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ARTICLE INFO ABSTRACT

Keywords: Human Coronaviruses (HCoV), periodically emerging across the world, are potential threat to humans such as
Human coronaviruses severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) — diseases termed as COVID-19. Current SARS-
COVID-19 CoV-2 outbreak have fueled ongoing efforts to exploit various viral target proteins for therapy, but strategies
Angiotensin-converting enzyme 2 aimed at blocking the viral proteins as in drug and vaccine development have largely failed. In fact, evidence has
Interleukin . . P . .

X now shown that coronaviruses undergoes rapid recombination to generate new strains of altered virulence;
Cytokine storm cs . . .
Interferons additionally, escaped the host antiviral defense system and target humoral immune system which further results

in severe deterioration of the body such as by cytokine storm. This demands the understanding of phenotypic
and genotypic classification, and pathogenesis of SARS-CoV-2 for the production of potential therapy. In lack of
clear clinical evidences for the pathogenesis of COVID-19, comparative analysis of previous pandemic HCoVs
associated immunological responses can provide insights into COVID-19 pathogenesis. In this review, we
summarize the possible origin and transmission mode of CoVs and the current understanding on the viral
genome integrity of known pandemic virus against SARS-CoV-2. We also consider the host immune response and
viral evasion based on available clinical evidences which would be helpful to remodel COVID-19 pathogenesis;

and hence, development of therapeutics against broad spectrum of coronaviruses.

1. Introduction

Human coronaviruses (HCoVs) are the members of coronaviruses
(CoVs) responsible for multiple respiratory diseases of varying severity
such as common cold, bronchiolitis, and pneumonia (Pene et al., 2003).
Today, HCoVs are well known for rapid evolution due to high nucleo-
tide substitution and recombination rate (Vijgen et al., 2005). HCoVs
have been appeared periodically in different places around the world
and linked with major outbreaks of human fatal pneumonia since the
beginning of the 21st century (Wu et al., 2020). First CoV outbreak as
severe acute respiratory syndrome coronavirus (SARS-CoV) initiated in
November 2002 at Foshan, China (Ge et al., 2015) and later turned into
global infection in 2003 with a lethal rate of 10% worldwide (Lee et al.,
2003). Following one decade, second HCoV pandemic was caused by
Middle East respiratory syndrome coronavirus (MERS-CoV), originated
in June 2012 at Jeddah, Saudi Arabia (Ge et al., 2015), with a global
fatality rate of 35% (de Groot et al., 2013). Recent third major HCoV
explosion, occurred in December 2019 at Wuhan province of China,
caused by highly homologous novel strain of SARS-CoV, classified as
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severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2); desig-
nated the infection as COVID-19 (Coronavirus Disease 2019) pandemic
(Zhu et al., 2020). These HCoVs outbreaks are classified as continuous
threat to humans and world economy because of their unpredicted
emergence, rapid and easy proliferation that lead to catastrophic con-
sequences.

The virus and its host shared a complex relationship, including
numerous viral and host factors, for initiation of viral infection; sub-
sequently in potential pathogenesis (Lim et al., 2016). As intracellular
obligate parasites, viruses have also advanced various strategies to hi-
jack host-cell machineries (Lim et al., 2016). For HCoVs, there is no
potential therapeutic agents such as drug or vaccine; thus, strict im-
plementation of high vigilance such as for SARS-CoV-2 has been re-
commended for prevention and to check the infection (Cheng et al.,
2020). Researchers and Authorities (WHO, CDC Atlanta and others)
across the globe are working to combat the current ongoing SARS-CoV-
2 outbreaks, and identifying the possible origin of this novel virus to
develop effective therapeutics (Cohen, 2020; Cyranoski, 2020; Lu,
2020). Therefore, identifying the route of origin and pathogenesis of
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major pathogenic HCoVs may provide cognizance in the development
of potential therapeutics. In this context, this review provides recent
insights on origin of three pandemic HCoVs, i.e. SARS-CoV, MERS-CoV,
and SARS-CoV-2, followed by comparative pathogenesis and attempts
to summarizes the essential viral factors that manipulate the host cells
to advance its infection and new progeny formation. Additionally, we
have also given understandings on the possible multiple host responses
reported against HCoVs and performance of viral factors to escape virus
in their combat against one another.

2. Taxonomy and phylogeny of pandemic HCoV

HCoVs are studied as enveloped virus which contain non-seg-
mented, single-stranded, positive-sense RNA genome and primarily host
vertebrates (Masters, 2006). These viruses have been confronted on
several occasions with prerequisite to classify a newly emerged virus
associated to a severe or even fatal disease in humans under existing
genera or a new species (Gorbalenya et al., 2020). In this context,
current classification distributed 39 species of CoVs in 27 subgenera, 5
genera, and 2 subfamilies that categorized under family Coronaviridae,
suborder Cornidovirineae, order Nidovirales, and realm Riboviria
(Gorbalenya et al., 2020; Siddell et al., 2019). Herein, HCoVs are ca-
tegorized under subfamily Coronavirinae of family Coronaviridae, are
genotypically and serologically alienated into four major genera; Al-
phaCoV, BetaCoV, GammaCoV, and DeltaCoV, by International Com-
mittee for Taxonomy of Viruses (Wu et al., 2020).

