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Abstract

In less than two decades, three deadly zoonotic coronaviruses, severe acute
respiratory syndrome coronavirus (SARS-CoV), Middle East respiratory
syndrome coronavirus (MERS-CoV), and SARS-CoV-2, have emerged in
humans, causing SARS,MERS, and coronavirus disease 2019 (COVID-19),
respectively.The current COVID-19 pandemic poses an unprecedented cri-
sis in health care and social and economic development. It reinforces the
cruel fact that CoVs are constantly evolving, possessing the genetic mal-
leability to become highly pathogenic in humans. In this review, we start
with an overview of CoV diseases and the molecular virology of CoVs, fo-
cusing on similarities and differences between SARS-CoV-2 and its highly
pathogenic as well as low-pathogenic counterparts.We then discuss mecha-
nisms underlying pathogenesis and virus-host interactions of SARS-CoV-2
and other CoVs, emphasizing the host immune response. Finally, we sum-
marize strategies adopted for the prevention and treatment of CoV diseases
and discuss approaches to develop effective antivirals and vaccines.
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INTRODUCTION

The ongoing pandemic of coronavirus disease 2019 (COVID-19), caused by severe acute respi-
ratory syndrome coronavirus 2 (SARS-CoV-2), is the most devastating outbreak since the H1N1
influenza in 1918. Although the origin of SARS-CoV-2 is still debated, it was a pneumonia out-
break of unknown etiology in Wuhan, China, at the end of 2019 that first caught the attention of
health authorities and the general public. SARS-CoV-2 was identified as the causative agent, and
its genome sequence was shortly released (151, 164). As cases increased outside China, the World
Health Organization declared COVID-19 a global pandemic on March 11, 2020. As of October
15, 2020, there have been over 38 million confirmed COVID-19 cases and over 1 million deaths
reported worldwide. With vaccines in development, the control of COVID-19 mainly relies on
physical distancing of the general public, reinforced by the use of facial masks; contact tracing of
the exposed population; and quarantine of confirmed patients.

Although the impact of COVID-19 is unprecedented, this is not the first time that a zoonotic
CoV has caused outbreaks in humans: SARS and Middle East respiratory syndrome (MERS),
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caused by SARS-CoV and MERS-CoV, respectively, resulted in significant mortality and global
panic.Animal CoVs are also important veterinary pathogens, and recent outbreaks of (re)emerging
virulent variants have caused severe economic losses.Here,we reviewmajor CoVs and the diseases
they cause, focusing on similarities and differences in their molecular virology and pathogenesis.
The various mechanisms adopted by CoVs to interact with host cells and to antagonize the innate
immune response are also discussed, followed by a summary of CoV antivirals and vaccines under
development.

COVID-19 AND OTHER CORONAVIRUS DISEASES

Diseases Caused by Human Coronaviruses

Seven human CoVs (HCoVs) have been identified. These include the three highly pathogenic
CoVs, SARS-CoV, SARS-CoV-2, andMERS-CoV, and four CoVs with low pathogenicity, human
coronavirus 229E (HCoV-229E), HCoV-OC43, HCoV-NL63, and HCoV-HKU1.

SARS and MERS.The 2002–2004 SARS outbreak was first reported in Guangdong, China, and
spread to other countries. The epidemic ended with 8,096 confirmed cases and a case mortality
rate of ∼9.6% (38). SARS patients showed flu-like symptoms that progressed to pneumonia and
dyspnea, and in severe cases they developed life-threatening acute respiratory distress syndrome
(ARDS) (106).

Since the first MERS epidemic, in the Middle East in 2012, two major outbreaks have
occurred, in South Korea (2015) and Saudi Arabia (2018), with intermittent, sporadic cases. As
of January 15, 2020, there were 2,506 confirmed cases of MERS, with a very high case mortality
rate of ∼34%. In addition to SARS-like symptoms, MERS is characterized by more frequent
development of ARDS and multiorgan failure, particularly in patients older than 65 years and
those with comorbidities (109).

COVID-19.Clinical manifestations of COVID-19 are similar to those of SARS, with common
symptoms including fever, cough, sore throat, and dyspnea. However, the clinical spectrum of
COVID-19 is much broader, with ∼80–90% of patients having only mild illness and ∼20% re-
quiring hospitalization (108). The case mortality rate of COVID-19 is lower than that of SARS,
though it varies widely in different countries (109). The disease severity of COVID-19, similar
to that of SARS, increases significantly with age (108). For example, the case mortality rate of
COVID-19 in Italy as of March 17, 2020, was less than 1% in people younger than 60 years,
but it was ∼10–20% in people older than 70 years (102). Importantly, COVID-19 is much more
transmissible than SARS, partly due to the following three factors. First, the incubation period
is 4–12 days for SARS-CoV-2, longer than the 2–7 days for SARS-CoV (108). Also, a high viral
load of SARS-CoV-2 is detected at the onset of symptoms and rapidly declines in the following
week, whereas the viral load of SARS-CoV peaks 1–2 weeks after symptom onset (108). Thus, case
isolation and contact tracing are more challenging for COVID-19. Second, a large proportion of
SARS-CoV-2-infected individuals are asymptomatic, are presymptomatic, or have mild illness,
but they may still transmit the virus; however, SARS-CoV caused severe disease that generally
required hospitalization (108). Finally, viral shedding may also persist longer for SARS-CoV-2
compared with SARS-CoV (108).

Diseases caused by other human coronaviruses.HCoV-229E, HCoV-NL63, HCoV-OC43,
and HCoV-HKU1 are so-called low-pathogenic HCoVs that cause mild upper respiratory tract
illness and contribute to 15–30% of common colds in human adults. However, in infants, elderly
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people, and immunocompromised individuals, these low-pathogenic HCoVs sometimes cause
life-threatening bronchiolitis and pneumonia (84a). Distributed globally, these four HCoVs cause
epidemics every two to three years, particularly in the winter (84a). Infection does not induce
long-lasting protective immunity, so people can be infected repeatedly.

Diseases Caused by Animal Coronaviruses

Animal coronaviruses are important pathogens of many domesticated and laboratory animal
species.Mouse hepatitis virus (MHV) is present inmouse colonies worldwide (97).MHV infection
of laboratory mice affects host physiology and compromises their value as research subjects (97).
In contrast, fulminant hepatitis and chronic demyelination caused by MHV-3 and MHV-JHM,
respectively, have served as useful models for human diseases (49).

Six porcine CoVs are known to cause diseases. Among them, transmissible gastroenteritis virus
(TGEV) causes diarrhea mainly in young piglets (71), whereas porcine epidemic diarrhea virus,
porcine deltacoronavirus (PDCoV), and swine acute diarrhea syndrome coronavirus are emerging
swine CoVs with high mortality rates in neonatal piglets (142).

Infectious bronchitis virus (IBV) is a highly contagious CoV that causes acute respiratory dis-
ease that is particularly severe in young chicks, and nephropathogenic variants are emerging (84b).
Two biotypes of CoV that infect cats exist: Feline enteric coronavirus (FECV) causes subclini-
cal disease, and feline infectious peritonitis virus (FIPV) has systemic and lethal outcomes (105).
Table 1 summarizes some human and animal CoVs and the diseases they cause.

MOLECULAR VIROLOGY OF SARS-CoV-2 AND OTHER
CORONAVIRUSES

The basic genomic structure and replication cycle of SARS-CoV-2 are similar to those of other
CoVs, and the main functions of their structural and nonstructural proteins are also conserved.
Although SARS-CoV-2 uses the same receptor as SARS-CoV, differences in the major virion
surface protein, the spike (S) glycoprotein, alter its binding affinity and cleavage by host proteases.

