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A B S T R A C T

Since human coronavirus (HCoVs) was first described in the 1960s, seven strains of respiratory human corona-
viruses have emerged and caused human infections. After the emergence of severe acute respiratory syndrome
coronavirus (SARS-CoV) and Middle East respiratory syndrome coronavirus (MERS-CoV), a pneumonia outbreak
of coronavirus disease 2019 (COVID-19) caused by a novel coronavirus (SARS-CoV-2) has represented a pandemic
threat to global public health in the 21st century. Without effectively prophylactic and therapeutic strategies
including vaccines and antiviral drugs, these three coronaviruses have caused severe respiratory syndrome and
high case-fatality rates around the world. In this review, we detail the emergence event, origin and reservoirs of
all HCoVs, compare the differences with regard to structure and receptor usage, and summarize therapeutic
strategies for COVID-19 that cause severe pneumonia and global pandemic.
1. Introduction

Over the past 20 years, three previously unknown coronaviruses,
SARS-CoV, MERS-CoV and SARS-CoV-2, have emerged [1–3]. The
outbreak of COVID-19, caused by SARS-CoV-2, becomes a global public
health emergency after the 1918H1N1 influenza pandemic [4]. Since the
outbreak of COVID-19 later in 2019 in Wuhan city of China, the coro-
navirus has spread to 213 countries, areas or territories with nearly 3,
000,000 confirmed cases and over 200,000 deaths all over the world as of
April 27, 2020. While the other HCoVs induce mild upper respiratory
diseases, the three highly pathogenic viruses attack the lower respiratory
system in humans [5,6]. The current study demonstrates that the novel
coronavirus emerged in 2019 is more transmissible than SARS-CoV in
2002 [7]. The lack of effective therapeutic strategies for COVID-19,
which causes global pandemic and has high morbidity and mortality
rates, highlights the need for vaccines and antiviral drugs [8]. In this
review of the seven human coronaviruses, we detail the emergence
events, summarize the origin and evolution, highlight the biological
features comprised of gene structures, protein organizations, receptor
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usage and cell entry. At last, we discuss current knowledge of prophy-
lactic and therapeutic strategies including vaccines development and
drugs discovery for these three highly pathogenic coronaviruses and
expect to bring valuable countermeasures against COVID-19 and novel
coronaviruses emerged in the future.

Coronaviruses (CoVs) are enveloped viruses with a single-strand,
positive-sense RNA genome approximately 26–32 kb in size, which is
the largest known genome among all RNA viruses. The term ‘coronavirus’
refers to the appearance of CoV virions considering the protruding spike
proteins on their surface that look like a crown under electron micro-
scopy (“corona” means crown). The first coronavirus is an infectious
bronchitis virus and was isolated from chicken embryos in 19,37 [9],
along with subsequent viral isolations in rodents, domestic animals, and
humans. Coronaviruses have been identified in many mammalian ani-
mals including humans and avian species and can induce various severe
diseases involving respiratory, gastrointestinal, enteric, and neurological
systems.

Coronaviruses belong to the subfamily Coronavirinae in the family
Coronaviridae and the order Nidovirales. Coronaviridae are further
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subdivided phylogenetically into four genera Alphacoronavirus, Betacor-
onavirus, Gammacoronavirus and Deltacoronavirus. Alphacoronaviruses and
Betacoronaviruses are found in mammals, whereas Gammacoronaviruses
and Deltacoronaviruses are primarily found in birds. International Com-
mittee of Taxonomy of Viruses (ICTV) in 2018 claimed that Betacor-
onavirus lineage was reclassified into five subgenera, namely Embecovirus,
Sarbecovirus, Merbecovirus, Nobecovirus, and Hibecovirus. HCoV-229 E in
the subgenus Duvinacovirus and HCoV-NL63 in the subgenus Setracovirus
belong to the Alphacoronavirus genus. HCoV-HKU1 and OC43 in the
subgenus Embecovirus, MERS-CoV in the subgenus Merbecovirus, SARS-
CoV and SARS-CoV-2 in the subgenus Sarbecovirus belong to the genus
Betacoronavirus [10,11] (Fig. 1).