Albeit, history of CoVs began in 1940’s (Cheever et al., 1949), first
human CoVs were identified in 1960’s as infectious agents for mild
respiratory diseases named as HCoV-229E and HCoV-OC43 (Hamre and
Procknow, 1966; McIntosh et al., 1967). The outbreak of SARS-CoV in
2002 led to an active research on novel CoVs and identified HCoV-NL63
and HCoV-HKU1 in 2004 and 2005, respectively (van der Hoek et al.,
2004; Woo et al., 2005). Besides, other HCoVs discovered till date are
MERS-CoV, SARS-CoV and SARS-CoV-2. The first four CoVs, i.e. HCoV-
229E, HCoV-0C43, HCoV-NL63, and HCoV-HKU, are commonly dis-
persed and subsidize about one-third of communal cold in humans
(Kanwar et al., 2017). In severe cases, however, they can cause
bronchiolitis and life-threatening pneumonia in immunocompromised
individuals and children (Pene et al., 2003; Walsh et al., 2013). Ad-
ditionally, these CoVs were found associated with enteric and neuro-
logical diseases (Arbour et al., 2000; Arbour et al., 1999; Jacomy et al.,
2006; Smuts, 2008; Vabret et al., 2003). However, SARS-CoV, MERS-
CoV, and SARS-CoV-2 are well known as pandemic HCoVs. In tax-
onomy, HCoV-229E and HCoV-NL63 are placed under AlphaCoV whilst
HCoV-HKU1, HCoV-0OC43, SARS-CoV, and MERS-CoV are classified as
BetaCoV; both groups mainly infect mammals while GammaCoV and
DeltaCoV are specific to birds, but occasionally can also infect mam-
mals (Woo et al., 2012). Previously, the Coronaviridae Study Group
(CSG) identified SARS-CoV and MERS-CoV strains into a new species
under the new informal subgroup of BetaCoV genus (van Boheemen
et al.,, 2012). However, recent introduction of subgenus rank in virus
taxonomy have established the two informal subgroups of SARS-CoV
and MERS-CoV as subgenera Sarbecovirus and Merbecovirus (de Groot
et al., 2013; Gorbalenya et al., 2004), respectively. Remarkably, newly
emerged SARS-CoV-2 differs from previously reported zoonotic pan-
demic viruses, viz. SARS-CoV and MERS-CoV; and hence, taxonomic
position of SARS-CoV-2 under subgenera Sarbecovirus may be tentative
to change based on further evidences (Gorbalenya et al., 2020) (Fig. 1).

Before the emergence of SARS-CoV, construction of phylogenetic
tree for CoVs was based on Pol (Polymerase) or Nucleocapsid (N) gene as
standard practice. Initially, this method proposed SARS-CoV as a
member of GammaCoV (Rota et al., 2003). However, further evidences
on amino-terminal domain of SARS-CoV spike protein discovered that
19 out of 20 cysteine residues were structurally conserved with in Be-
taCoV group while only 5 conserved residues were matched within
AlphaCoV and GammaCoV group (Rota et al., 2003). Subsequently,
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whole genome-based phylogenetic analysis indicated SARS-CoV as
member of BetaCoV lineage B. Likewise, MERS-CoV was also identified
as novel BetaCoV lineage C with high pathogenicity (Memish et al.,
2013). Remarkably, RNA-dependent RNA polymerase (RdRP) and spike
(S) gene sequence based phylogenetic analysis also differentiated SARS-
CoV as member of BetaCoV subgroup (Eickmann et al., 2003). The
sequence analysis of SARS-CoV-2 established 88% identity to sequence
of two bat-derived SARS-like CoVs:bat-SL-CoVZC45 and bat-SL-
CoVZXC21, and distant similarity of about 79 and 50% to SARS-CoV
and MERS-CoV, respectively (Fig. 1) (Lu et al., 2020; Zhou et al.,
2020b).

3. Origin and transmission of CoVs to humans

Animal CoVs have been known since the late 1930s like transmis-
sible gastroenteritis virus of swine (TGEV), bovine coronavirus (BCoV),
feline infectious peritonitis virus (FIPV), and infectious bronchitis virus
(IBV) (Saif, 2004). Recent studies associated HCoVs evolution with
expedited urbanization and poultry farming; these practices permitted
frequent interchange of species and simplified crossing of species bar-
rier, and genomic recombination in these viruses (Jones et al., 2013).
Bats harbored a great diversity of CoVs; viral sampling conducted by
the EcoHealth Alliance in China alone identified about 400 new strains
of CoVs (Olival et al., 2015). Besides, study of CoVs diversity harbored
by bats in eastern Thailand revealed forty-seven CoVs
(Wacharapluesadee et al., 2015). Moreover, bats were documented
with unique immune systems that allowed them to cope with a variety
of viruses by comparison to other terrestrial mammals (Xie et al., 2018).
Also, a high diversity of zoonotic AlphaCoVs and BetaCoVs were de-
tected in the circulating bats of Western Europe (Ar Gouilh et al., 2018).
Generally, bats harbored RNA viruses but can be infected by DNA
viruses (Xie et al., 2018). Although, clear transmission of CoVs from
bats to humans is not yet fully discovered but transmission by inter-
mediary host to humans via direct contact has been widely suggested as
one of the probable modes of transmission.

The first SARS-CoV case was documented in November 2002 in
Foshan, China (Ge et al., 2015). It became an epidemic, affected 28
countries around the world with 8,096 cases and 774 deaths (Ge et al.,
2015). During the SARS epidemic, the first indication for the source of
SARS-CoV viral strain was detected in masked palm civets (Paguma
larvata) and raccoon dog (Nyctereutes procyonoides). Later discovery of
antibodies for virus in Chinese ferret badgers (Melogale moschata) in a
live-animal market in Shenzhen, China were suspected as source of
human infection (Drexler et al., 2014; Guan et al., 2003; Song et al.,
2005). However, later findings predicted these animals merely as in-
cidental hosts in absence of concrete results to support the motion of
SARS-CoV-like viruses in palm civets among the wild or in the breeding
facilities (Fig. 2) (Wang et al., 2006). Later, genetically differentiated
CoVs linked to SARS-CoV were also found in Chinese rhinolophid bats
(Rhinolophus spp.), indicated these animals as reservoir to this novel
HCoV (Lau et al., 2005; Li et al., 2005). These findings along with
concomitant explanation of Ebola virus in African flying foxes (Pteropus
spp.) (Leroy et al., 2005), triggered the research into bats as hosts of
emerging viral pathogens. Among the various factors endorsing bats as
animal reservoirs of mammalian viruses were also defined in terms of
their densely packed colonies, longevity, close social interaction, and
ability to fly (Calisher et al., 2006; Luis et al., 2013).

