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Abstract

COVID-19 pandemic caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has put the global 

public health at its highest threat around the world. Previous epidemic caused by the acute respiratory syndrome corona-

virus (SARS-CoV) in 2002 is also considered since both the coronaviruses resulted in the similar clinical complications. 

The outbreak caused by the Middle East respiratory syndrome coronavirus (MERS-CoV) in 2012 had a low rate of disease 

transmission and death cases. Modes of entry by MERS and SARS coronaviruses are similar to that of SARS-CoV-2, except 

MERS-CoV utilize different receptor. They all belong to the lineage C of β-coronavirus. Based on the information from the 

previous reports, the present review is mainly focused on the mechanisms of disease progression by each of these viruses in 

association to their strategies to escape the host immunity. The viral entry is the first step of pathogenesis associated with 

attachment of viral spike protein with host receptor help releasing the viral RNA into the host cell. Models of molecular 

pathogenesis are outlined with virus strategies escaping the host immunity along with the role of various inflammatory 

cytokines and chemokines in the process. The molecular aspects of pathogenesis have also been discussed.

Keywords Viral pathogenesis and host immunity · COVID-19 pandemic · Acute respiratory syndrome coronavirus (SARS-

CoV-2) · SARS-CoV and MERS-CoV

Abbreviations

ACE 2  Angiotensin-converting enzyme 2 (ACE 

2) receptor

ADE  Antibody-dependent enhancement

APCs  Antigen presenting cells

ARDS  Acute respiratory distress syndrome

CRE  Cyclic AMP responsive elements

CTLs  Cytotoxic T lymphocytes CTLs

DPP4  Dipeptidyl peptidase 4

HA  Hyaluronan

HAS2  HA synthase

HE  Hemagglutinin esterase

IFN  Interferon

IL  Interleukin

IRF7  Interferon regulatory transcription factor

ISGs  IFN‐stimulated genes

ISRE  Interferon-stimulated response element

Mab  Monoclonal antibody

MCP-1  Monocyte chemoattractant protein-1

MERS-CoV  Middle East respiratory syndrome 

coronavirus

MHC  Major histocompatibility complex

MIP-1α  Macrophage inflammatory protein-1α

OAS  Oligoadenylate synthetase

PAMPs  Pathogen-associated molecular patterns

PRRs  Pattern recognition receptors (PRRs)

RBD  Receptor-binding domain

RLR  RIG-I-like receptors (RLRs)

RTC   Replicase–transcriptase complex
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SARS-CoV-2  Severe acute respiratory syndrome corona-

virus 2

TLRs  Toll-like receptors

TMPRSS2  Plasma membrane-associated type II 

transmembrane serine protease

TNF-α  Tumor necrosis factor alpha (TNF-α)

TRAF6  Tumor necrosis factor receptor (TNFR)-

associated factor 6

TRS  Transcriptional regulatory sequences

ICU  Intensive care unit

UTR   Untranslated region

Introduction

Coronaviruses (CoVs) from the family Coronaviridae, and 

order Nidovirales are the enveloped, non-segmented, posi-

tive-sense RNA viruses which are grouped into four genera: 

alpha (α), beta (β), gamma (γ), and delta (δ).CoVs among 

which the β-CoVs include the severe acute respiratory syn-

drome coronavirus 2 (SARS-CoV-2), the severe acute res-

piratory syndrome coronavirus (SARS-CoV) and the Mid-

dle East respiratory syndrome coronavirus (MERS-CoV) 

(Rabaan et al. 2020; Fehr and Perlman 2015). All these 

viruses have the highly conserved genomic organization, 

consisting of the 5′ cap-leader-UTR (untranslated region)—

replicase (around 20 kb)—S (Spike)—E (Envelope)—M 

(Membrane)—N (Nucleocapsid)—3′ UTR-poly (A) tail 

scheme, along with the accessory genes interspersed within 

the structural genes at the 3′ end of the RNA (Fehr and Perl-

man 2015). The events within the life cycle of these viruses 

are the same: (1) attachment and entry into the host, (2) 

expression of the replicase protein, (3) viral replication and 

transcription, (4) viral assembly and subsequent release 

(Rabaan et al. 2020; Fehr and Perlman 2015; Noor and 

Maniha 2020; Chu et al. 2020; Noor 2021). Both SARS-CoV 

and MERS-CoV may originate from bats; SARS-CoVs were 

transmitted to humans from market civets; and the MERS-

CoVs from the dromedary camels (Huang et al. 2020; Lu 

et al. 2020). SARS-CoV-2 has the similar transmission pat-

tern like SARS-CoV; i.e., from bats, pangolins, snakes as 

the intermediate hosts further facilitating the spillover of 

SARS-CoV-2 to the humans; and its spread is enabled by 

human-to-human transmission via the respiratory droplets 

and due to the international traveling (Rabaan et al. 2020; 