2. Emergence and identification of HCoVs

The first human coronavirus was identified in 1965 in humans
infected with the common cold [12]. The aetiology of the common cold
was considered to be a bacterium before Doches et al. found that the
viruses were likely causative agents in the 1930s (Fig. 2). By 1965, a
substantial proportion of colds seemed not to be caused by known
myxoviruses such as influenza and parainfluenza viruses. Strain B814
was the first human coronavirus isolated from a patient with a cold but it
was lost in the laboratory.

2.1. HCoV-229E and OC43

HCoV-229 E was harvested from the respiratory tract in patients with
the common cold by Hamre and Procknow in 1965 [13]. HCoV-OC43
was isolated from a nasopharyngeal washing patient by Mclntosh and
his colleagues in 1967 [14]. HCoV-229 E and OC43 respectively survived
in WI-38 lung fibroblast cells and human embryonic cell culture. Having
been subsequently detected worldwide, these two coronaviruses present
the same clinical symptoms including headache, sneezing, runny nose,
and sore throat but rarely infections of the lower respiratory tract [5].
These infections are usually self-limiting and require no specific treat-
ment or therapy.

2.2. HCoV-NL63 and HKU1

HCoV-NL63 was identified from the nasopharyngeal aspirate of an
infant with bronchiolitis, fever, coryza, and conjunctivitis in Amsterdam,
Netherlands in 2004 [15]. The patient had mild respiratory tract infec-
tion symptoms like the common cold (fever, cough, and rhinorrhea) [16].
Fig. 1. The taxonomy of the order Nidovirales. HCoV, human coronavirus; MERS
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HCoV-HKU1 was first identified from the nasopharyngeal aspirate in a
Hong Kong patient with bronchiolitis and pneumonia in 2005 [17]. It’s
challenging to study HKU1 considering that HKU1 viruses cannot be
propagated in continuous cell lines. In 2013, Dijkman et al. isolated
HKU1 viruses from clinical specimens by using primary, differentiated
human tracheal bronchial epithelial cells cultured at an air-liquid inter-
face [18]. HCoV-NL63 and HKU1 are widespread globally and associated
with upper respiratory tract infections (URTI) including fever, running
nose, and cough. Furthermore, they also cause mild to serious lower
respiratory tract infections (LRTI) in infants and children with bron-
chiolitis and pneumonia [19].

2.3. SARS

Severe acute respiratory syndrome (SARS) first emerged in Foshan
City, Guangdong, China in November 2002 (https://www.who.int/it
h/diseases/sars/en/). In April 2003, SARS-CoV, a novel coronavirus
which could cause an unusual epidemic of atypical pneumonia, was
identified under global containment effort [1,20]. Being highly trans-
missible among human, SARS rapidly spread to other provinces in China
causing significant outbreaks and then to other countries in Southeast
Asia including Singapore and Vietnam in only 9 months [21–23].
SARS-CoV infected patients present early systemic symptoms with mal-
aise, headache, myalgia, fever, dry cough, and shortness of breath, fol-
lowed by respiratory distress generally and develop severe pneumonia by
week 1–2 of illness, which may result in death. By July 2003, SARS-CoV
had caused more than 8000 laboratory confirmed cases and 780 deaths
with a 9.6% case fatality rate (CFR) in 29 countries (https://www
.cdc.gov/sars/surveillance/absence.html). The first epidemic of SARS
ended in July 2003, as announced by the World Health Organization
(WHO) (www.who.int/csr/don/2003_07_05/en). Next year, five addi-
tional SARS cases from zoonotic transmission emerged without human
SARS cases detected in Guangzhou City, China [24]. However, four SARS
infected cases occurred with neither mortality nor further transmission
[25].

2.4. MERS

A 60-year-old man presented a fatal pneumonia and acute renal
failure and died in June of 2012 in Saudi Arabia. MERS-CoV, as a novel
coronavirus, was identified from his sputum of lungs [2]. MERS-CoV
caused diseases, ranging from asymptomatic to atypical pneumonia
along with renal failure and gastrointestinal symptoms, are often fatal
, Middle East respiratory syndrome; SARS, severe acute respiratory syndrome.
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Fig. 2. Timeline for the emergency of human coronaviruses. HCoV, human coronavirus; MERS, Middle East respiratory syndrome; SARS, severe acute respira-
tory syndrome.
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[26]. A typical infection caused by MERS-CoV first starts from fever,
cough, and shortness of breath to pneumonia and dyspnea rapidly. As of
January 15, 2020, 2506 totally confirmed cases of MERS, and 862 related
deaths with a CFR of 34.4% were reported worldwide (https://www.wh
o.int/csr/don/31-january-2020-mers-united-arab-emirates/en/). The
majority of these cases were reported from Saudi Arabia with 2102 cases
(CFR ¼ 37.1%) according to the WHO. Because MERS-CoV does not
transmit easily between humans unless there is close contact, lots of
MERS cases were independent clusters and confined to the countries in
the Middle East, especially in KSA (approximately 80%). Outside of this
region, 27 countries have reported cases of MERS in African, Asia and
Europe and the USA in person who went to the Middle East or was in
contact with those who did.
2.5. COVID-19