Classification and Evolution

CoVs belong to the subfamilyOrthocoronavirinae, family Coronaviridae, and orderNidovirales. This
subfamily is divided into four genera: Alphacoronavirus, Betacoronavirus, Gammacoronavirus, and
Deltacoronavirus, each containing multiple subgenera. It is widely believed that bats are reservoirs
for alpha- and betacoronaviruses, whereas wild birds are reservoirs for gamma- and deltacorona-
viruses (25, 147). SARS-CoV presumably emerged by recombination of SARS-related CoVs that
are prevalent in bats, transmission to the intermediate host palm civet, and finally spillover to hu-
mans (57, 80).MERS-CoV also originated in bats and uses dromedaries as intermediate hosts (38).

The closest known relative to SARS-CoV-2 is a bat CoV named RaTG13 that shares 96.2%
genome sequence identity with SARS-CoV-2 (164). However, only one of the six amino acids in
the S protein that are critical for ACE2 binding is conserved between RaTG13 and SARS-CoV-2
(164). With its direct progenitor(s) and intermediate host(s) unidentified, the origin of SARS-
CoV-2 remains elusive.

In the near future, additional mutations that facilitate viral transmission (similar to D614G in
the S protein) will likely emerge, and the widespread administration of vaccines may also affect the
evolutionary trajectory of SARS-CoV-2. Notably, a recent study showed that SARS-CoV-2 was
introduced by humans to minks and transmitted back to humans, highlighting the risk of similar
animals becoming reservoirs of SARS-CoV-2 (103).
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Table 1 Coronavirus diseases in humans and animals

Host Coronavirus (genus) Disease(s) References
Human SARS-CoV-2 (β) COVID-19 151, 164

SARS-CoV (β) Severe acute respiratory syndrome 106
MERS-CoV (β) Middle East respiratory syndrome 109
HCoV-229E (α) Common cold 38
HCoV-NL63 (α) Common cold 38
HCoV-OC43 (β) Common cold 38
HCoV-HKU1 (β) Common cold 38

Pig TGEV (α) Gastroenteritis 71
PRCoV (α) Mild respiratory disease 142
PHEV (β) Vomiting and wasting disease, encephalomyelitis 142
PEDV (α) Gastroenteritis 142
PDCoV (δ) Gastroenteritis 142
SADS-CoV (β) Gastroenteritis 142

Mouse MHV (β) Diarrhea, hepatitis, encephalitis 49, 97
Rat SDAV (β) Sialodacryoadenitis, mild pneumonia 39

RCoV-P (β) Fatal pneumonia 39
Horse ECoV (β) Mild gastrointestinal disease 45
Cattle BCoV (β) Enteritis, respiratory disease, pneumonia 45
Cat FIPV (α) Peritonitis, pyogranuloma 105

FECV (α) Subclinical enteric disease 105
Dog CCoV (α) Enteritis 45

CRCoV (β) Mild to severe respiratory disease, pneumonia 45
Chicken IBV (γ) Bronchitis, nephritis 84b

Abbreviations: α,Alphacoronavirus; BCoV, bovine coronavirus; β, Betacoronavirus; CCoV, canine coronavirus; COVID-19, coronavirus disease 2019; CRCoV,
canine respiratory coronavirus; δ, Deltacoronavirus; ECoV, equine coronavirus; FECV, feline enteric coronavirus; FIPV, feline infectious peritonitis virus;
γ, Gammacoronavirus; HCoV, human coronavirus; IBV, infectious bronchitis virus; MERS-CoV, Middle East respiratory syndrome coronavirus; MHV,
mouse hepatitis virus; PDCoV, porcine deltacoronavirus; PEDV, porcine epidemic diarrhea virus; PHEV, porcine hemagglutinating encephalomyelitis virus;
PRCoV, porcine respiratory coronavirus; RCoV-P, Parker rat coronavirus; SADS-CoV, swine acute diarrhea syndrome coronavirus; SARS-CoV, severe acute
respiratory syndrome coronavirus; SDAV, sialodacryoadenitis virus; TGEV, transmissible gastroenteritis virus.

Morphology and Genomic Structure

CoVs are enveloped viruses, spherical or pleomorphic, with a diameter of 80–150 nm. The virion
surface contains the eponymous crown-like (corona is Latin for crown) projections constituted by
the S protein. The CoV genome is packaged inside the envelope as a helically symmetric nucle-
ocapsid. CoVs are positive-sense, single-stranded RNA viruses with nonsegmented genomes of
27–32 kilobases (Figure 1). The genomic RNA is modified by 5′-capping and 3′-polyadenylation,
flanked by untranslated regions on both ends. The preceding 70–75% of the genome comprises
the replicase-encoding open reading frame 1a (ORF1a) and ORF1b, while the remaining region
contains ORFs that encode structural and accessory proteins.

Proteins Encoded by Coronaviruses

CoVs encode a number of structural, nonstructural, and accessory proteins. The biochemical and
structural features as well as the functions of these proteins in CoV replication, pathogenesis, and
host interactions are briefly summarized below.
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Figure 1

Genomic structures and taxonomy of selected CoVs. The generic CoV genome is shown with a 5′-cap structure and a
3′-polyadenylated tail (AnAOH 3′).ORF1a is translated to produce pp1a, whereas a programmed ribosomal frameshift allows translation
to continue on ORF1b, producing pp1ab. Both pp1a and pp1ab are proteolytically processed by PLpro and Mpro, producing nsp1 to
nsp16. The 3′ genomic regions of seven HCoVs (red) and five animal CoVs (black) were compared, with their taxonomic relationships
shown on the left and the genome lengths (bp) on the right. The S, E, M, and N genes are in blue, orange, green, and red, respectively,
whereas the HE gene and other accessory genes are in gray or dark gray. RNA lengths drawn to scale. Abbreviations: CoV, coronavirus;
E, envelope; 5′ C, 5′-cap; HCoV, human CoV; HE, hemagglutinin-esterase; IBV, infectious bronchitis virus; M, membrane; MERS,
Middle East respiratory syndrome; MHV, mouse hepatitis virus; Mpro, main protease; N, nucleocapsid; nsp1, nonstructural protein 1;
ORF1a, open reading frame 1a; PDCoV, porcine deltacoronavirus; PEDV, porcine epidemic diarrhea virus; PLpro, papain-like
protease; pp1a, polyprotein 1a; S, spike; SARS, severe acute respiratory syndrome; TGEV, transmissible gastroenteritis virus.

Structural proteins.CoVs encode four structural proteins: S, membrane (M), envelope (E), and
nucleocapsid (N) proteins (Figure 2). Some accessory proteins, such as the hemagglutinin-esterase
of MHV, HCoV-HKU1, and HCoV-OC43 and ORF3a, 6, 7a, 7b, and 9b of SARS-CoV, are also
incorporated into mature virions (84).
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Topologies and domains of CoV structural proteins. Amino acid sequences flanking the S1/S2 sites of
SARS-CoV-2, SARS-CoV, and MERS-CoV are shown. The arginines in the furin cleavage motifs of SARS-
CoV-2 and MERS-CoV are in red. Protein lengths drawn to scale. Abbreviations: CoV, coronavirus; CTD,
C-terminal domain; E, envelope; ecto, ectodomain; endo, endodomain; FP, fusion peptide; HD, hydrophobic
domain; HR1, heptad repeat 1; M, membrane; MERS, Middle East respiratory syndrome; N, nucleocapsid;
NTD, N-terminal domain; RBM, receptor-binding motif; S, spike; SARS, severe acute respiratory
syndrome; SP, signal peptide; SR, serine-arginine rich region; TM, transmembrane domain.