Noor and Maniha 2020). Although the MERS-CoV origi-

nated from bats, however, the intermediate host was camel 

which transferred the infection to humans, and afterwards 

human-to-human spread triggered the epidemic (Fehr and 

Perlman 2015). SARS-CoV- 2 infection commonly mani-

fests the onset of pneumonia, fever, dry cough, dyspnea, 

myalgia, fatigue, and in fatal case, the acute respiratory dis-

tress syndrome (ARDS) (Noor and Maniha 2020). Nearly 

similar clinical manifestations have also been noticed for 

both SARS-CoV and MERS-CoV (Fehr and Perlman 2015).

SARS-CoV was first isolated from the wild animals 

sold as food in Guangdong, China in November 2002; and 

the SARS-CoV epidemic caused around 8000 cases in 26 

countries (Rabaan et al. 2020; Chu et al. 2020). The MERS-

CoV infection, also known as camel flu was first isolated in 

the Saudi Arabia in June 2012 with a very limited case of 

infections (approximately 2500 infected cases) (Chu et al. 

2020). At present, the world population is at its highest risk 

imposed by COVID-19 pandemics (in 223 countries) caused 

by the SARS-CoV-2 (originated from the Wuhan City of 

China at the end of December 2019), with 2,360,280 deaths 

and 107,423,526 infected cases (WHO 2021). Along the 

last 20 years, the SARS-CoV epidemic took place in 2002; 

and the onset of the MERS-CoV was noticed in 2012 only 

in the Middle East (Tay et al. 2020). Thus, SARS-CoV-2 

has appeared to be the most dreadful pandemic with a very 

high transmission dynamics whereas the SARS-CoV or the 

MERS-CoV had a much lesser impact on the global pub-

lic health. Study of phylogeny revealed that SARS-CoV-2 

is actually quite distant both from the SARS-CoV (79% 

sequence homology) and MERS-CoV (only 50% homology) 

(Noor and Maniha 2020).

The extensive study on the pathophysiological impact on 

the SARS-CoV-2, SARS-CoV and the MERS-CoV concen-

trated on the alterations within the host immune cells includ-

ing various pro-inflammatory cytokines and chemokines 

upon the viral infection (Fehr and Perlman 2015; Lee et al. 

2020). The ongoing SARS-CoV-2 and the earlier SARS-

CoV have been noticed to share a great deal of resemblances 

in terms disease progression escaping the host immunity, 

resulting in ARDS (Rabaan et al. 2020; Fehr and Perlman 

2015; Noor 2021). Therefore, figuring out the pathogenic 

events along with the host immunity avoidance for each of 

these three viruses would be beneficial for the deeper under-

standing of the viral infectivity together with the possible 

scopes of effective drug designing. The information on the 

viral pathogenesis and the host immunological response for 

all three viruses has been schematically presented with sepa-

rate models (Figs. 1, 2, 3) in the current review which may 

further facilitate to develop anti-viral drugs for mitigating 

the recurring infection. The key points of the current review 

include: (1) using the spike (S) protein, both the SARS-

CoV-2 and SARS-CoV bind to the angiotensin-converting 

enzyme 2 (ACE 2) receptor of the host whereas MERS-CoV 

utilizes the host receptor dipeptidyl peptidase 4 (DPP4) as 

shown in the models plotted in Figs. 1, 2 and 3 (Rabaan 

et al. 2020; Fehr and Perlman 2015; Lu et al. 2020; Lee et al. 

2020; Zhang et al. 2020; Kaushal 2020); (2) SARS-CoV-2 

possesses a longer spike protein than that of SARS-CoV 

(Rabaan et al. 2020; Fehr and Perlman 2015); (3) antibody-

dependent enhancement (ADE) can increase the severity of 
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Fig. 1  Immuno-pathogenicity of SARS-CoV-2. Details are written in 

the text. Briefly, the SARS-CoV infection triggers the generation of 

pro-inflammatory cytokines and chemokines (IL-6, IP-10, MIP1α), 

MIP1β and MCP-1) which attract monocytes, macrophages and T 

cells (in addition to the IFNγ) to the site of infection, promoting fur-

ther inflammation. In case of defective immunity, the accumulation of 

immune cells in the lungs causes the overproduction of pro-inflam-

matory cytokines, which in turn harms the lung and other organs. 