Likewise, first human case of MERS-CoV was reported in June 2012
at Jeddah, Saudi Arabia (Ge et al., 2015). As of November 2019, 2,494
cases of MERS-CoV have been reported in 27 countries, resulting in 858
fatalities (WHO, 2020). Initially, search for MERS-CoV reservoir was
focused on bats; however, serological survey in dromedary camels
(Camelus dromedarius) from Oman and the Canary Islands exhibited a
significant prevalence of MERS-CoV-neutralizing antibodies (Reusken
et al., 2013). Additionally, dromedary camels were detected with
MERS-CoV RNA at a farm in Qatar related to two human cases of MERS;
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Fig. 1. The taxonomic (a) classification and positions for the known seven HCoVs, and (b) phylogenetic tree analysis of CoVs constructed based on S gene using
Molecular Evolutionary Genetics Analysis 6 software under neighbor-joining method and 1000 bootstrap values (Biswas et al., 2020).
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Fig 2. Schematic representation of three HCoVs, viz. SARS-CoV, MERS-CoV, and SARS-CoV-2, transmission to human from bat through intermediate hosts.

virus particles were also detected from dromedary camels in Qatar and
Saudi Arabia (Hemida et al., 2014; Raj et al., 2014). Serological evi-
dences supported that dromedary camels have been harboring MERS-
CoV-like virus in Eastern Africa, Northern Africa, and Middle East,
dating back as far as 1983 (Muller et al., 2014). Additionally, in Saudi
Arabia, dromedary camels were detected with various viral genetic
lineages (Sabir et al., 2016), including which crossed the species barrier
and caused the outbreaks in humans (Omrani et al., 2015). Collectively,
these evidences strongly suggested the contribution of dromedary ca-
mels as considerable reservoir to MERS-CoV; the ancestral virus were
predicted to cross the species barrier into dromedary camels from bats
more than =30 years ago as supported by serological evidences (Muller
et al., 2014) (Fig. 2).

Recent SARS-CoV-2 outbreak highlights the hidden wild zoonotic
reservoir of deadly viruses and possible threat of spillover zoonoses
(Malik et al., 2020). In 2019, a food market that sold live animals in
Wuhan, China was linked to the outbreak of SARS-CoV-2. Through
genetic analysis, bats were again suggested as native host of SARS-CoV-
2 as it shared 96% genome with two SARS-like CoVs, viz. bat-SL-
CoVZX45 and bat-SL-CoVZX2, from bats (Xu et al., 2020; Zhou et al.,
2020b). However, intermediate host and route which assisted viral
transmission to humans is not yet fully understood. Initially, Ji, et al.,
proposed snakes as an intermediate host of SARS-CoV-2 transmission

from bats to humans which involved homologous recombination within
the viral spike (S) protein (Ji et al., 2020). Later, pangolins (Manis spp.)
were suggested as potential intermediate host for SARS-CoV-2 as it
shared 99% genetic homology with CoVs in pangolins (Fig. 2) (Yi et al.,
2020). However, 1% variance all over the two-genome sequence was
considered as significant difference; and thus, conclusive and concrete
evidences are still under investigation (Yi et al., 2020). Moreover, sci-
entists also showed concerned about its validation genetics technique
(codon usage bias) (Callaway and Cyranoski, 2020). Hence, diversity of
CoVs in bat population needs further investigation in detail along with
critical surveillance and monitoring of bats to prevent future outbreaks
in animals and public.

After infection in human, HCoVs are transmitted among the human
population by close person-to-person contact. For example, close con-
tact with infected person under in 3 feet distance has been concluded as
major factor for CoV transmission (Peiris et al., 2003). The pandemic
viruses, SARS-CoV, MERS-CoV and SARS-CoV-2, transmitted between
humans mostly by nosocomial transmission; supported by evidences
that health care workers and patients had higher frequency of infection
against their relatives (de Wit et al., 2016). The collected data predicted
that only 22-39% of SARS and 13-21% of MERS transmission occurred
between family members. Also, SARS-CoV transmission from infected
patients to health care workers was very frequent (33-42%) and MERS-
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CoV transmission between patients was recorded as the most common
course of infection (62-79% of cases) (Chowell et al., 2015). Such a
predominance of nosocomial transmission was predicted due to sig-
nificant virus shedding that occurred following the onset of infection
when most patients were already under medical care (Cowling et al.,
2015; Peiris et al.,, 2003). A study on hospital surfaces following
treatment of MERS-CoV infected patients were detected with viral RNA
for several days even after patients no longer detected for viral infection
(Bin et al., 2016). Moreover, many patients with SARS-CoV or MERS-
CoV were infected through super spreaders (Chowell et al., 2015;
Kucharski and Althaus, 2015). In addition, SARS-CoV was also sus-
pected for transmission through air (airborne spread) or some other
unkown transmission routes (Peiris et al., 2003).

4. HCoVs structure

HCoVs contained phosphorylated nucleocapsid (N) protein with
genomic RNA as core enveloped by phospholipid bilayers to form
spherical or pleomorphic particles of 80-120 nm size and characterized
by outer surface projected spike (S) proteins (Barcena et al., 2009;
Neuman et al., 2006). Generally, HCoVs are composed of proteins, viz.
spike (S), membrane (M), envelope (E), nucleocapsid (N) proteins, and
hemagglutinin (HA), where S, M, and E proteins are embedded in viral
envelop while N protein protects viral RNA genome located as core of
virus (Fig. 3) (Zhou et al., 2020b). S protein is characterized as heavily
glycosylated protein and contained the receptor binding domain (RBD),
which is the most variable structure in CoVs (Zhou et al., 2020b);
mediates viral entry into host cells (Bosch et al., 2003). The two dif-
ferent types of spike proteins have been discovered in CoVs: spike
glycoprotein trimmer (S) that can be found in all CoVs, and he-
magglutinin-esterase (HE) that found in specific CoVs (Belouzard et al.,
2012; Cui et al., 2019). Some CoVs, including SARS-CoV and SARS-
CoV-2, contain polybasic cleavage site (RRAR/S) at the junction of two
subunits (S1 and S2) of S protein. This allowed digestion by host furin-
like protease during viral replication (Bosch et al., 2003) and con-
tributed in determination of viral infectivity towards host range (Nao
et al., 2017). Although function of polybasic cleavage site in SARS-CoV-
2 is not yet discovered; experimental studies with SARS-CoV and MERS-
CoV have determined that insertion of a furin cleavage site (FCS) at S1-
S2 junction enhanced the cell-cell fusion without affecting viral entry
(Follis et al., 2006) and efficient digestion enabled MERS-CoV like CoVs
from bats to infect human cells (Menachery et al., 2020). Furthermore,
M protein exists in higher quantities against E protein in virion struc-
ture (Nal et al., 2005) and critically required in orchestrating viral
shape, assembly, and in generation of mature viral envelopes (Siu et al.,
2008). Moreover, it also functions in intracellular virion formation

&y

Lolof/ey
\?“ H n .'/./
\\ .\.\ N GQ '/’)%——%—» Envelope (E)

leocapsid (N)