On December 12, 2019, 27 cases (41 cases revised subsequently) of
unknown cause of pneumonia was firstly reported by Wuhan Municipal
Health Commission in Wuhan, Hubei Province, China [3]. Actually, the
date of symptom onset of the first known case is December 1, 2019 basing
on retrospective analyses of clinical data later [27]. A novel coronavirus
was identified through unbiased sequencing of bronchoalveolar-lavage
fluid from patients on December 21, 2019 [6] and the WHO was
informed of the cases cluster on December 31, 2019. Twenty seven of 41
patients had a history of direct exposure to the Huanan seafoodwholesale
market where a number of non-aquatic animals such as poultry, birds,
snakes, and other wildlife animals were on sale before the outbreak [27,
28]. Studies have demonstrated person-to-person transmission via
droplets or in contact with a patient directly [29]. Eight children were
reported to be persistently positive testing on rectal swabs, suggesting the
potential for fecal–oral transmission [30]. Typical symptoms of these
infections include fever, dyspnea, muscle ache, dry cough, sore throat,
and diarrhea. Disease onset includes bilateral pneumonia, multiple
mottling and ground-glass opacity by transverse chest x-ray and CT im-
ages [31]. On January 8, 2020, a novel coronavirus was isolated from a
Wuhan pneumonia patient and two days later the complete viral genome
sequence were determined along with first fatal case reported [32]. The
virus was tentatively named by WHO as the 2019 novel coronavirus
(2019-nCoV) on January 12, 2020, eventually recognized by the Coro-
navirus Study Group of ICTV based on phylogeny, taxonomy and estab-
lished practice as SARS-CoV-2 [33], which infected disease was named
COVID-19 meanwhile by WHO on February 11, 2020. COVID-19
outbreak coincides with the Chinese Spring Festival, during which
about 3 billion trips were made through China, with 15 million trips
happening in Wuhan in 2020. As April 27, 2020, at total of 84,341 lab-
oratory confirmed cases have been detected in China, including 4643
deaths (CRF ¼ 5.5%). Infections in medical workers of more than 3000
3

cases and family clusters were also reported [34]. However, the number
of COVID-19 cases was reversed, controlling the confirmed cases to 29,
839 with the Wuhan travel ban and the national emergency response,
96% fewer than expected 744,000 cases in the absence of interventions
by an epidemic model analysis [35]. SARS-CoV-2 is more infectious than
the other two highly pathogenic coronaviruses, and can be transmitted in
asymptomatic or presymptomatic infections. To date, SARS-CoV-2 has
rapidly spread to 213 countries/territories/areas worldwide. Almost 3,
000,000 confirmed cases and more than 200,000 deaths have been
counted in the world, which is from situation report of WHO. Given how
far the virus has spread and its devastating global impacts, WHO has
declared the COVID-19 outbreak a global pandemic.

3. Origins and reservoirs of HCoVs

Bats are ancient and diverse mammals with the second largest num-
ber of species. Over 1000 species of bats belong to the Chiroptera order
and traditionally include two suborders: the megabats and the microbats,
which are mostly frugivorous and insectivorous respectively. Recently
the classification is revised: Yinpterochiroptera and Yangochiroptera. Bats
are recognized to be possible reservoirs to a wide variety of viruses,
which could infect humans and domestic animal species [36]. These vi-
ruses include coronaviruses, henipaviruses, filoviruses, lyssaviruses and
several highly pathogenic ones, such as Hendra virus, Nipah virus and
Ebola virus [37–40]. Bats have been recognized as the natural reservoirs
of many human coronaviruses [41] (Table 1).