The non-neutralizing antibodies further facilitate the viral infection 

through ADE, and thereby fostering the organ damage

Fig. 2  Immuno-pathogenicity of SARS-CoV. The interaction between SARS-CoV infection with the subsequent immune response as well as the 

pathogenesis causing the tissue damage triggering the disease fatality has been shown here. Details are described in the text
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disease in any respiratory viral infection e.g., respiratory 

syncytial virus, measles, influenza etc. ADE might be caused 

by other proteins like cytokines, non-specific antibodies 

and in case of other viral infections etc.; to exacerbate the 

infection. ADE has been reported, previously, in SARS-

CoV and MERS-CoV (in vivo and in vitro). ADE could 

occur in COVID-19 too. Recent studies have revealed that 

S- and RBD-specific antibodies IgG in COVID-19 patients 

have the lower level of fucosylation within the Fc domain 

could mediate the antibody-dependent enhancement in cel-

lular cytotoxicity (Fehr and Perlman 2015; Noor 2021; Lee 

et al. 2020); (4) the regulations of IL-17 are up-regulated 

and prolonged in MERS-CoV as compared to SARS-CoV, 

which is believed to induce the immune-mediated pathology 

contributing to the mortality. Other inflammatory cytokines 

IL-6, IL-8, IL-1β and anti-viral cytokines TNF-α, IFN-β 

and IP-10 were also observed as compared to SARS. But, 

high leucocyte count, C-reactive protein, D-dimer and high 

expression of IL-2, IL-7, IL-10, G-CSF, IP-10, MCP-1-α, 

and TNF-α were found in individuals admitted in ICU with 

COVID-19 disease. This situation is denoted as "cytokine 

syndrome" or "cytokine storm" contribute to develop lung 

injury leading to fatal ARDS (Lee et al. 2020; Tay et al. 

2020; Lai et al. 2020; Kikkert 2020; Wan et al. 2020; Zhang 

et al. 2020; Kaushal 2020).

Proteins of β‑coronaviruses (CoVs) required 
for pathogenesis

In general, all the three viruses consist of large replicase 

with four structural proteins: S (spike), E (envelope), M 

(membrane), and N (nucleocapsid) proteins; the N pro-

tein holds the RNA genome, and the S, E, and M proteins 

together create the viral envelope. The elucidation of the 

genomic organization revealed that the leader sequence and 

the 5′ UTR consist of multiple stem loop structures help-

ing in the viral RNA replication and transcription while the 

transcriptional regulatory sequences (TRSs) reside at the 

beginning of each structural gene to promote their expres-

sions (Fehr and Perlman 2015; Noor and Maniha 2020; Chu 

et al. 2020; Noor 2021). Usually in CoVs, the S protein is 

cleaved into two separate polypeptides: the S1 fraction, 

which makes up the large receptor-binding domain (RBD); 

and the second part, S2 which forms the stalk of the spike 

molecule (Fehr and Perlman 2015; Noor 2021). The distinc-

tive attribute of SARS-CoV-2 genome is that the genes orf8 

and orf3b encode the spike glycoproteins; and the Orf3b 

protein encoded by the orf3b gene has been reported to play 

important role in the SARS-CoV-2 pathogenesis (Noor and 

Maniha 2020). The N-linked glycosylated S protein utilizes 

an N-terminal signal sequence to gain access to the ER; and 

Fig. 3  Immuno-pathogenicity of MERS-CoV. Details are described 

in the text. Briefly, upon the viral entry, the type I interferon (IFN)-

mediated innate immune response is activated through the production 

of IFN-α and IFN-β; elevation in macrophages, the tumor necrosis 

factor α (TNF α), IL-6, IL-12, and IFN-γ. The pathogenesis depends 

on the IFN antagonists especially ORF4a and ORF4b. Inhibition of 

the interferon production as well as the type I interferon-induced 

JAK/STAT and the NF-kβ signaling pathway accelerates the patho-

genesis
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the class I fusion protein of S mediates attachment to the 