The S glycoprotein (150–200 kDa) is a trimeric transmembrane protein with a predominant
ectodomain and a short cytosolic tail. It is cleaved by host proteases into two subunits. The S1
subunit is divided into an N-terminal domain (S1-NTD) and a C-terminal domain (S1-CTD).
In general, receptor-binding motifs (RBMs) are located in S1-CTD for CoVs that use protein
receptors and in S1-NTD for CoVs using sugar receptors (76).The S2 subunit contains the fusion
peptide, which is preceded by a secondary protease cleavage site (S2′) in some CoVs.

The M glycoprotein (23–35 kDa) contains a short ectodomain, three transmembrane domains
(TMDs), and a C-terminal endodomain. The M protein is the most abundant virion protein and
plays an essential role during assembly (96).M-Mmonomer interactions occur among the TMDs,
whereas M-M dimer, M-S, and M-N contacts are governed by the M endodomain (69).

The E protein (8–12 kDa) is a minor virion component, and the pentameric bundling of its
TMD forms an ion channel (IC).Deletion of the E gene in SARS-CoV is not lethal, but virions are
severely crippled and attenuated in vivo (38). The virulence of SARS-CoV with IC-inactivating
mutations in the E protein is reduced in vivo, whereas similar IBV mutants are defective in virion
release (79).

The N protein (43–50 kDa) has three domains: The NTD and CTD are rich in basic residues
that interact with the genome, while domain 3 interacts with the M protein (69). The N pro-
tein is recruited to the replication-transcription complexes (RTCs) (23), and its phosphorylation
modulates template read-through during genome transcription and RNA binding affinity during
packaging (37).

Notwithstanding the highly variable S1 subunit, the S2 subunit and the M, E, and N pro-
teins are relatively conserved in terms of structures and functions, although small variations are
observed among different CoVs. For example, the ectodomain of the M protein is N-linked gly-
cosylated in most CoVs but O-linked glycosylated in some betacoronaviruses such as MHV and
HCoV-OC43 (37). Also, a PDZ-bindingmotif (PBM) in the C terminus of the E protein is present
in some CoVs (like SARS-CoV and SARS-CoV-2) but absent in others (38).
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Nonstructural proteins. Encoded by ORF1a and ORF1b, polyprotein 1a (pp1a) and pp1ab are
autoproteolytically cleaved to form 15–16 nonstructural proteins (nsps). Among them, the papain-
like protease (PLpro) activity of nsp3, the main protease (Mpro) activity of nsp5, and the RNA-
dependent RNA polymerase (RDRP) activities of nsp12 are at the core of CoV replication.

The multidomain protein nsp3 has various enzymatic activities (74). Besides the PLpro releas-
ing nsp1–nsp3 from the polyproteins, nsp3 also possesses deubiquitination (DUB) activity and
de-ISGylation activity that target ubiquitin and ISG15 (interferon-stimulated gene 15), respec-
tively. The macrodomain of nsp3 catalyzes the removal of covalently attached ADP-ribose from
protein targets. These activities contribute to CoV virulence by antagonizing the innate immune
response (33, 99).

Monomeric nsp5 is inactive when it is released from the polyproteins. Homodimerization of
nsp5 forms the active Mpro, which cleaves all 11 downstream sites to release nsp6–nsp16 (152).
Recently, the catalytic mechanism for SARS-CoV Mpro and MERS-CoV Mpro was reported
(141), and the structure of SARS-CoV-2 Mpro has also been resolved (60).

At the core of CoV RNA-synthesizing machinery, nsp12 interacts with nsp7 and the primase
nsp8 to form a polymerase complex, likely also joined by the helicase nsp13, the exoribonucle-
ase (ExoN) nsp14, and other viral and host proteins. The structures of SARS-CoV-2 nsp12 and
the nsp12-nsp7-nsp8 complex have been resolved, demonstrating a novel β-hairpin domain at
the nsp12 N terminus (40) and significant conformational changes that accommodate the nucleic
acids (143).

The main functions of nsps are highly conserved among CoVs, but some variations are ob-
served. For example, a nonconserved region is present in the nsp3 of SARS-CoV, SARS-CoV-2,
and presumably other SARS-related CoVs (74). This eponymous SARS-unique domain (SUD)
binds to G-quadruplex sequences present in the genomes of all HCoVs (74). The SUD of SARS-
CoV also interacts with and stabilizes an E3 ubiquitin ligase, thereby promoting p53 degradation
to facilitate viral replication (90).

Accessory proteins.CoV accessory proteins are generally considered dispensable for viral repli-
cation in vitro, but some of them are involved in viral pathogenesis (84). It was recently shown that
ORF3a andORF8b of SARS-CoV induce proinflammatory cytokines and regulate the chemotaxis
of macrophages (124, 160). ORF8b of MERS-CoV and SARS-CoV also suppresses the induction
of type I interferons (IFN-I) (149, 150). In general, there are no homologous accessory proteins
among CoV genera, but similar ones may exist in closely related CoVs. For example, ORF3a,
6, 7a, 7b, and 9b all have over 80% sequence similarities between SARS-CoV and SARS-CoV-2
(164).

Replication Cycles

The CoV replication cycle has already been reviewed (38). Here we highlight the similarities and
dissimilarities between SARS-CoV-2 and other CoVs (Figure 3).

Attachment and entry. Binding of the S protein to its cognate receptor initiates the CoV repli-
cation cycle. Some CoVs use cell surface peptidases as receptors, such as angiotensin-converting
enzyme 2 (ACE2) for SARS-CoV and SARS-CoV-2, dipeptidyl peptidase 4 for MERS-CoV, and
aminopeptidase N (APN) for HCoV-229E. Other CoVs use sugar receptors like sialic acid, while
TGEV S protein binds to both APN and sialic acid (76). Notably, compared with the receptor-
binding domain (RBD) of SARS-CoV, the RBD of SARS-CoV-2 has greater ACE2 binding affin-
ity but is less exposed (121). Also, the SARS-CoV-2 S protein has been undergoing mutations, and
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the natural mutationD614G increases viral infectivity (78).N-linked glycosylation also modulates
its binding to ACE2 and neutralizing antibodies (78).

Besides receptor binding, the CoV S protein also requires host proteolytic activation at the
S1/S2 and S2′ cleavage sites. Host proteases that cleave S protein include cell surface proteases,
lysosomal proteases, proprotein convertases, and extracellular proteases (76). Among them, furin
is a proprotein convertase that cleaves a multibasic motif. Notably, whereas the SARS-CoV-2 S
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Figure 3 (Figure appears on preceding page)

Schematic diagram showing the replication cycle of SARS-CoV-2. Variations in the replication cycle of other CoVs are indicated in
orange boxes. The SARS-CoV-2 S protein binds to the receptor ACE2 and is activated by TMPRSS2. Endocytosis is induced, and
membrane fusion in the endosome is followed by the release and uncoating of the nucleocapsid. The gRNA is translated into pp1a and
pp1ab, which are cleaved to form nsps. The nsps induce rearrangement of ER to form DMVs, where the viral RTCs are assembled.
Full-length gRNA and a nested set of sgRNA species are synthesized inside the DMVs and exported via molecular pores constituted by
nsp3. The sgRNAs are translated into structural and accessory proteins. Virion assembly occurs in the ERGIC, and mature virions are
released via lysosomal exocytosis. Abbreviations: ACE2, angiotensin-converting enzyme 2; CoV, coronavirus; DMV, double-membrane
vesicle; ER, endoplasmic reticulum; ERGIC, ER-Golgi intermediate complex; gRNA, genomic RNA; HCoV, human CoV; nsp,
nonstructural protein; pp1a, polyprotein 1a; RTC, replication transcription complex; S, spike; SARS, severe acute respiratory
syndrome; sgRNA, subgenomic RNA; TMPRSS2, transmembrane protease serine 2.

protein is cleaved by furin at the S1/S2 site, such a furin cleavage site is absent in the SARS-CoV
S protein (51) (Figure 2). Because furin is ubiquitously expressed in all tissues, its cleavage of
the SARS-CoV-2 S protein potentially contributes to the expanded tissue tropism and enhanced
transmissibility. Apart from furin, SARS-CoV-2 is also cleaved by the cell surface transmembrane
protease serine 2 (TMPRSS2) shortly after ACE2 binding (52).