Membrane (M)

'l' Spike (S)

Fig. 3. A typical structure of CoV (80-120 nm) exhibiting various structural
proteins, i.e. S, M, E, and genomic RNA packed inside the particle by N protein.
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without the requirement of S protein. In some occasions, such as in
presence of tunicamycin, CoVs were reported to generate noninfectious
virions without spike but contained M protein in envelop (de Haan
et al., 1998). Likewise, structural protein, E protein assisted in mature
virions secretion from host cells, in addition to other functions like ion
channel activity, inhibits the host cell stress response, and implicates
pathogenesis in host cell through virus (Ruch and Machamer, 2012). N
protein essentially assisted in genomic RNA packing during viral par-
ticle assembly (Chang et al., 2006; Hurst et al., 2009). Whereas, HE,
which is a hemagglutinin similar to influenza virus hemagglutinin,
conducts the acetyl-esterase activity (Klausegger et al., 1999). Recently,
role of HE was also logged to catalyst both viral invasion across host cell
membrane and in pathogenesis (Ashour et al., 2020).

5. Genome of HCoVs

HCoVs, including SARS-CoV, MERS-CoV, and SARS-CoV-2, con-
tained largest non-segmented positive-sense single-stranded RNA
genome of size between 26.2 and 31.7 kb with varied G + C contents of
32% to 43% (Mousavizadeh and Ghasemi, 2020; Yang et al., 2006). The
genome organization for a CoV is 5’-leader-UTR-replicase/tran-
scriptase-spike (S)-envelope (E)-membrane (M)-nucleocapsid (N)-
3’UTR-poly (A) tail (Fig. 4). The 5’UTR (untranslated region) and 3'UTR
are involved in inter- and intramolecular interactions, essentially re-
quired in RNA-RNA interactions and for binding of viral and cellular
proteins (Yang and Leibowitz, 2015). The ORFla and ORF1b occupied
first two-thirds of RNA genome and produced replicase/transcriptase
polyprotein which undergoes autoproteolytic activity with the aid of
Papain-like proteinase (PLP™) and 3C-like main protease (3CLpro or
MP™) to form 16 non-structural proteins (nsps) (Fehr and Perlman,
2015). PLP* conducts cleavage at N-terminus of replicase polyprotein
to produce nspl, nsp2, and nsp3 required for viral replication (Harcourt
et al., 2004). However, MP™ is first protein which autoproteolytically
separates polyprotein replicase 1ab (~790 kDa, recognition sequence
located at Leu-Gln|Ser,Ala,Gly; where |marks stand for cleavage site)
to produced mature viral enzymes and further cleaved downstream
nsps at 11 sites to release nsp4-nsp16 (Fig. 4) (Yang et al., 2005; Zhang
et al., 2020). These events indicated the direct role of MP™ to mediate
maturation of nsps, which are basically required for virus life cycle in
host cells. Hence, PLP"® and MP™ have been suggested as potential
targets in drug development against HCoVs. The later reading frames on
the genome encoded the four major structural proteins; S, E, M, and N,
which are common proteins among all CoVs (Snijder et al., 2003). All
the viral structural and accessory proteins are decoded by subgenomic
(sg) RNAs of CoVs where accessory proteins are interspersed between
ORFs strands but their number and functional activities are restricted to
CoV strains (Fehr et al., 2015; Fehr and Perlman, 2015). Specifically,
SARS-CoV genome translated 8 accessory gene (3a, 3b, 6, 7a, 7b, 8a, 8b,
and 9b), MERS-CoV encoded 5 accessory genes (3, 4a, 4b, 5, and 8b),
and though exact number of functional proteins remains to be estab-
lished in SARS-CoV-2 but based on previous study on SARS-CoV, SARS-
CoV-2 has been predicted with translation of 4 structural proteins
(Yoshimoto, 2020) and at least 6 or 9 accessory proteins (3, 6, 7a, 7b, 8,
9b, 10b, 13, 14) (Liu et al., 2014; Wu et al., 2020c; Zhou et al., 2020Db).
Also, ORF1ab position in SARS-CoV-2 genome (251-21541 nt) was no-
ticed with change at starting codon position by comparison to SARS-
CoV (265-21486nt) and MERS-CoV (279-21514 nt). Interestingly,
conserved amino acid substitution at positions 439, 501, 493, 485, and
486 were also logged in RBD domain of SARS-CoV-2 S protein, which
was considered as important in SARS-CoV (Lu et al., 2020). It is im-
portant to add that genomic material of HCoVs is highly susceptible to
frequent recombination process which have been directly associated
with establishment of altered virulence in new HCoV strains
(Hilgenfeld, 2014).
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Fig. 4. Schematic representation for (a) genome organization and (b) functional domains in the genome of SARS-CoV, MERS-CoV, and SARS-CoV-2.

6. Life cycle of corona virus

All the SARS-like CoVs exhibits typical streadgy for replication and
translation following infection in host cell. This section briefly sum-
marizes SARS-CoV, MERS-CoV and SARS-CoV-2 with respect to their
comparative lifecycle in host cell, which begans on attachment of virus
with host cell receptor and finished with release of newly generated
progeny from infected cells.

6.1. Host-cells attachment and entry

The binding of HCoV to host-cell receptor is the initial step in viral
infection which determined the severity of infection and pathogenesis.
A better understanding of coupling of viral structural proteins with
targeted receptor on host cells and other involved proteins, such as host
protease, can help to predict the specific zoonotic CoVs infection in
humans.

HCoVs infection begins with attachment of viral particle on host cell
surface by densely glycosylated S protein, which is a trimeric class I
fusion protein and consist of two major subunits; a receptor binding
domain (S1; also known as RBD) and a second domain (S2) mediated
viral fusion with host cell membrane. The fusion process of viral
membrane with host cell membrane is triggered when S1 domain binds

with host-cell receptor; for example, angiotensin-converting enzyme 2
(ACE2) for SARS-CoV (Li et al., 2003) and SARS-CoV-2 (Wu et al.,
2020b, 2020c); in addition an alternative receptor CD209L (a C-type
lectin, also called L-SIGN) with low affinity for SARS-CoV (Jeffers et al.,
2004), and dipeptidyl peptidase-4 (DPP4, also known as CD26) for
MERS-CoV (Raj et al., 2013). Thus, cleavage of spike glycoprotein is
performed by host cell proteases enables interaction of S2 domain for
virus entry into the cell (de Wit et al., 2016).