host receptor (Fehr and Perlman 2015). M protein gives the 

viral shape; and binds to the nucleocapsid (Fehr and Perlman 

2015). The E protein mediates the assembly and release of 

the virus; and its ion channel activity has been shown to be 

essential for the SARS-CoV pathogenesis (Fehr and Perlman 

2015). The N protein has been found with several activities 

in the viral pathogenesis including the detection of the tran-

scriptional regulatory sequences (TRSs) and the genomic 

packaging signal; and binding to nsp3, the key component 

of the replicase complex, and binding to the M protein as 

well (Fehr and Perlman 2015). Such an interaction facilitates 

tether the viral RNA to the replicase–transcriptase complex 

(RTC) trailed by the encapsidation of the viral genome 

(Rabaan et al. 2020; Fehr and Perlman 2015). The hemag-

glutinin esterase (HE) can act as a hemagglutinin, binding 

to the sialic acids on the host surface glycoproteins, and 

mediating the acetyl-esterase activity which in turn acceler-

ates the S protein-mediated entry of the virus followed by 

the invasion along the mucosa (Fehr and Perlman 2015).

Pathogenesis mediated by SARS‑CoV‑2

Like the common traits of β-coronaviruses, the N protein 

of SARS-CoV-2 is involved in the viral replication, assem-

bly, and budding as well as involved in the host response 

(Chu et al. 2020). A total of 14 open reading frames (ORFs) 

within the SARS-CoV-2 have been identified: the first two 

at 5ʹ UTR encode polyproteins pp1a/ab which mediate the 

viral replication; and 16 non-structural proteins (nsps, that 

are needed for the transcription and replication as well (Lai 

et al. 2020; Kikkert 2020; Wan et al. 2020). Then structural 

proteins are encoded by the rest of the genome; and at the 3ʹ 
terminus, the accessory genes: 3a, 3b, p6, 7a, 7b, 8b, 9b and 

orf14 reside (Noor and Maniha 2020; Chu et al. 2020; Noor 

2021). The transmissibility of virus remains undetected/

unnoticed during the incubation period after infection, in 

case of asymptomatic individuals (Rabaan et al. 2020; Noor 

and Maniha 2020).

Interaction between the spike (S) protein and ACE 
receptor during the viral entry

As mentioned earlier, the spike (S) protein of the SARS-

CoV-2 binds to the angiotensin-converting enzyme 2 (ACE 

2) receptor (a metallopeptidase: the key molecule in the 

renin-angiotensin system) of the human host (Lai et al. 

2020). Upon the ACE receptor engagement with the S pro-

tein, the cellular surface serine protease TMPRSS2 (the 

plasma membrane-associated type II transmembrane ser-

ine protease) is engaged to prime the spike protein (S) to 

expedite the membrane fusion that is needed for the release 

of the viral genome into the host cell cytosol (Noor and 

Maniha 2020). In addition, the antibody-dependent enhance-

ment (ADE) of viral entry may occur whereby a neutralizing 

monoclonal antibody (Mab, through the IgG Fc receptor) 

targets the RBD of the spike, and subsequently allows it to 

undergo certain conformational changes which permit the 

viral entry into the IgG Fc receptor-expressing cells (Kik-

kert 2020; Wan et al. 2020). However, it is to be noted that 

the ADE phenomenon is noticed with monoclonals in case 

of SARS-CoV; and normally it does not happen with all 

coronaviruses. It has also not been noticed in case of SARS-

CoV-2 till date (Fehr and Perlman 2015). The phylogenetic 

analysis revealed that the longer spike protein is encoded 

by the SARS-CoV-2 in comparison with SARS-CoV and 

MERS-CoV (Lu et al. 2020). The binding affinity between 

the SARS-CoV-2 spike ectodomain and human ACE2 was 

also calculated to be 10- to 20-fold higher than that of the 

SARS-CoV (Chu et  al. 2020). Moreover, the antibody-

dependent enhancement (ADE) of viral entry has also been 

noticed (Wan et al. 2020). Regarding the dreadfulness of 

SARS-CoV pathogenesis, successive mutations and recom-

bination may largely account; and the evolutionary rate has 

been calculated up to  10–4 nucleotide substitutions per site 

per year for RNA viruses like SARS-CoV-2, which in turn 

may upshot the corresponding mutations at every replication 

cycle (Lu et al. 2020). Regarding the viral entry, the innate 

immune signaling is orchestrated through the recognition 

of the pathogen-associated molecular patterns (PAMPs) by 

the pattern recognition receptors (PRRs) like the RIG-I-like 

receptors (RLRs) and the Toll-like receptors (TLRs) from 

viral components or the replication intermediates (Zhang 

et al. 2020). Also, this is to be noted that the upregulation of 

cellular receptor ACE2 by SARS-CoV-2 and SARS-CoV; 

and the inflammatory cytokines may facilitate their infection 

(Kaushal 2020; Zhuang et al. 2020).