Receptor binding and protease activation trigger conformational changes in the S2 subunit,
and membrane fusion occurs similarly as membrane fusion of other class I viral fusion proteins.
CoV typically enters in late endosomes and is internalized via clathrin-dependent, caveolar, or
other endocytic pathways (38).

RNA and protein synthesis. After internalization, ORF1a is translated into pp1a, while a pro-
grammed ribosomal frameshift enables the synthesis of pp1ab. As stated above, pp1a and pp1ab
are processed by PLpro and Mpro to generate nsps that assemble to form the RTC. Associated
only with double-membrane vesicles and not with other virus-induced structures, newly synthe-
sized CoV genomic RNA is exported out of the double-membrane vesicle through pores formed
of nsp3 and associates with the N protein in the cytosol (130, 148).

Apart from replicating the full-length genomic RNA, CoV replicase also synthesizes a nested
set of subgenomic RNAs (sgRNAs) by switching between templates at the transcription-regulated
sequences. In addition to the canonical sgRNAs, SARS-CoV-2 produces transcripts encoding
unknown ORFs with fusion, deletion, and frameshifting, and viral transcripts undergo various
RNAmodifications, pointing to the highly complex transcriptome and epitranscriptome of SARS-
CoV-2, which may also be shared by other CoVs (64).

CoV structural and accessory proteins are translated from sgRNAs in the cytoplasm. By pro-
moting the degradation and inhibiting the translation of host mRNAs, betacoronavirus nsp1 sup-
presses host gene expression and acts as a major virulence factor (95). Recent structural analy-
sis revealed that SARS-CoV-2 nsp1 binds to and obstructs the ribosomal mRNA entry tunnel
(137). Notably, due to the lack of nsp1/nsp2 cleavage sites, gammacoronaviruses and deltacoro-
naviruses do not produce nsp1, although similar host shutoff is induced by other less characterized
mechanisms.

Assembly and release.CoV genome packaging has been best characterized for MHV, and infor-
mation is lacking for other CoVs. A 95-nucleotide stem-loop within nsp15 serves as the packaging
signal for MHV and other lineage A betacoronaviruses (5). This packaging signal is recognized
by the second RNA-binding domain of the N protein (70). Interestingly, mutation of the MHV
packaging signal does not affect genomic RNA packaging and viral titers, but it does result in large
increases in sgRNA packaging and attenuation in vivo (5).
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The packaged nucleocapsid joins with the structural proteins in the endoplasmic reticulum
(ER)-Golgi intermediate compartment, and the M protein orchestrates assembly and morpho-
genesis of CoV particles. A recent study has shown that betacoronaviruses including SARS-CoV-2
egress by lysosomal exocytosis, instead of the biosynthetic secretory pathway (41). Other CoVs
are released in smooth-walled vesicles, but the detailed mechanism is not yet fully characterized.

MOLECULAR FEATURES OF COVID-19 AND OTHER
CORONAVIRUS INFECTIONS

CoVs have specific host and tissue tropisms mainly determined by the S proteins. SARS-
CoV-2 has expanded tissue tropism compared with SARS-CoV, and its transmissibility is enhanced
partially due to the large proportion of infected individuals with mild or no symptoms. The im-
munopathogenesis of severe COVID-19 is similar to that of SARS and MERS, which involves
excessive cytokine release.

Cell and Tissue Tropism

The CoV S protein, along with its receptor and/or activating proteases, is the major determinant
of tissue tropism. CoVs typically infect epithelial cells lining the respiratory tract and/or gas-
trointestinal tract, but they can also disseminate to various tissues and organs. For example, while
the lungs are the most affected organs, autopsies after death of COVID-19 patients also identify
SARS-CoV-2 in the pharynx, heart, liver, brain, and kidneys (111). The expanded tissue tropism
and zoonotic transmission of SARS-CoV-2 compared with SARS-CoVmay be partially explained
by the higher ACE2 binding affinity of SARS-CoV-2 RBDs and the additional furin cleavage site
at S1/S2. Furthermore, ACE2 and TMPRSS2 expression levels are highest in the nose and de-
crease along the lower respiratory tract, parallel with the greater infectivity of SARS-CoV-2 in
upper versus lower respiratory tract epithelial cells (55).

Specific binding to the receptor(s) by the S protein is also the main determinant of CoV cell
tropism.Overexpression of a CoV receptor in nonpermissive cells often renders permissiveness to
the corresponding CoV, while mutations in the S protein (especially the RBD) are frequently as-
sociated with changes in host tropism. For example, the RBM of SARS-CoV strains isolated from
human patients differs by only two amino acids from that of strains isolated from palm civets, yet
the mutations significantly increase the affinity for human ACE2 (81). Another interesting exam-
ple is porcine respiratory CoV (PRCoV), which arose from a TGEV variant with a large deletion
in the S protein that abolishes its sialic acid–binding activity. As a result, PRCoV cannot attach
to mucin-type glycoproteins and initiate infection in the gut, thereby switching to respiratory
tropism (72). Also, when the ectodomain of the MHV S protein is replaced with that of FIPV, the
recombinant virus acquires the ability to infect feline cells and simultaneously loses the ability to
infect murine cells in vitro (68).Mutations in the S protein are also implicated in the switch of the
enterotropic FECV to the severe FIPV with tropism for monocytes or macrophages (105).

Transmission

HCoVs, including SARS-CoV-2, are primarily transmitted via respiratory droplets generated by
coughing and sneezing (132). Oral fluid droplets generated by normal speaking may also con-
tribute to transmission (132). Accumulating evidence also suggests that SARS-CoV-2 is airborne
and can be transmitted by aerosols in the exhaled air (85). Other potential routes for SARS-
CoV-2 transmission include contact with contaminated surfaces (fomites) and fecal-oral trans-
mission (29). Importantly, asymptomatic transmission of SARS-CoV-2 has been reported among
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US Marine Corps recruits during quarantine (75), suggesting that asymptomatic individuals may
participate in one or more of the above routes of transmission. In addition, cats, dogs, and ferrets
are permissive to SARS-CoV-2 (125, 128), and the potential roles of these domesticated animals
in the spread of COVID-19 are being investigated.

The basic reproductive rate (R0) is defined as the average number of secondary transmissions
from one infected individual, assuming that there is no preexisting immunity in the community.
The R0 for SARS-CoV-2 is 1.8–3.6, comparable with 2.0–3.0 for SARS-CoV (108). However,
SARS-CoV-2 infection is asymptomatic or causes mild disease in most people, and the infec-
tiousness of people with SARS-CoV-2 peaks at or before symptom onset, making it impossible to
contain the pandemic through case isolation alone (50). With an R0 value of ∼0.69 and limited
transmissibility,MERS has not caused sustained epidemics (108), whereas R0 values of 1.7–2.2 are
estimated for HCoV-OC43 and HCoV-HKU1 in a recent study (66). Animal CoVs that cause
respiratory diseases are typically transmitted by respiratory discharges and/or aerosols, whereas
those causing gastrointestinal diseases are typically transmitted via the fecal-oral route; but both
may also be spread by contaminated feed, water, or fomites.