In the respiratory tract, ACE2 receptor is widely distributed on the
epithelial cells of trachea, bronchi, bronchial serous glands, and alveoli
(Liu et al., 2011), as well as alveolar monocytes and macrophages
(Kuba et al., 2005); SARS-CoV attacked these cells and mature virions
are later released to infect other new target cells (Zhang et al., 2004).
ACE2 is also diffusely expressed on endothelial cells of arteries and
veins, cerebral neurons, immune cells, tubular epithelial cells of kid-
neys, mucosal cells of intestines, and epithelial cells of renal tubules,
presented as a variety of susceptible targets to SARS-CoV infection (Gu
and Korteweg, 2007; Guo et al., 2008). Whereas, MERS-CoV is known
to target respiratory tract, liver small intestines, kidney, prostate, and
activated leukocytes (Widagdo et al., 2016). Remarkably, unlike SARS-
CoV in vitro studies, MERS-CoV was found to infect human dendritic
cells (Chu et al., 2014) and macrophages (Zhou et al., 2014); therefore,
virus disrupted the immune system. Besides, T (lymphocyte) cells are
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another potential target for MERS-CoV due to presence of high amounts
of CD26 (Chu et al., 2016). Hence, this CoV was predicted to dysre-
gulate antiviral T-cell responses because of stimulation of T-cell apop-
tosis (Chu et al., 2016; Yeung et al., 2016). Recent studies suggested
that SARS-CoV-2 employs ACE2 as main receptor as in SARS-CoV in-
fection with higher affinity, suggesting the likelihood of same group of
host-cells being targeted and infected (Zhou et al., 2020b; Zou et al.,
2020).

After attachment to host-cell surface, virus entry into cell has been
deciphered by two different paths based on availability of host cell
protease to activate receptor-attached spike protein (Fig. 5) (Simmons
et al., 2013). In first path, CoVs invaded host cell as an endosome which
is mediated by clathrin-dependent and-independent endocytosis (Fig. 5)
(Kuba et al., 2010; Wang et al., 2008a). This phenomenon induced
conformational changes in viral particle which subsequently fused viral
envelope with endosomal wall (Simmons et al., 2013). Alternatively, in
second pathway, direct invasion of virus particles into host cell are
mediated via proteolytic cleavage of receptor-attached spike protein by
host's transmembrane serine protease 2 (TMPRSS2) or transmembrane
serine protease 11D (TMPRSS11D) on the cell surface (Heurich et al.,
2014; Zumla et al., 2016). Herein, S2 domain of spike protein accom-
plished direct membrane fusion between virus and plasma membrane
as initially observed in SARS-CoV (Simmons et al., 2013). Belouzard
et al. discovered the critical proteolytic cleavage event of S protein of
SARS-CoV at position (S20) which facilitated membrane fusion process
and viral infectivity (Belouzard et al., 2009). Likewise, MERS-CoV was
also studied for abnormal two-step furin activation to enable virus for
fusion with host cell membrane (Millet and Whittaker, 2014).

6.2. Genome translation

After virus and host cell membrane fusion event, virus released the
nucleocapsid packed genomic RNA into cellular cytoplasm under the
influence of induced structural conformation changes (Fehr and
Perlman, 2015). Then, viral genome acted as a mRNA and cell's

ribosome translates two-thirds of this RNA, crossponds to ORFla and
ORF1b into two large overlapping polyproteins (pp): ppla and pplab.
The larger polyprotein pplab translated from a -1 ribosomal frame shift
triggered by slippery sequence (UUUAAAC) and downstream RNA
pseudo knot at end of ORFla (Masters, 2006). This ribosomal frame-
shift enabled continuous translation of ORF1a followed by ORF1b (Fehr
and Perlman, 2015). The encoded polyproteins possess the proteases;
PLP™ and MP™ which assisted in generation of 16 nsps (nspl-nspl6)
from polyprotein pplab, including several replication proteins such as
RdRp, RNA helicase, and exoribonuclease (ExoN) (Fehr and Perlman,
2015). Moreover, multifunction and enzyme activities for specific nsps
in the previously reported HCoV, i.e. SARS-CoV and MERS-CoV, have
been discovered over the past years and summarized elsewhere
(Masters, 2006; Ziebuhr, 2005; Song et al., 2019).

6.3. Replication and transcription

Most of the newly translated nsps together with structural protein,
i.e. N protein, formed the multi-protein replicase-transcriptase complex
(RTC) which further conducted the viral genome replication and tran-
scription (Fehr and Perlman, 2015). At the site of replicative organelles
(Knoops et al., 2008), RTC complex contained RdRp as main replicase-
transcriptase protein for the synthesis of negative-sense subgenomic
(sg) RNA strands from viral RNA and transcription of negative-sense
subgenomic RNA molecules from corresponding positive-sense mRNAs
(Fehr and Perlman, 2015). The newly produced minus strands of
genomic and sgRNAs are subsequently employed as templates for pro-
duction of positive sense strands (mRNAs), specifically in generation of
genomic RNA (genome replication) and sg mRNAs (transcription).
These newly synthesized RNA strands acted as genome for generated
new viral progeny. Also, several smaller mRNAs are produced from
viral last third of genome which tracks reading frames ORFla and
ORF1b, interpreted into viral four structural proteins (S, E, M, and N)
and along with accessory proteins (ORF3a to ORF9b) become part of
viral progeny (Fehr and Perlman, 2015). Besides, other nsps in RTC
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complex also assist in viral replication and transcription process (Fehr
and Perlman, 2015). For instance, nspl5 protein, a 3'-5' exoribonu-
clease, provides an extra fidelity to RTC complex via proofreading
function in RNA replication, which lacked in RdRp. Likewise, nsp7 and
nsp8 proteins generated a hexadecameric sliding clamp for RTC com-
plex to catalyst the processivity of RdRp (Fehr and Perlman, 2015).
These increased fidelity and processivity are essentially required in
CoVs during RNA synthesis because of their relatively bulky RNA
genome by comparison to other RNA viruses (Sexton et al., 2016).