Pathogenic events after the viral entry 
and immunological responses

In case of a healthy immune response, the initial inflamma-

tion by the SARS-CoV entry attracts the virus-specific T 

cells to the site of infection as stated earlier (Tay et al. 2020; 

Kikkert 2020). Indeed, at the time of viral entry, antigen is 

processed by the antigen presenting cells (APCs) through 

MHC to activate the T cells; and the antibodies are pro-

duced by the B cells thereafter; i.e., IgM within 6–7 days 

followed by IgG, IgA titer in 3–4 weeks, which are specifi-

cally directed to combat the secondary infections (Kaushal 

2020). This is to be mentioned that these antibodies usually 

do not halt the virus at the beginning (entry phase); actually, 

the viral spread can be arrested if a person is immunized 

with the virus (Kaushal 2020). However, the recognition of 

the viruses and apoptotic cells by the alveolar macrophages 
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may eliminate the viral particles by phagocytosis (Tay 

et al. 2020). As shown in Fig. 1, the pathophysiological 

impact in the CoV-affected patients largely depends on the 

alteration of the levels of pro-inflammatory cytokines and 

chemokines; i.e., the generation of the cytokine storm (Tay 

et al. 2020; Ralph et al. 2020). Upon the viral entry medi-

ated by ACE2 and TMPRSS2, the active replication with 

the subsequent release of the virus instigate the host cell to 

undergo pyroptosis (a condition of cell death and inflam-

mation) together with the release of damage-associated 

molecular patterns (DAMPs) including ATP, nucleic acids 

and ASC (apoptosis-associated speck-like protein with a 

caspase-recruitment domain) oligomers (Tay et al. 2020). 

The antibodies produced by the B cells may also accelerate 

the infection through the ADE (Tay et al. 2020). Once the 

virus gets inside, (1) it travels down the bronchial tubes to 

the lungs letting the respiratory tree lining to be injured, (2) 

the nerves of the lining of the airway get irritated, making 

the mucous membranes of the lungs inflamed and hardened 

(Lee et al. 2020). As a result, it becomes difficult for lungs 

to supply oxygen to the blood, resulting in the shortness in 

breathing or the ARDS (Rabaan et al. 2020; Tay et al. 2020; 

Kikkert 2020).

As stated earlier, the SARS-CoV-2 first adheres to the 

ACE2 receptors in nasopharynx and respiratory epithelium; 

and the host immune response is instigated through the ele-

vated levels of the pro-inflammatory cytokines generated 

from various lymphocytes, which in turn trigger the lung 

injury with the subsequent onset of ARDS, a state whereby 

the alveolar spaces are dominated by the infiltered neutro-

phils and monocytes which finally lead to hyper cytokine-

mia. (Kikkert 2020; Kaushal 2020). Besides, the hyper 

activation of various immune cells uniquely against the 

nucleocapsid of the virus cause the cytokine storm which 

is responsible for the ARDS, and the multi-organ malfunc-

tion at the later stage (Rabaan et al. 2020; Fehr and Perl-

man 2015; Lee et al. 2020; Kikkert 2020; Kaushal 2020). 

This is also worth to mention that the pro-inflammatory 

macrophages and granulocytes cause the innate inflamma-

tion in lungs; i.e., difficulty in breathing as well as cyanosis 

which in turn require ventilation in the COVID-19 patient. 

A potential cause of such lung fatality is hyaluronan (HA) 

which is produced by the HA synthase (HAS2) in CD31-

endothelium, EpCAM-lung alveolar epithelial cells, and 

fibroblasts, triggered by IL-1 and TNF (Kaushal 2020). HA 

in turn absorbs water in significantly higher amount (approx-

imately 1000-fold than normal), and thereby causing the dif-

ficulty in oxygen supply in lungs (Kaushal 2020).

As shown in Fig. 1, the DAMPs are recognized by the 

neighboring epithelial cells, endothelial cells and the alve-

olar macrophages, which then trigger the production of 

the pro-inflammatory cytokines and chemokines includ-

ing IL-6, IP-10, macrophage inflammatory protein 1α 

(MIP1α), MIP1β and MCP-1, which entice the monocytes, 

macrophages, T cells and IFNγ to the site of infection and 

thus promoting further inflammation (Tay et al. 2020). In 

case of defective immunity, the above-mentioned cells over 

accumulate in the lungs resulting in the state of the elevated 

pro-inflammatory cytokines (cytokine storm), which sub-

sequently impairs the lung infrastructure (Tay et al. 2020; 

Kikkert 2020). The cytokine storm further circulates to other 

organs, causing the multi-organ damage (Tay et al. 2020).