Immunopathogenesis

The immunopathogenesis of COVID-19 resembles that of SARS and MERS (Figure 4). The in-
fection of airway epithelial cells, dendritic cells (DCs), and macrophages, along with the induction
of pyroptosis, leads to the release of pathogen- and damage-associatedmolecular patterns (PAMPs
andDAMPs) and the secretion of proinflammatory cytokines and chemokines (136). Inmost cases,
the recruited monocytes and T lymphocytes clear the infection, and the infected individual has
no symptoms or recovers after mild disease. However, in some patients, especially those over
60 years old and those with comorbidities, dysregulated immune responses lead to widespread
pneumonitis, which is characterized by diffuse alveolar damage, desquamation of alveolar cells,
hyaline membrane formation, and pulmonary edema (14). When imaged by computed tomog-
raphy, the pulmonary inflammatory infiltrates and edema appear as ground-glass opacities (146).
The secretion of proteases and reactive oxygen species (ROSs) by inflammatory cells further dam-
ages the lung microvascular barrier, increasing the permeability of endothelial and epithelial cells
(136). Ultimately, the flooding of protein-rich fluid in the interstitia and airspaces causes ARDS
manifested by impaired oxygen diffusion capacity (14). Postmortem examination also reveals par-
tial fibrosis and pneumocyte hyperplasia, which lead to thickening and collapse of alveoli (117).
Besides infiltration of airspaces with mononuclear cells (mainly lymphocytes), autopsy studies re-
veal multinucleated syncytia formed by SARS-CoV-2-infected pneumocytes (153).

Normally, cytokines have short half-lives and only act on target cells within lymphoid tissues
or at sites of inflammation. In patients with severe COVID-19, the excessive and uncontrolled
release of proinflammatory cytokines exceeds protective thresholds and reaches pathological lev-
els. This so-called cytokine storm, or cytokine release syndrome (CRS), causes life-threatening
complications, including viral sepsis and multiorgan failure. Multiple proinflammatory cytokines
have been implicated in the pathogenesis of COVID-19, particularly interleukin-1 (IL-1), IL-6,
and tumor necrosis factor alpha (TNF-α) (14). Single-cell RNA sequencing of COVID-19 clini-
cal samples also shows that in critical cases, there are stronger interactions between epithelial and
immune cells, with inflammatory macrophages expressing various cytokines (21). Among them,
IL-6 and IL-8 are observed at high levels in COVID-19 patients with severe or critical disease,
and these high levels of IL-6 and IL-8 are correlated with lymphocytopenia that is predictive of
disease progression (162).
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Simplified model of immunopathogenesis in COVID-19. Abbreviations: CoV, coronavirus; COVID-19,
coronavirus disease 2019; DAMP, damage-associated molecular pattern; G-CSF, granulocyte colony-
stimulating factor; GM-CSF, granulocyte-macrophage colony-stimulating factor; IFN-γ, interferon gamma;
IP-10, IFN-γ-inducible protein 10; MCP1, monocyte chemoattractant protein 1; MIP-1α, macrophage
inflammatory protein 1-alpha; NET, neutrophil extracellular trap; PAI-1, plasminogen activator inhibitor 1;
PAMP, pathogen-associated molecular pattern; SARS, severe acute respiratory syndrome; TNF-α, tumor
necrosis factor alpha.

Immunothrombotic dysregulation is at the center of multiorgan failure in patients with severe
COVID-19. Proinflammatory cytokines (particularly IL-6) activate the acute-phase response in
the hepatocytes, thereby increasing the production of prothrombotic and antifibrinolytic proteins
such as fibrinogen and plasminogen activator inhibitor 1 (83). Activated neutrophils also release
neutrophil extracellular traps (NETs) that further aggregate with platelets and fibrin. The re-
sulting thrombotic complications include acute kidney failure and pulmonary embolism as well
as ischemic damage to vital organs like the brain and the heart (146). Indeed, disseminated in-
travascular coagulation (DIC) was observed in many individuals who died of COVID-19 (135).
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Histopathology of COVID-19 autopsy specimens also detected NET-containing inflammatory
microvascular thrombi in the lung, kidney, and heart (98).

Lymphopenia is detected in most hospitalized COVID-19 patients (146), and reduced CD4+

and CD8+ T cell counts upon admission are predictive of disease progression (162). Compared
with other viral diseases, COVID-19 is associated with lymphopenia that is more severe and per-
sistent and is more selective for T cell lineages (19). Mechanistically, inflammatory cytokines may
promote excessive activation and possibly subsequent exhaustion of T cells, and the induction of
apoptosis presumably contributes to T cell depletion (19).

Although most children infected with SARS-CoV-2 have mild or no symptoms, some develop
multisystem inflammatory syndrome (MIS-C), characterized by high fevers and symptoms that re-
semble those of Kawasaki disease: conjunctivitis,mucocutaneous rash, and coronary artery dilation
(24). Patients with severe MIS-C also develop cardiovascular shock, encephalitis, and multiorgan
failure. Although not fully understood, the pathogenesis of MIS-C involves multiple autoantibod-
ies, and it is different from the cytokine storm in adults suffering from severe COVID-19 (24).

Immunopathologies have also been associated with infections of some animal CoVs. For ex-
ample, FIPV virions opsonized by nonneutralizing antibodies bind to Fc receptors on the surface
of macrophages and DCs, resulting in antibody-dependent enhancement (ADE) of entry (107).
FIPV-infected macrophages also induce apoptosis of lymphocytes and produce IL-10, which
leads to a T helper type 2 (Th2)-biased nonprotective immune response (107). Also, activated
macrophages and T lymphocytes are implicated in demyelination in mice infected with JHM or
A59 strains of MHV (107). As COVID-19-related neural damage and lymphopenia have been
reported (162), it is important to further characterize these immunopathogenic mechanisms.

IMMUNE RESPONSE IN COVID-19 AND OTHER
CORONAVIRUS DISEASES

Similar to other CoVs, SARS-CoV-2 may adopt various mechanisms to evade, suppress, or sub-
vert the innate immune response. A robust IFN-I response in the late stage of severe COVID-19
may be responsible for systemic inflammation and immunopathogenesis. Unlike low-pathogenic
HCoVs that typically induce short-lasting immunity, SARS-CoV-2 may induce a protective anti-
body and T cell response with longer immune memory.

Innate Immunity

The innate immune response is crucial for the initial detection and restriction of viral infection and
the subsequent activation of the adaptive immune system.A highly defective IFN-I response, char-
acterized by no or low interferon production and activity, is associated with persistent viremia and
an exacerbated inflammatory response in patients with severe COVID-19 (47). In line with this,
recent studies have revealed that inborn errors of IFN-I immunity and induction of autoantibodies
against IFN-I are implicated in life-threatening COVID-19 (7, 161). In particular, an imbalanced
host response characterized by low interferon levels and elevated production of proinflammatory
cytokines may underlie the pathogenesis of severe COVID-19 (10). On the other hand, it has
also been shown that a delayed, robust IFN-I response may exacerbate hyperinflammation and
promote progression to severe COVID-19 (73). In this section, we review the innate immune
response and recently identified viral antagonizing mechanisms during CoV infections.

Induction of type I and type III interferons.The innate immune response is initiated by the
binding of PAMPs to pattern recognition receptors (PRRs), which include ubiquitous retinoic
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acid–inducible gene I (RIG-I)-like receptors and endosomal Toll-like receptors (TLRs) expressed
by immune cells.CoV genomes are recognized by RIG-I andMDA5 in the cytosol (77, 116), while
TLR3, TLR4, and TLR7 are required for interferon induction by SARS-CoV and MERS-CoV
(118, 140). The M protein of SARS-CoV was also recently identified as a PAMP recognized by
TLR4 (145). PRRs then activate adaptor proteins and downstream pathways, culminating in the
induction of critical transcription factors, such as NF-κB, interferon regulatory factor 3 (IRF3),
and IRF7. These proteins synergistically induce the transcription of IFN-I/IFN-III and proin-
flammatory cytokines (104).