6.4. Assembly and release

The viral RNA translation process occurred inside host cells’ en-
doplasmic reticulum lead to formation of structural proteins, viz. S, E
and M, which moved along the secretory pathway into Golgi inter-
mediate compartment. Herein, N protein packed the newly produced
RNA genome and thereby shaped into a helical nucleocapsid.
Following, virion assembly is triggered by M protein via multiple pro-
tein-protein interactions which assisted in incorporation of nucleo-
capsid, envelope, and spike proteins into virus particles (Fehr and
Perlman, 2015). Later, viral progeny germinated into endoplasmic re-
ticulum-Golgi intermediate compartment (ERGIC) and released as se-
cretory vesicles which fused with plasma membrane; finally secreted
from host cell by exocytosis (Fig. 6) (Fehr and Perlman, 2015; Lim
et al., 2016).

7. Host response and CoVs immune evasion

Generally, human population lacks immunity against CoVs and
hence, susceptible to novel CoV infections such as SARS-CoV-2. Since,
immune response against SARS-CoV-2 is not fully deciphered, recent
studies suggested to refer the previous reports on other HCoVs, espe-
cially SARS-CoV and MERS-CoV (Fig. 7) (Yi et al., 2020).

In human body, interferon type I (IFN-I) or IFN-a/f production
plays an antiviral role during early stages of viral infections
(Channappanavar et al., 2019). As established earlier, pathogen-asso-
ciated molecular patterns, often known as PAMPs are the molecular
structures specific to virus infections such as uncapped mRNA or
double-stranded RNA (dsRNA), are distinguished by pathogen re-
cognition receptors (PRRs), including retinoic acid-inducible gene-I
(RIG-I; also called as DDX58) like receptor (RLR), C-type lectin-like
receptors, Toll-like receptor (TLR), or melanoma differentiation-asso-
ciated protein 5 (MDADS; also called as IFIH1), PKR (protein kinase, RNA
activated), and NOD-like receptor (NLR) (Ben Addi et al., 2008), of the
host. These events in turn triggered the upregulation of IFN genes.
Remarkably, TLRs are specially exhibited by immune cells, especially
on myeloid dendritic cells (mDCs) and plasmacytoid cells (pDCs), while
RLRs and PKR are considered to be in active state on all the nucleated
cells. Thus, TLRs mainly mediated the detection of viral RNA in mDCs
(such as TLRs3 and some TLR7) and pDCs by TLR7 (and TLR8 in human
pDCs) (Schreibelt et al., 2010). Based on a specific PRR, various-par-
tially cross-talking-signaling pathways resulted in promoters transacti-
vation of antiviral genes (O'Neill et al., 2013). For instance, a proto-
typical PAMP relevant for CoVs is dsRNA, a by-product from genome
replication and transcription (Weber et al., 2006; Zielecki et al., 2013).
dsRNA can also be detected by TLR3 in the endosome while sensed by
RNA helicases RIG-I, MDA5, and kinase PKR in the cytoplasm
(Rasmussen et al., 2009; Yim and Williams, 2014; Yoneyama et al.,
2016). Also, specific ssRNAs are presented as PAMPs, either if they
displayed particular features or in the wrong location; for example,
TLR7 detects GU-rich ssRNA in the endosome (Heil et al., 2004). Thus,
numerous types of PRRs are regularly surveying the intracellular and
extracellular space to sense virus infections in a sensitive and timely
manner.

The detection of viral infection triggers complex signaling cascades
such as MYD88 that induced manufacture of type I IFNs and stimulation
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of transcription factor nuclear factor-kB (NF-xB). In turn, active NF-xB
induced transcription of pro-inflammatory cytokines (Fig. 7). Moreover,
Type I IFNs signal by IFNa/p receptor (IFNAR) and following down-
stream signal activators and transducers of transcription (STAT) pro-
teins triggered the manufacture of antiviral proteins that are pro-
grammed by interferon-stimulated genes (ISGs) like IFN-induced
protein with tetratricopeptide repeats 1 (IFIT1). Altogether, this laun-
ches an antiviral immune response that restricts viral replication in
infected and in neighbouring cells (de Wit et al., 2016). However,
studies have showed that family of CoVs can significantly suppressed
human immune responses against viral infection by evading immune
detection machinery (Kikkert, 2020). For instance, papain-like protease
(PLP™®) domain of nsp3 of SARS-CoV interrelated with IFN regulatory
factor 3 (IRF3) and inhibited its activation (Devaraj et al., 2007;
Frieman et al., 2009). Besides, PLP*® was reported to cause deubiquiti-
nation (or inhibit ubiquitination) of Tank-binding kinase 1 (TBK1), RIG-
I, and IRF3 (Clementz et al., 2010; Devaraj et al., 2007; Frieman et al.,
2009; Sun et al., 2012). The several functions and mechanisms adopted
to counteract IFN induction, and strategies to develop resistance against
IFN by previously pandemic HCoVs are summarized earlier (Kindler
et al., 2016). Remarkably, SARS-CoV and MERS-CoV were reported to
induced production of double-membrane vesicles that lack PRRs, re-
plicated in these vesicles, and thereby escaped host detection system for
viral dsRNA (de Wilde et al., 2013; Knoops et al., 2008). Moreover,
CoVs induced very little IFN production in most of cell types (Kindler
et al., 2016). Thus, high levels of dsRNA, which are generated during
viral replication cycle (Weber et al., 2006; Zielecki et al., 2013), do not
caused an adequate induction of IFN system.