Evasion of host immunity by SARS‑CoV‑2

Dodging of the host protective immunity is the principal 

strategy to impart the viral pathogenesis (Lee et al. 2020; 

Kikkert 2020). As the virus spreads along the nasopharyn-

geal tract, cells of the innate immune defense mechanisms 

are concomitantly avoided (Kikkert 2020). Indeed, after the 

viral infection starts, both the adaptive (regulated by the 

MHC antigens/HLA classes) and innate immunity com-

mence within host (Kikkert 2020; Kaushal 2020). The pro-

tective innate immunity is diminished in the severe symp-

tomatic stages of pathogenesis with excessive lymphopenia 

the NK cells which in turn impart the virus to dodge the 

host immunity; however, the monocytes and macrophages 

rush towards the infected site and thus create a hyperin-

flammatory state (Fehr and Perlman 2015; Noor 2021; Kik-

kert 2020; Kaushal 2020). Moreover, as the virus skips the 

NK-cell-mediated protective immunity, eventually the viral 

spread occurs resulting inflammations of lungs and other 

major organs (Kaushal 2020). Besides the impairment of 

innate immunity, the presentation of viral antigens by MHC 

class I and II can be compromised with the APCs which in 

turn instigate the weakening of the T-cell response; and thus, 

the adaptive immunity is also hindered (Noor 2021).

From the molecular point of view, the viral RNA cir-

cumvents the innate immune cells by adding a cap-structure 

(the cap-snatching mechanism, aided by the N protein) to 

its 5′-end and resulting in the release of the short, 5′-capped 

transcripts; helping them to be detected by the host trans-

lational apparatuses (Kikkert 2020; Vlugt et al. 2018). The 

2′-O methylation of the viral cap structures is facilitated by 

the nsp16, which helps to avoid recognition by the immune 

sensor MDA5 (melanoma differentiation-associated protein 

5) (Kikkert 2020; Menachery et al. 2014). The second mech-

anism relies on the viral endoribonuclease activity to avoid 

the protein kinase R (PKR), and the 2′–5′ Oligoadenylate 

Synthetase (OAS)/RNAse L system (the interferon, IFN 

effector) (Lee et al. 2020). Thus, the SARS-CoV-2 acceler-

ates its own RNA during the infection processes with the 

concomitant avoidance of the host immune system (Lee 

et al. 2020). Thirdly, the N protein reduces the chance of 

the viral mRNA destruction as well (Kikkert 2020).



1949Archives of Microbiology (2021) 203:1943–1951 

1 3

Pathogenesis mediated by SARS‑CoV 
and immunological response

Immunological response upon viral infection can either 

limit virus spreading or surprisingly can cause the patho-

logical damages to the host tissues which mainly depends 

on the accumulation of pro-inflammatory cytokines 

(released by activated macrophages) in alveoli as stated 

earlier (Tay et al. 2020; Kikkert 2020; Ralph et al. 2020; 

Vlugt et al. 2018;  Menachery et al. 2014; Chen et al. 

2010; Glass et al. 2003). Like SARS-CoV-2, the prime 

factor for SARS-CoV progression also depends on the 

ACE2 receptor although both SARS-CoV and MERS-CoV 

consists of a relatively shorter spike protein than that of 

SARS-CoV-2 (Fehr and Perlman 2015; Chu et al. 2020; 

Ge et al. 2013; Nicholls et al. 2003; Xu and Gao 2004; Gu 

and Korteweg 2007). As shown in Fig. 2, upon the SARS-

CoV infection, the macrophages, dendritic cells, and the 

alveolar epithelial cells have been shown to trigger a 

remarkable elevation of the pro-inflammatory chemokines: 

(1) the macrophage inflammatory protein-1α (MIP-1α), 

(2) normal T cells; (3) IP-10, (4) interleukin (IL) 2, 5, 

6 and IL-8, and (5) monocyte chemoattractant protein-1 

(MCP-1), (6) tumor necrosis factor alpha (TNF-α), and 

(7) chemokines (CXCL10, CCL2, CCL3, and CCL5) cor-

related with migration of NK cells CXCL8 (Glass et al. 