During replication, CoV RNA is modified by the guanine-N7-methyltransferase activity of
nsp14 (18) and the 2′-O-methyltransferase (2-O-MT) activity of nsp16 (26). CoVs lacking 2-O-
MT exhibit high levels of MDA5-dependent IFN-I induction and are attenuated in vivo (92,
166). Also, the endoribonuclease (EndoU) activity of nsp15 cleaves 5′-polyuridine sequences in
the negative-sense RNAs recognized by MDA5 (46), whereas the NS6 protein of PDCoV binds
to and attenuates double-stranded RNA (dsRNA) binding of RIG-I/MDA5 (31).

CoVs have also evolved numerous mechanisms to suppress interferon induction. For example,
the deubiquitination and de-ISGylation activities of nsp3 target multiple key factors in innate im-
mune signaling (38). Compared with SARS-CoV PLpro, SARS-CoV-2 PLpro has higher affinity
and specificity toward ISG15, and it mediates de-ISGylation of IRF3 to attenuate IFN-I induc-
tion (126). The nuclear translocation and activity of key transcription factors are also inhibited by
the N protein, ORF3b, and ORF6 of SARS-CoV and the M protein, N protein, ORF4a, ORF4b,
ORF5, and ORF8b of MERS-CoV (16, 104, 150).

Interferon signaling and the antiviral interferon-stimulated genes.The translated IFN-I
(IFN-α/β/ε/κ/ω) and IFN-III (IFN-λ) are released and bind to receptors in an autocrine/paracrine
manner. IFN-I receptor (IFNAR) is ubiquitously expressed, whereas IFN-III receptor (IFNLR) is
mainly expressed on epithelial cells andmyeloid cells (104). Binding of interferons to the receptors
activates the Janus kinase ( JAK)/signal transducers and activators of transcription (STAT) path-
way and induces the expression of ISGs. ISGs include antiviral proteins and regulators of innate
immunity, and most of their mechanisms are not fully characterized (119).

In cultured epithelial cell lines, IFN-I and IFN-III inhibit SARS-CoV-2 replication in a dose-
dependent manner, while SARS-CoV replication is only restricted by IFN-α (34), suggesting
that SARS-CoV may have evolved additional interferon-antagonistic mechanisms not shared by
SARS-CoV-2. However, interferon induction is attenuated in DCs infected with SARS-CoV-2,
presumably due to inhibition of STAT1 phosphorylation (156). Notably, nsp1 of alpha- and be-
tacoronaviruses and ORF5b of IBV induce host translation shutoff to limit the production of in-
terferon proteins (65). Other mechanisms include inhibiting nuclear translocation and promoting
degradation of STAT proteins (104).

Oligoadenylate synthetase (OAS) and latent endoribonuclease (RNaseL) are relatively well-
known ISGs. OAS is activated by dsRNA and synthesizes 2′-5′-oligoadenylate, which is a second
messenger to activate RNaseL. Activated RNaseL indiscriminately cleaves host and viral RNA to
restrict viral replication (119). Notably, accessory protein NS2 of MHV and ORF4b of MERS-
CoV exhibit 2′,5′-phosphodiesterase activity, which degrades 2′-5′-oligoadenylate and counters
the antiviral effect of OAS-RNaseL (22).

Ironically, some CoV receptors and entry factors are indeed ISGs. For example, the SARS-
CoV-2 receptor ACE2 is a human ISG, suggesting that SARS-CoV-2 exploits host interferon sig-
naling to upregulate ACE2 to facilitate its own infection (165). Also, whereas interferon-inducible
transmembrane (IFITM) proteins typically inhibit entry of SARS-CoV and MERS-CoV, they
indeed serve as entry factors for HCoV-OC43 (163).
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Induction and signaling of proinflammatory cytokines.CoV infection in macrophages and
DCs also induces secretion of proinflammatory cytokines such as IL-6 and TNF-α. Similar to
the induction of interferons, induction of these cytokines is governed by key transcription factors
such as NF-κB. In addition, transcription of IL-6 is also activated by IRF1 downstream of the
IFN-JAK/STAT pathway and by other proinflammatory cytokines including IL-1 and TNF-α
(63). Notably, recombinant SARS-CoV S protein stimulates IL-6 and TNF-α in macrophages
in an NF-κB-dependent manner, suggesting that receptor binding also contributes to cytokine
induction (144).

IL-6 binds to membrane IL-6 receptor (mIL-6R) on immune cells and causes pleiotropic ef-
fects, such as differentiation of B cells into plasma cells and differentiation of CD4+ T cells and
follicular T helper (Tfh) cells (63). In addition, IL-6 at high concentrations in plasma binds to
soluble IL-6 receptor (sIL-6R) and engages gp130 to form a signaling complex on potentially all
cell surfaces. This trans-signaling can trigger excessive release of other proinflammatory cytokines
and additional IL-6, leading to CRS in patients suffering from severe COVID-19 (42).

Produced as a membrane-associated cytokine, TNF-α can be cleaved by TNF-α-converting
enzyme (TACE) and released as a soluble cytokine. Localized TNF-α increases vascular perme-
ability and facilitates the extravasation of monocytes and neutrophils, while systemic release of
TNF-α can trigger blood clotting and lead to DIC. Binding of SARS-CoV S protein to ACE2
activates TACE, which increases the cleavage and release of TNF-α (48). It is possible that similar
mechanisms lead to an excessive TNF-α level in patients with severe COVID-19.

Adaptive Immune Response

In one early study, antiviral IgGwas detected in COVID-19 patients within 19 days after symptom
onset (86). The magnitude and durability of antibody responses are greater in patients with severe
COVID-19 (61), but even asymptomatic infected people and those with mild disease have SARS-
CoV-2-specific antibodies (86). SARS-CoV-2 infection induces potent neutralizing antibodies that
compete with ACE2 for RBD binding, thereby blocking viral entry (61).

However, some studies suggest that humoral immunity to SARS-CoV-2 is often short-lived,
and most SARS-CoV-2 antibodies exhibit low levels of somatic hypermutation (12, 86) that may
be partially caused by a lack of germinal center (GC) responses (62). GCs are transient struc-
tures within secondary lymphoid organs, where antigen-activated B cells differentiate into mem-
ory B cells or long-lived plasma cells with the help of Tfh cells. Excessive TNF-α may suppress
Tfh cell differentiation and the formation of GC responses in patients with severe COVID-19, but
whether the same holds true for milder COVID-19 infections remains unknown (62). Nonethe-
less, a recent study shows that antiviral antibodies against SARS-CoV-2 do not decline within four
months after diagnosis (43), and reinfection of SARS-CoV-2 in recovered patients seems to be rare
(138).

In addition to T cell–biased lymphopenia, increased expression of activation and/or exhaus-
tion markers in both CD8+ and CD4+ T cells is observed in COVID-19 patients, potentially
contributing to the suboptimal or inappropriate T cell responses associated with severe disease
(19). Notably, SARS-CoV-2 induces potent memory T cell responses in most convalescent indi-
viduals, even for asymptomatic individuals and those with undetectable antibody responses (120),
but whether these T cells confer protection against future reinfection remains to be determined.
Moreover, preexisting SARS-CoV-2-reactive CD4+ T cells have been detected in 35% of unex-
posed healthy donors, presumably generated during past encounters with endemic common cold
CoVs (11). This cross-reactive T cell memory may partially explain the extensive heterogeneity
observed in COVID-19.
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Four types of programmed cell death activated by CoV infection. Induction of ROSs and free cytosolic iron by CoV infection is only
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CORONAVIRUS-HOST INTERACTION

The replication of CoVs co-opts host factors and activates important signaling pathways (38).
Induction of programmed cell death (PCD) by SARS-CoV-2 and other CoVs may contribute to
immunopathogenesis. Activation of a cellular stress response may also regulate CoV replication
and induction of the immune response.