Moreover, antigen presentation subsequently stimulated body’s
humoral and cellular immunity on viral invasion, which are mediated
by virus-specific B and T cells. T lymphocytes, including Cluster of
differentiation 4 (CD4*) and Cluster of differentiation 8 (CD8*) T cells,
play a central role against viral infection, stimulated B cells to produce
virus-specific antibodies while CD8 " T cells directly kills virus-infected
cells. Also, humoral immunity, including complements such as C3a,
C5a, and antibodies, are critical in fighting viral infection (Fig. 7)
(Mathern and Heeger, 2015; Traggiai et al., 2004). Recent flow cyto-
metric analysis of peripheral blood from SARS-CoV-2-infected patients
showed substantially reduced CD4" and CD8* T cells number while
their status was excessively activated as evident from high proportions
of human leukocyte antigen — DR isotype (HLA-DR) (CD4 3.47%) and
CD38 (CD8 39.4%) double positive fractions (Xu et al., 2020). Simi-
larly, acute phase response in patients with SARS-CoV was associated
with severe decrease of CD4* T and CD8* T cells. Even if there is no
antigen, CD4* and CD8* memory T cells are known to persist for four
years as observed in SARS-CoV recovered individuals and were able to
perform T cell proliferation, delayed-type hypersensitivity (DTH) re-
sponse and production of IFN-y (Fan et al., 2009). Also, six years after
SARS-CoV infection, specific T-cell memory response to SARS-CoV S
peptide library was identified in 14 of 23 recovered SARS patients
(Tang et al., 2011). The specific CD8* T cells were documented to
exhibit a similar effect on MERS-CoV clearance in mice (Zhao et al.,
2014). These discoveries could be helpful to deduce a valuable in-
formation for the rational design of vaccines against SARS-CoV-2. For
example, antibodies collected from a recovered patient were reported
to neutralized MERS-CoV infection (Niu et al., 2018). Moreover, T
helper cells also produced proinflammatory cytokines to assist the de-
fending cells. However, CoV (SARS-CoV and MERS-CoV) were estab-
lished to halt T cell function and induced their apoptosis (Chu et al.,
2016; Mathern and Heeger, 2015; Yeung et al., 2016). Besides, SARS-
CoV-2 assumed to attach with ACE2 as in SARS-CoV infection, target
and infect the same set of host cells (Zhao et al., 2020; Zhou et al.,
2020b; Zou et al., 2020). Additionally, ACE2-associated lung injury was
documented in SARS-CoV infection (Imai et al., 2005; Kuba et al.,
2005); S protein of SARS-CoV downregulates ACE2 (Glowacka et al.,
2010; Wang et al., 2008b) and induce detachment of catalytically active
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Fig. 6. An overview for the life cycle of HCoVs in the host-cell (Song et al., 2019; Zumla et al., 2015)

ACE2 ectodomain (Haga et al., 2008; Jia et al., 2009). This results in
non-functional pulmonary ACE2 receptor which has been advised to be
linked with acute lung injury (Imai et al., 2008; Kuba et al., 2006);
decreased activity of ACE2 further triggered renin-angiotensin system
(RAS) dysfunction and caused enhance inflammation, and vascular
permeability (Gheblawi et al., 2020). In animal studies with murine
acute respiratory distress (ARD) model showed association of reduced
ACE2 function with an increased lung edema, neutrophil accumulation,
enhanced vascular permeability, and diminished lung function (Imai
et al., 2005). Also, in human airway epithelia, constitutive shedding of
ACE2 receptor by activity of a metalloprotease 17 (ADAM17), also
called as tumour necrosis factor alpha (TNF-a) converting enzyme
(TACE), and disintegrin secrete functionally active soluble ACE2
(SACE2) (Lambert et al., 2005). HCoVs infection and inflammatory
cytokines like interleukin 1 beta (IL-13) and TNF-a were related with
enhance ACE2 shedding (Haga et al., 2008; Jia et al., 2009). Notably, in
vitro studies presented close association of SARS-CoV S protein-induced
ACE2 shedding with TNF-a production (Haga et al., 2008). Although,
biological function of sACE2 is yet unknown, however, recent studies

have suggested direct involvement of SACE2 in inflammatory responses
against SARS-CoV, and possibly also connected with SARS-CoV-2 (Fu
et al., 2020). Additionally, apoptosis of type 2 alveolar cells caused
release of specific inflammatory mediators which further instigate
macrophages to secrete three essential immune substances; interleukin-
1 (IL-1), interleukin-6 (IL-6), and TNF-o; also called as cytokines. These
immune substances in the bloodstream produced infection symptoms
linked to HCoVs (Huang et al., 2020).

Recent in vitro cell experiments showed that delay release of cyto-
kines and chemokines occurred in respiratory epithelial cells, dendritic
cells (DCs), and macrophages at the early stage of SARS-CoV-2 infection
(Choi and Joo, 2020). Like SARS-CoV, MERS-CoV also infected human
airway epithelial cells, THP-1 cells (a monocyte cell line), human per-
ipheral blood monocyte-derived macrophages and DCs, and induced
late but elevated levels of proinflammatory cytokines and chemokines
(Tynell et al., 2016; Zhou et al., 2014). Notably, SARS-CoV-2 infection
is suspected to cause pyroptosis in lymphocytes and macrophages. It
was observed that lymphocytopenia is often seen in severe SARS-CoV-2
patients and cytokine release syndrome (CRS) induced by SARS-CoV-2
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was also considered to be facilitate by leukocytes other than T cells (Shi
et al., 2020). A vast majority of patients (82.1%) infected with SARS-
CoV-2 have been logged for peripheral blood lymphopenia (Guan et al.,
2020), supported the pulmonary infiltration of lymphocytes and/or cell
damage via pyroptosis or apoptosis (Huang et al., 2020). Previous
pandemics triggered by SARS-CoV and MERS-CoV were also reported
with massive production of chemokines and cytokines; SARS-CoV ex-
hibited CCL2, CCL3, CCl5, CXCL8, CXCL9, CXCL10, etc.; and IL-12, IL-
18, IL-6, IL-1beta, IL-33, IFN-alpha, IFN-gamma, TNF-a, and trans-
forming growth factor (TGF)-beta. Likewise, MERS-CoV was reported
for elevated expression of cytokines IFN-a, IL-6, and chemokine (CXCL-
10, CCL-5, and CXCL-8) (Zheng et al., 2020). Hence, acute respiratory
distress syndrome (ARDS) is caused by cytokine storm that triggers a
destruction in host cells via immune system and subsequently results
into multiple organs failure or death as stated in case of SARS-CoV-2
outbreak; similar observations were noted in case of SARS-CoV infec-
tion (Kumar et al., 2020). Albeit, there is no direct data is available to
correlate the participation of pro-inflammatory cytokines and chemo-
kines in lung pathology through SARS-CoV and MERS-CoV, correlative
observations recorded from patients with severe disease suggested a
role of hyper-inflammatory responses in HCoV pathogenesis (Fig. 7)
(Channappanavar and Perlman, 2017). For instance, in MERS-CoV in-
fection, plasmacytoid dendritic cells, but not mononuclear macro-
phages and DCs (Scheuplein et al., 2015), were induced to produce a
large amount of IFNs (Choi and Joo, 2020).