3.1. HCoV-229E, NL63, OC43 and HKU1

Firstly, natural reservoirs of HCoV-229 E and NL63 were recently
found in African bats. HCoV-229 E-like viruses, whose RNA-dependent
RNA polymerases fragment had a 92% identity with HCoV-229 E, were
found in Hipposideros bats [42] and the intermediate reservoirs of
HCoV-229 E are likely camelids [43]. HCoV-NL63-like viruses have been
found in Triaenops afer bats [44,45]. Unlike Alphacoronavirus genus and
other Betacoronavirus subgenus, HCoV-OC43 and HKU1 from the sub-
genus Embecovirus seem more likely to originate from rodents [46,47].
Furthermore, agriculturally important animals include cattle or swine are
thought to be intermediate hosts of HCoV-OC43 [48,49].

3.2. SARS-CoV

SARS-CoV was initially identified in Himalayan palm civets (Pagkuma
larvata), raccoon dogs (Nyctereutes procyonoides) and Chinese ferret
badgers (Melogale moschata) considering that early SARS cases contacted
with animals from live animal markets in Guangdong, China [50].
However, large-scale epidemiological research soon revealed civets were
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Table 1
Comparison of host, genome features, receptor-binding site, and receptor of human coronaviruses.

HCoV Host Genome features Receptor-binding sites Receptor

Natural Intermediate Size (nt) GC (%) RBD RBM Protein Determinant Protein Determinant

HCoV-229 E Bats Camelids 27,240 38 417–547 – APN
HCoV-NL63 Bats Unknown 27,553 34 476–616 – –ACE2
HCoV-HKU1 Rodents Unknown 29,926 32 15–302 – Unknown 9-O-Ac-Sia
HCoV-OC43 Rodents Cattle 30,738 37 15–302 – Unknown 9-O-Ac-Sia
MERS-CoV Bats Camels 30,119 41 367–606 484–567 DPP4
SARS-CoV Bats Civets 29,727 41 306–527 424–494 ACE2
SARS-CoV-2 Bats Pangolins? 29,903 38 333–527 438–506 ACE2
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not the natural hosts of SARS-CoV, which was not found in the wild or
domestic civets without live animal market exposure [40,51]. In 2005,
novel SARS-related coronaviruses (SARSr-CoVs), known as SARS-like
coronaviruses (SL-CoVs) were found in horseshoe bats (Rhinolophus
genus) in China. Genome sequences of these bat SL-CoVs manifested
nearly 90% identity to human or civet SARS-CoV [40,52]. In addition,
RsSHC014 and Rs3367, as two novel SL-CoVs found in 2013, were found
in horseshoe bats [53]. SARS-CoV is possible origin from recombination
of different SL-CoVs because of frequent RNA recombination within
coronaviruses. So far, most bat SL-CoVs were found in a variety of
horseshoe bats species (genus Rhinolophus of suborder Yinpterochiroptera)
[50]. Bats are now generally thought to be natural reservoirs and civets
and other small carnivore are intermediate hosts of SARS-CoV.
3.3. MERS-CoV

Most early MERS infected patients were independent clusters and
only appear in the Middle East countries, especially in Saudi Arabia.
Some cases were reported to contact with dromedary camels, a major
livestock species in the Middle East [26,54]. The whole genomic se-
quences of human MERS-CoVs and camels in the Middle East have a 99%
identity [55–57]. Moreover, serum samples collected from camels in the
Middle East, Africa and Asia were positive for antibodies against
MERS-CoV [56,58]. There’s a lot of evidence that camels are the primary
zoonotic hosts for MERS-CoV, however, subsequent work suggests bats
are the ancestral reservoir host [59–61]. Based on genomic sequence
analysis, MERS-CoV and bat CoVs belong to the Merbecovirus subgenus,
which have been detected from a variety of bats in suborder Yangochir-
optera of Betacoronavirus genus [62]. Bat coronaviruses (BatCoVs),
including HKU4 and HKU5 prior to the emergence of MERS-CoV, were
discovered in various bat species that belong to the Vespertilionidae family
[63]. Since the emergency of MERS, MERS-related coronaviruses
(MERSr-CoVs) were identified in various bat species and countries
[64–66]. Taken together, dromedary camels may have important roles as
intermediate reservoirs for person to person transmission and bats are
likely the ancestral hosts for MERS-CoV.
3.4. SARS-CoV-2