Programmed Cell Death

Four types of PCD have been described: apoptosis, pyroptosis, necroptosis, and ferroptosis. Here
we briefly review the signaling pathways and outcomes of PCD in the context of CoV infection
(Figure 5).

Apoptosis. Apoptosis is a highly regulated, noninflammatory form of PCD that can be activated
by the intrinsic pathway governed by B cell lymphoma 2 (Bcl2) family proteins in response to
cellular stresses, or by the extrinsic pathway initiated by death receptors on the cell surface (38).
Both pathways converge in the activation of executive caspase-3/7.

Apoptosis has been implicated in the pathogenesis of CoV diseases. For example,MERS-CoV
infection upregulates mothers against decapentaplegic protein 7 (Smad7) and fibroblast growth
factor 2 (FGF2),whichmediate apoptosis that contributes to lung and kidney damage (157).Apop-
tosis is also induced in CoV-infected immune cells. MERS-CoV efficiently infects human pri-
mary T lymphocytes, activating both the extrinsic and intrinsic pathways (20). Also, in mice with
MHV3-induced fulminant hepatitis, deletion of B and T lymphocyte attenuator (BTLA) results
in rapid apoptosis of MHV3-infected macrophages, which alleviates liver damage and reduces
mortality (155).
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Recently, it was found that overexpression of ORF3a of SARS-CoV-2 activates the extrinsic
apoptotic pathway (115). ORF3a of SARS-CoV-2 shares 73% amino acid homology with that of
SARS-CoV, and Cys133, which is essential for potassium ion channel activity, is also conserved
(87). Other studies have shown that deletion of ORF3a reduces cell death caused by SARS-CoV
infection (36). It is yet to be confirmed whether apoptosis is a main mechanism that contributes
to lymphopenia in patients with severe COVID-19.

Pyroptosis. Pyroptosis is highly proinflammatory PCD that is activated mainly in immune cells.
Pyroptosis mediated by the NOD-, LRR-, and pyrin domain–containing protein 3 (NLRP3) in-
flammasome requires two signals (134). Cytokines and PAMPs provide signal 1, which induces
transcription of inflammasome components and IL-1β/IL-18. Various PAMPs and DAMPs then
provide signal 2, which activates the NLRP3 inflammasome. Activated caspase-1 cleaves gasder-
min D, enabling it to form permeabilizing pores on the plasma membrane. Activated caspase-1
also cleaves IL-1β/IL-18 to facilitate the release of these proinflammatory cytokines (134).

Increased caspase-1 activity and significantly elevated levels of IL-1β and IL-18 are detected in
patients with severe COVID-19 and may contribute to T cell depletion and immunopathogenesis
of SARS-CoV-2 (88). Notably, fulminant hepatitis caused by MHV3 infection is ameliorated in
NLRP3 or caspase-1 knockout mice, highlighting the roles of NLRP3 and caspase-1 in MHV3
pathogenesis (44). Interestingly,NLRP3-mediated inflammation is dampened in bat cells infected
with MERS-CoV, which partially explains how bats serve as a natural reservoir for MERS-CoV
and other zoonotic viruses (3).

The E protein and ORF3a of SARS-CoV are implicated in pyroptosis induction. Acting as a
calcium channel, SARS-CoV E protein activates the NLRP3 inflammasome in VeroE6 cells (101)
and contributes to IL-1β expression and inflammatory lung damage in a mouse model (100). By
regulating potassium efflux and mitochondrial ROS production, SARS-CoV ORF3a stimulates
IL-1β secretion in lipopolysaccharide-primedmacrophages (17).Mechanistically,ORF3a not only
promotes ubiquitination and activation of NF-κB/p105 to induce transcription of pro-IL-1β (sig-
nal 1) but also facilitates the assembly of the NLRP3 inflammasome (signal 2) (129).

Necroptosis and ferroptosis.Necroptosis is activated by death receptors and the receptor-
interacting protein 1 (RIP1)–RIP3–mixed lineage kinase domain–like protein (MLKL) phos-
phorylation cascade. Oligomerized MLKL then forms disrupting pores in the plasma membrane,
leading to lytic cell death and the release of DAMPs. Infection of an HCoV-OC43 neurovirulent
mutant induces necroptosis but not apoptosis in neuronal cells (91). Overexpression of SARS-
CoV ORF3a also induces necroptotic cell death that is RIP3 dependent but MLKL independent
(160). Notably, mice with RIP1 deleted in liver parenchymal cells develop more severe fulminant
hepatitis caused by MHV3 infection. It has been suggested that RIP1 protects hepatocytes from
damage caused by TNF-α secreted by macrophages (32).

Ferroptosis is an iron- and ROS-dependent form of PCD.When the antioxidant glutathione is
depleted, glutathione peroxidase 4 is suppressed and cytotoxic lipid peroxides accumulate. In the
presence of free cytosolic iron, lipid peroxides are converted to lipid ROSs, leading to membrane
rupture and the release of DAMPs (133). There is no report of ferroptosis associated with CoV
infection. However, hyperferritinemia and altered iron homeostasis in some patients with severe
COVID-19 have led to speculation of ferroptosis in viral pathogenesis (30).

Cellular Stress Response

Infections with numerous CoVs activate the three branches of the unfolded protein response
(UPR): PERK [protein kinase R (PKR)-like ER protein kinase], IRE1 (inositol-requiring
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enzyme 1), and ATF6 (activating transcription factor 6) (38). Although it does not significantly
affect CoV replication, the UPR is implicated in the regulation of autophagy, apoptosis, and in-
nate immunity during CoV infection (38).

During the integrated stress response, phosphorylation of eIF2α by PERK, PKR, and related
kinases suppresses global protein translation.PERK,PKR, and eIF2α are activated in cells infected
with SARS-CoV or IBV (67, 82). In TGEV-infected cells, PERK- and eIF2α-mediated transla-
tional attenuation reduced the level of NF-κB inhibitor α, thereby activating NF-κB-dependent
production of IFN-I, which suppresses TGEV replication (154).

Infection with some CoVs induces the formation of stress granules (SGs), cytoplasmic non-
membrane-bound compartments assembled by untranslatingmessenger ribonucleoproteins (112).
During TGEV infection, polypyrimidine tract-binding protein associates with viral RNAs and re-
localizes them to SGs to regulate viral gene expression (131). In contrast, IBV genomic RNA is
not diverted to SGs, and IBV-induced SG formation is uncoupled from eIF2α-dependent transla-
tion shutoff (13). Finally, ORF4a of MERS-CoV binds to dsRNA and suppresses PKR activation,
thereby rescuing translation inhibition and preventing SG formation (113).

CoV infection also induces immediate early genes (IEGs), genes activated immediately upon
stimulation without de novo protein synthesis. For example, early growth response protein 1
(EGR1), cJUN, and cFOS are IEGs that activate the transcription of proinflammatory cytokines
(38, 159a). In contrast, HCoV-229E infection induces TNF-α-induced protein 3, which sup-
presses NF-κB-dependent cytokine production (110).

DIAGNOSIS, TREATMENT, AND PREVENTION

Broad-spectrum inhibitors targeting proteases and RDRP have shown promising antiviral effects
against SARS-CoV-2 and other CoVs. Meanwhile, COVID-19 vaccines using different technol-
ogy platforms are being developed or clinically tested, with promising outcomes.

Diagnosis

The most reliable test for COVID-19 is reverse-transcription polymerase chain reaction (RT-
PCR) that detects the genomic RNAof SARS-CoV-2.Antibody tests detect past infection andmay
not be effective at the early phase of infection, but they can be valuable for serological surveillance
in a population. Antigen tests detect SARS-CoV-2 proteins and are less sensitive than RT-PCR,
but they can be used to rapidly identify the most infectious individuals.