Despite of similar virus titers in respiratory tract, SARS-CoV-in-
fected old nonhuman primates are more likely to develop immune
dysregulation than infected young primates, leading to more severe
disease manifestations (Smits et al., 2010). It seems that excessive in-
flammatory response rather than virus titer is more relevant to the
death of the old nonhuman primates (Smits et al., 2010). Similarly, in
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Bagg Albino/c (BALB/c) mice infected with SARS-CoV, disease severity
in old mice was related to early and disproportionately strong upre-
gulation of ARDS-related inflammatory gene signals (Rockx et al.,
2009). The rapid replication of SARS-CoV in BALB/c mice induces de-
layed release of IFN-a/f, which was accompanied by influx of many
pathogenic inflammatory mononuclear macrophages (Channappanavar
et al., 2016). Depleting inflammatory monocyte-macrophages or neu-
tralizing inflammatory cytokine TNF protected the mice from fatal
SARS-CoV infection. Thus, inflammatory mediators contributes an vital
role in pathogenesis of ARDS, which was estimated as an leading cause
of death in patients infected with SARS-CoV or MERS-CoV (Drosten
et al., 2013; Lew et al., 2003). It is now known that several proin-
flammatory cytokines consequences of cytokine storm contribute to the
occurrence of ARDS (Channappanavar and Perlman, 2017;
Reghunathan et al., 2005). These mechanisms also lead to activation of
coagulation pathways. Massive inflammation can impaired all the three
control mechanisms like antithrombin III, tissue factor pathway in-
hibitor, and protein C system (Jose et al., 2014); with reduced antic-
oagulant concentrations due to reduced production and increasing
consumption. This defective procoagulant-anticoagulant balance pre-
disposes in the development of microthrombosis, disseminated in-
travascular coagulation, and multiorgan failure; as evident from severe
SARS-CoV-2 pneumonia with raised d-dimer concentrations being a
poor prognostic feature and disseminated intravascular coagulation
common in non-survivors (Tang et al., 2020; Zhou et al., 2020a). In this
over all proposed mechanism, proteinase-activated receptor-1(PAR-1)
acts as main thrombin receptor and mediates thrombin-induced platelet
aggregation, and interplay between coagulation, inflammatory, and
fibrotic responses; all of these factors are an important aspects of pa-
thophysiology of fibroproliferative lung disease (Jose et al., 2014), such
as seen in SARS-CoV-2. On the other hand, the proposed events of
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cytokine storms in case of SARS-CoV-2 was suggested to increased in-
flammation-related biomarkers, including C-reactive protein (CRP),
ferroprotein, erythrocyte sedimentation rate (ESR), and IL-6 (Chen
et al.,, 2020; Huang et al., 2020). In conclusion, based on previous
HCoVs infection, severity and pathogenesis of SARSCoV-2 was sug-
gested to divided into three stages; stage-1, an asymptomatic incuba-
tion time with or without detectable virus; stage-2, non-severe symp-
tomatic period and detection of viral particles; stage-3, severe
respiratory symptomatic stage and detection of high viral load (Wang
et al., 2020).

Furthermore, based on previous studies of SARS-CoV, the in-
flammatory responses in SARS-CoV-2 infection can be classified into
primary and secondary responses (Shi et al., 2020). Initially, primary
inflammatory responses are produced subsequently on viral infection,
prior to arrival of neutralizing antibodies (NAb). The activation of these
factors is primarily driven by viral-mediated ACE2 downregulation and
shedding, vigorous viral replication, and host antiviral defense system.
Secondary inflammatory responses are generated by the adaptive im-
munity and NAb. Moreover, virus-NAb complex was also suggested to
triggered Fc receptor (FcR)-mediated inflammatory responses and acute
lung injury that resulted in persistent viral replication and in-
flammatory responses from host macrophages (Fig. 8) (Fu et al., 2020).
It was observed that patients could survive in primary inflammatory
responses but secondary inflammatory responses could be fatal. Sec-
ondary inflammatory responses in which virus-Nab complex formed
was considered as targeted to develop potential therapeutic strategy
along with anti-inflammatory drugs (Fu et al., 2020).

8. Conclusion

Accumulating data on HCoVs exhibits the importance of under-
standing the zoonotic viral transmission and pathogenesis in humans.
Recent studies on virus have established the viral proteins as prime
target in the drug designing and vaccine development; however, this
review have highlighted the utmost importance of intermediate host for
the viral transmission to human. Future approaches, therefore, should
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considered the strains from intermediate hosts in the therapeutic de-
velopment pipelines to better understand the severity of virulence via
genome recombination process in CoVs. We also concluded major da-
maged caused by the failure of host immune system against HCoV in-
fection and further caused by insurgence of cytokines which lead to
severe mutilation of the host body. Synergistic and/or multi-target
strategies that check viral growth and malfunctioned immune system of
the host cells simultaneously might also be successful in battle against
HCoVs. Nevertheless, synergistic approaches must take into account
crossponding to the complementary target pathways. When developing
novel therapeutic strategies to check the immunoregulatory cytokines
such as TNFp and IL6, investigation should be considered on the viral
strain and targeted organ specificity; for example, SARS-CoV-2 has
more affinity to ACE2 which are scattering on different organs like lung
and kidney while MERS-like CoV can even infect T-cells. In addition, we
should be cognizant of the feedback responses that produce with any
treatment and consider the possibility to leveraged in a combinatorial
fashion, taking into consideration the outcomes of preceding standard
care and/or target immunoregulatory molecules will affect the efficacy
and incidence of virulence. Another utmost point to be consider is how
to generalize the therapeutic decision under the different im-
munological responses to the viral infection; for instance, susceptibility
of some persons and with asymptomatic symptoms or sever immune
response to the infection. Given the relatively high emergence of HCoVs
and potential threat to humans, future therapeutic strategies should
involve deep immune profiling of the infected individuals and perso-
nalization of therapeutics when feasible to accelerate progress towards
more effective treatment approaches. This goal is ever closer to be-
coming a reality as multiplexed imaging, immunophenotyping, and
mutational analysis tools are increasing the high-throughput process.
Although, many trials have failed before, but given the progress in our
understanding on the interaction between host immune responses and
viral escape plans, and the emerging sophisticated strategies, we have
reasons to be hopeful for the future successful treatment against HCoVs.
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Fig. 8. Possible mechanisms of SARS-CoV-2-mediated inflammatory responses based on previous study of SARS-CoV (Fu et al., 2020).
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