2003; Xu and Gao 2004; Gu and Korteweg 2007). Within 

the spleen a reduction in the  CD4+ lymphocytes,  CD8+ 

lymphocytes,  CD20+ lymphocytes, plasmacytoid dendritic 

cells (pDC), macrophages, and natural killer (NK) cells 

were observed upon SARS-CoV infection (Xu and Gao 

2004; Gu and Korteweg 2007). Additionally, the diminu-

tion of the mucosal lymphoid tissue in the small intestines 

and appendix was noticed along with a succeeding decline 

in the lymphocytes (Gu and Korteweg 2007). Besides the 

role of various inflammatory cytokines and chemokines in 

the pathogenic consequence of the virus as stated above, 

the molecular pathways recognized by the TLRs (Fehr 

and Perlman 2015; Kaushal 2020). As the virus enters 

the host cells; viral RNAs are recognized by the TLRs 

(7/8,3) to work on three pathways; and the virus turns 

off two protective immunity intracellular pathways: (1) 

MyD88 and interferon regulatory transcription factor 7 

(IRF7) to produce IFN-1; and (2) tumor necrosis factor 

receptor (TNFR)-associated factor 6 (TRAF6) and IRF3 

to activate T cells. However, the virus turns on the third 

intracellular inflammatory pathway; i.e., the p38 MAP 

Kinase- and AP-1 pathway for the production of inflam-

matory molecules (Kaushal 2020).

Protective immunity

SARS-CoV-specific serum Abs (specific IgG) become 

detectable in the late first week after the onset of symp-

toms and 25 days after the onset of the infection (Xu and 

Gao 2004). The neutralizing Abs (directed against the S 

glycoprotein) were noticed to be able to block the viral 

entry into host cells (Xu and Gao 2004). Using mouse 

model, a DNA vaccine encoding the S glycoprotein of 

SARS-CoV was previously noticed to induce T cell and 

the neutralizing antibody responses (protective immu-

nity) (Xu and Gao 2004; Yang et al. 2004). Other than 

humoral immunity, the anti-viral  CD4+ helper T cells were 

observed to mediate the production of virus-specific Abs 

by B cells; and also, the  CD8+ cytotoxic T lymphocytes 

(CTLs) could kill the virus-infected host cells (Fig. 2), 

and facilitated the lysis of MHC-matched tumor cell lines 

expressing the S glycoprotein (Xu and Gao 2004). Interest-

ingly, both CD4 and CD8 T-cell responses were found to 

be induced by immunization with the expression vectors 

encoding for the S protein of SARS-CoV (Xu and Gao 

2004; Yang et al. 2004). Additionally, the earlier evidence 

showed that the intervention of intra-balance among dif-

ferent cytokines, Th1/Th2 cells, and the innate/adaptive 

immunity can be an operative way of treating the SARS-

CoV infection (Glass et al. 2003).

Pathogenesis mediated by the MERS‑CoV

Although the genomic organization is nearly similar to that 

of SARS-CoV and SARS-CoV-2; however, unlike these 

two, the MERS-CoV utilizes the host receptor dipeptidyl 

peptidase 4 (DPP4, which is also known as CD26) to inter-

act with its spike protein during the entry into the host and 

subsequently to spread the viral infection (Fehr and Perlman 

2015; Chafekar and Fielding 2018; Taylor and Mossman 

2013; Randall and Goodbourn 2008; Dawson et al. 2019). 

Besides, to completely understand the MERS-CoV patho-

genesis, the role of the MERS-CoV accessory proteins needs 

to be deciphered for mediating the viral pathogenesis. Like 

other CoV genomes, the first 5′ two-thirds of the MERS-

CoV genome comprises the replicase complex (ORF1a and 

ORF1b); and the remaining 3′ one-third encodes the struc-

tural proteins S, E, M, and N; and the five accessory proteins 

(ORF3, ORF4a, ORF4b, ORF5 and ORF8b) which are not 

actually required for the genome replication, but these acces-

sory proteins may facilitate the viral pathogenesis (Chafekar 

and Fielding 2018; Dawson et al. 2019). Upon entry into the 

host, the MERS-CoV can infect the alveolar epithelial cells, 

macrophages, fibroblasts, and the endothelial cells resulting 

in the alveolar damage; and the virus is capable to replicate 

within kidney and liver cells (Dawson et al. 2019).
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Immunological response and IFN antagonism 
during MERS‑CoV pathogenesis