Antivirals

Antivirals against CoVs mainly target viral proteases or RDRP.

Protease inhibitors. Both PLpro and Mpro are promising targets for antivirals against CoVs.
A study using structure-guided design has identified PLpro inhibitors with nanomolar potency
and high selectivity over homologous human DUB enzymes (6). Inhibitors of CoV Mpro have
also been designed recently and have demonstrated antiviral effects against SARS-CoV-2 in pri-
mary airway epithelial cells and improved survival rates in MERS-CoV-infected mice (28, 114).
Although no specific CoV protease inhibitor has been approved, the combination of HIV protease
inhibitors lopinavir and ritonavir has been tested in COVID-19 patients; however, its effectiveness
is still uncertain (127).

RDRP inhibitors.The CoV RDRP can be inhibited by classic nucleoside analogs like ribavirin,
which has been tested in combination with IFN-β and protease inhibitors in COVID-19 patients
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(58). The nucleotide prodrug remdesivir also exhibits broad-spectrum anti-CoV activity in cell
culture and alleviates disease severity in a mouse model of SARS-CoV (122). Remdesivir is recog-
nized as a substrate by the CoV RDRP and covalently incorporated, resulting in a delayed chain
termination (158). An early trial showed that remdesivir shortens recovery time in patients with
severe COVID-19 but has no significant effect on mortality (9).

Notably, CoV nsp14 ExoN exhibits proofreading activity that significantly reduces the effi-
cacy of remdesivir and other nucleoside analogs (1). A novel nucleotide analog called β-d-N4-
hydroxycytidine (NHC) was recently developed.The inhibitory effect of NHCwas comparable in
MHV lacking ExoN activity and in wild-typeMHV, suggesting thatNHCmay evade or overcome
the CoV ExoN activity (2). NHC also has promising antiviral activity in cell culture and in mouse
models of SARS-CoV andMERS-CoV (123). Further large-scale randomized trials are warranted
to validate the efficacy of RDRP inhibitors in treating COVID-19 and other CoV diseases.

Other Therapeutic Interventions

Besides antivirals, various therapeutic interventions have also been attempted in COVID-19 pa-
tients.Notably, the commonly used steroid dexamethasone significantly reduces the mortality rate
of patients with critical COVID-19 (54). Transfusion of convalescent plasma with high neutral-
izing antibody titers from recovered COVID-19 patients has also achieved promising results in
some trials (93). In contrast, hydroxychloroquine has been associated with increased risk of ad-
verse events, and recent studies also suggest that it does not inhibit infection of human lung cells
with SARS-CoV-2 (53, 122).

Neutralizing monoclonal antibodies (mAbs) targeting the RBD of SARS-CoV-2 have shown
promising therapeutic potential in animal models and early trials (89, 159). A cocktail of mAbs
targeting different regions of the RBD can reduce the risk ofmutational escape by the virus (8), and
ultrapotent mAbs block SARS-CoV-2 attachment by multiple mechanisms, including locking the
S protein in a closed conformation (139). In addition, mAbs against IL-6, IL-6 receptor, or other
proinflammatory cytokines (IL-1 and TNF-α) have been used to dampen the CRS in patients
with severe COVID-19 (56).

Vaccines

The ongoing development and deployment of SARS-CoV-2 vaccines are contentious issues be-
yond the scope of this article. Here we focus on the theoretical bases and different approaches
adopted to develop vaccines for SARS-CoV-2.

In addition to inactivated vaccines, most vaccine candidates for SARS-CoV-2 target the S pro-
tein, due to its essential role in receptor binding and viral entry. Modifications, such as introduc-
tion of two prolines into the S2 subunit, mutation of the S1/S2 furin cleavage site, deletion of
the cytoplasmic tail, and addition of a trimerization tag to the C terminus, may increase protein
stability and/or neutralizing antibody titers (27). As the primary target of S-specific neutralizing
antibodies, the RBD of SARS-CoV-2 is also used as an immunogen.

Vaccine candidates for SARS and MERS were developed, but they were terminated at the
preclinical stage. Currently, diseases caused by animal CoVs, including IBV and PEDV, are mainly
controlled by live-attenuated and inactivated vaccines, but emerging variants have reduced the
efficacy of classical vaccines (84b, 142). Vaccine candidates for COVID-19 are being developed
based on a variety of technology platforms. Among them, the novel mRNA vaccines are relatively
easy and quick to manufacture, with some promising results in early trials.

Previous studies suggested that some vaccine candidates for SARS and MERS enhanced the
diseases in mice challenged with the respective virus in a process called vaccine-enhanced disease,
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characterized by the production of nonneutralizing antibodies and a Th2 cellular response that
leads to eosinophil infiltration and highly inflammatory lung lesions (4). Specifically, low-affinity
antibodies with limited or no neutralizing activity have been associated with ADE in which bind-
ing of Fc portions of antibodies to immune cells and/or complement proteins exacerbates disease
(4). Encouragingly, early trials of three SARS-CoV-2 vaccine candidates demonstrate that immu-
nization stimulates neutralizing antibodies and a Th1 cellular response (35, 59, 94).

CONCLUSION

Deployment of effective vaccines is of utmost importance to curb the COVID-19 pandemic, al-
though there are uncertainties regarding the protection they may provide. Empowered by rapid
and detailed structural characterizations of the SARS-CoV-2 S protein, RDRP, and proteases, and
other potentially druggable proteins, antiviral screenings are progressing at an unprecedented
scale and speed. Using state-of-the-art multi-omics approaches for COVID-19 patients and nu-
merous model systems, researchers worldwide are revealing the molecular basis of SARS-CoV-2
replication and pathogenesis, as well as the diverse immune response it elicits.

Research on animal CoVs is also beneficial and important. First, all three highly pathogenic
HCoVs are zoonotic, so a better understanding of CoV infections in wild and domesticated ani-
mals will allow us to predict their evolutionary trajectories and prepare for future outbreaks. Sec-
ond, prototypic animal CoVs have been extensively studied for decades, and many of their repli-
cation and pathogenesis mechanisms are conserved and can be extrapolated to HCoVs. Finally,
some animal CoV diseases impose significant burdens on the farming industry, so their prevention
and control are crucial for global food security, particularly in a time of reduced production due
to the pandemic.

Another pressing question is how and when the next zoonotic HCoV might emerge. SARS-
CoV, MERS-CoV, and SARS-CoV-2 are all betacoronaviruses, with the first two originating in
bats. As the mechanisms of genome replication are highly conserved among CoVs, the major bar-
riers against zoonotic spillover seem to be receptor binding and the availability of other essential
host factors yet to be identified.Mutations may gradually accumulate during adaptation inside in-
termediate hosts, and the recently reported transmission of SARS-CoV-2 from humans to minks
and back to humans suggests that such species barriers can readily be breached.

The mechanisms underlying the substantial variations of immune response among people with
COVID-19 are also of profound importance. Recent studies have identified human genetic vari-
ations associated with severe COVID-19, such as inborn errors of IFN-I immunity and autoanti-
bodies against interferons. New insights may be gained by comparing the pathogenesis of highly
pathogenic CoVs and that of their low-pathogenic counterparts. Identification of host and viral
determinants of pathogenesis also has significant clinical implications and may lead to new targets
for therapeutic interventions.

With the collective effort of the global scientific community, research discoveries on SARS-
CoV-2 and COVID-19 are made and shared daily. Promising results from clinical trials of antivi-
rals and vaccine candidates give us hope that ending the COVID-19 pandemic is only a matter of
time. However, SARS-CoV-2 is just one of the numerous viral pathogens with zoonotic poten-
tial. Only continuous research on the biology and pathogenesis of CoVs and other (re)emerging
viruses will allow us to gain the upper hand in future pandemics.
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