Currently, the first 
FDA-approved drug, remdesivir, has not shown any 
decrease in the death rate, but improvements in morbidity 
related to kidney or liver failure have been reported.64 All 
other drugs under investigation for SARS-CoV-2 treatment 
fall into two different categories, antiviral drugs to stop 
viral growth and immune system boosters, such as con-
valescent plasma from survivors, used to modulate recipi-
ent immunity. Different clinical trials using convalescent 
plasma conducted in the UK and Canada (Concor-1 clin-
ical trial https://clinicaltrials.gov/ct2/show/NCT04348656 
and REMAP-CAP https://www.remapcap.org/) did not 
show promising results for critical inpatients; however, 
patient lung damage might have hindered the efficacy. 
Both trials stopped recruiting patients, although patients 
who were not intubated did show improvements in mor-
tality rates.65 Thus, this type of treatment can be helpful 
during the course of disease, especially if upcoming var-
iants continue to evolve and erode the currently available 
vaccine and drug therapies.

Based on the latest update on the WHO website 
(https://www.who.int/publications/m/item/draft-landscape- 
of-covid-19-candidate-vaccines), there are more than 80 
candidate vaccines undergoing clinical trials and 180 pre-
clinical vaccines in development. Those approved largely 
rely on genetic information of the S protein as the target 
antigen, such as mRNA (Pfizer and BioNTech and 
Moderna), adenovirus vector (Oxford University and 
AstraZeneca), peptide (EpiVacCorona), or protein subunit 
(Novavax) vaccines. Other vaccines are being produced 
using classical methods either via the inactivation or 
attenuation of the wild-type virus, such as BBIBP-CorV 
developed by the Beijing Institute of Biological Products 
and CoronaVac by Sinovac.66

Future Directions
There are several basic questions regarding the molecular 
biology of SARS-CoV-2 that need to be answered. First, 
the role of the insertion of a polybasic site in increasing 
the binding affinity of the SARS-CoV-2 S protein to the 
human ACE2 receptor and how this facilitates disease 
transmission and spread are unknown.67 Second, the func-
tional significance of the accessory proteins and their 
impact on both in vivo growth and virulence of the virus 
are unclear.68 The roles of other non-structural and host 

proteins in orchestrating the sophisticated replication/tran-
scription complex and coordinating the viral life cycle in 
time and space are also not fully understood. Finally, it is 
not known what enables SARS-CoV-2 to maintain 
a sufficient mutation rate during trans-species movement 
and host-adaptation, despite its relatively large RNA 
genome.

Conclusions
During the past 60 years, many zoonotic coronaviruses 
have emerged, crossing barriers between mammalian 
species and causing concern for the future. The current 
coronavirus pandemic is considered the most contagious 
of this century, infecting 150 million people worldwide 
and causing nearly 3 million deaths so far. To date, 
different SARS-CoV-2 variants have evolved, and the 
implications of these mutations on the detection, trans-
mission, vaccination, and severity of disease are yet to 
be determined. Acquiring the highest herd immunity 
threshold among the population via natural or vaccinal 
immunity is critical to prevent and reduce the infectious 
disease, as well to halt viral evolution. This review 
covered the current state of the literature regarding the 
molecular mechanisms by which the virus infects, repli-
cates, and evolves, as well as the pathogenesis and 
immune response of the host. It is important, more than 
ever before, to understand more about viral RNA synth-
esis, immune evasion, and pathogenesis as we encounter 
ever more emerging viruses in host populations.
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