Upon MERS-CoV entry into the host cell, the type I inter-

feron (IFN)-mediated innate immune response is activated 

through the production of type I IFNs; i.e., IFN-α and IFN-β 

(Chafekar and Fielding 2018; Taylor and Mossman 2013; 

Randall and Goodbourn 2008). An elevation in monocyte-

derived macrophages has been noticed (Fig. 3) along with 

the elevated levels of the tumor necrosis factor α (TNF α), 

IL-6, IL-12, and IFN-γ (Dawson et al. 2019). MERS-CoV 

pathogenesis stringently relies on the ORF4a (dsRNA bind-

ing protein), which acts as an antagonist of the anti-viral 

activity of IFN as it (1) inhibits the interferon production 

(IFN-β promoter activity, the IFN-regulatory transcrip-

tion factors: IRF3 and IRF7; and the activation of NF-κB 

(the nuclear factor kappa light chain enhancer of activated 

B cells); and (2) blocks the ISRE (interferon-stimulated 

response element) promoter element signaling pathways; 

i.e., the type I IFN-induced JAK/STAT signaling pathway 

(Dawson et al. 2019; Yang et al. 2013). As shown in Fig. 3, 

the MERS-CoV ORF4b inhibits the activation of RNase 

L, which possesses an IFN-induced potent anti-viral activ-

ity and also hinders the type I IFN and NF-kβ signaling 

pathways, resulting in the viral pathogenesis (Dawson et al. 

2019; Thornbrough et al. 2016).

It is clear from the above discussion that escaping the 

host innate immunity by MERS-CoV largely depends on 

the IFN antagonism since the MERS-CoV-encoded IFN 

antagonist proteins are known to block one or more key 

signaling proteins in the IFN and NF-κB signaling path-

ways thereby mediating the viral infectivity (Chafekar and 

Fielding 2018; Taylor and Mossman 2013; Randall and 

Goodbourn 2008). Impedance of the IFN production by the 

interference with the global expression of IFN‐stimulated 

genes (ISGs), and by the degradation of the transcription 

factors IRF3/7, nuclear factor‐κB or NF‐κB, or ATF‐2/c‐jun 

(activating transcription factor 2 binding to the cyclic AMP 

responsive elements or CRE) as well as blocking the JAK/

STAT signal transduction pathway or by obstructing the type 

I IFN receptor are the keys to the MERS-CoV pathogenesis 

(Taylor and Mossman 2013). MERS-CoV prevents the initial 

detection of virus by the host immune cells by damaging the 

Toll‐like receptors (TLR) or the retinoic acid inducible gene 

I (RIG‐I)‐like receptors, or by masking the receptor ligands 

(Taylor and Mossman 2013; Yang et al. 2013). In summary, 

the MERS-CoV pathogenesis has been reported to evolve 

mechanisms to utilze its M protein, and the ORF4a, ORF4b 

and ORF5 proteins (all are strong IFN antagonists) to evade 

the host immune system and thus continuing pathogenesis 

by inhibiting both type I IFN induction and the NF-kB 

signaling pathways (Dawson et al. 2019). Besides ORF4a 

and ORF4b, the MERS-CoV replicase proteins, including 

nsp1, nsp3, and nsp14 also interfere with the innate immune 

response signaling pathways (Dawson et al. 2019).

Conclusion

In the current review, the molecular and cellular strate-

gies for the SARS-CoV-2, SARS-CoV, and MERS-CoV to 

lapse the protective innate immune system have been dis-

cussed. Although the genome organization of all these three 

β-coronaviruses are nearly similar, the priming of patho-

genesis differs especially regarding the viral entry; i.e., the 

SARS-CoV-2 and the SARS-CoV employed their spike 

protein to the RBD of the host ACE2 receptor whereas the 

MERS-CoVs used their spike proteins to attach with the host 

DPP4 receptor. Moreover, the SARS-CoV-2 was found to 

show stronger affinity for the ACE2 receptor than that of the 

SARS-CoV. In all three cases, the pathogenesis depends on 

the escaping performances of the host innate immunity. The 

pathogenesis of SARS-CoV-2 and SARS-CoV is related to 

the cytokine storm whereas the MERS-CoV pathogenesis is 

allied with the host NK cell inactivation by the viral antago-

nist proteins towards the host IFN. The pathogenesis scheme 

with such immunological response has been presented as 

schematic model for each virus. Such a knowledge may aid 

to further focus on their virulence rate and the transmission 

dynamics, and the possible anti-viral therapies including the 

vaccine development strategies.
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