COVID-19, an emerging coronavirus infection induced by SARS-CoV-
2, may originate in Huanan seafood wholesale market. About a month
later after COVID-19 outbreak, Chinese scientists published new coro-
navirus genome sequence information, revealing that the virus exhibited
an 89.1% identity to SL-CoVs which originated from bats. Phylogenetic
analysis suggested that the novel coronavirus clustered with members of
the subgenus Sarbecovirus of genus Betacoronavirus, including the SARS-
CoV and SL-CoVs from bats [32]. Meanwhile, another research group
obtained whole genome sequences from five patients and found that the
virus shares a 96.2% identity to a bat coronavirus, RaTG13, which was
discovered from horseshoe bats (Rhinolophus affinis) in Yunnan Province
[67]. However, the ~4% difference means 17% divergence at the neutral
sites because the genomic average dS value is 0.17, suggesting the large
divergence between SARS-CoV-2 and RaTG13 [68]. Furthermore, the
4

receptor binding domain (RBD) of SARS-CoV-2 is only ~85% identical
and only share one of six critical residues with RBD of RaTG13 [69].
SARS-CoV-2 had 79.5% sequence similarity to SARS-CoV and formed a
distinct lineage compared with SL-CoVs based on phylogenetic tree [67].
SARS-CoV-2 contains a polybasic cleavage site insertion between the two
subunits of the spike protein, which is also observed in RmYN02 sampled
in another Rhinolophus bat from Yunnan province [67,70]. It cannot be
proved that emergence of SARS-CoV-2 comes from a recent recombina-
tion event [71], but recombination may have happened before 2009,
when the SARS-CoV-2 ancestors in bats first acquired genetic charac-
teristics of SARS by incorporation of a SL-CoV RBD [72].

Bats are thought to be likely native reservoirs for SARS-CoV-2, but
bat-derived coronavirus rarely infect humans directly without an inter-
mediate host considering the contradictions that COVID-19 emerged
during the hibernation of bats. It seems to be likely that the novel virus is
probably transmitted to humans by another intermediate host, as previ-
ously described coronaviruses. Pangolins are likely the intermediate host
of the SARS-CoV-2 by full-length genome sequence comparison with
coronaviruses from Malayan pangolins. The spike protein of the
pangolin-CoV, which is responsible for receptor binding domain, is
virtually identical to that of SARS-CoV-2, with one amino acid difference
[73,74]. Metagenomic sequencing identified a novel pangolin-CoV,
which was isolated from SL-CoVs positive Malayan pangolins during
2017–2018, with approximately 85.5%–92.4% similarity to SARS-CoV-2
[75]. Prior to the emergence of COVID-19, SL-CoVs had been detected in
two dead Malayan pangolins with a frothy liquid in lung [76]. The order
Pholidota includes the eight living species of pangolins worldwide (Manis.
javanica, Manis. pentadactyla, Manis. crassicaudata. Manis. culionensis.
Manis. tricuspis,Manis. tetradactyla,Manis. gigantea andManis. temminckii)
[77]. All the eight pangolin species are regarded as critically endangered
because of the huge demand for people in food and medicines. The
Huanan seafood wholesale market where wild animals including Ma-
layan pangolins were sold, was initially thought to be the origin of
COVID-19, considering that SARS-CoV-2 was identified in initial patients
in contact with the market. Therefore, pangolins could be one of the
potential intermediate reservoirs for SARS-CoV-2. Further research is
needed to confirm pangolins as an intermediate host and find other po-
tential intermediate reservoirs.

4. Genome structure and organization

Coronaviruses particles consist of four or five structural proteins
along with various minor components including nonstructural proteins
(nsp). Human coronaviruses have a similar genome structure and protein
organization, including an open reading frame ORF1a/b to encode 16
nonstructural proteins (nsp1 through nsp16). The large overlapping
polyproteins, ORF1a and ORF1b, commonly referring to pp1a and pp1b,
comprise approximately 2/3 of the genome and encode the replicase
polyprotein. These polyproteins are cleaved by papain-like cysteine
protease (PLpro, resides within nsp3) and 3C-like serine protease
(3CLpro, also known as main protease Mpro, resides within nsp5) to
produce nsps, including RNA-dependent RNA polymerases (RdRp, re-
sides within nsp12) and helicase (Hel, resides within nsp13) shown in



Fig. 3. Genomes and structures of human coronaviruses. (a) The ultrastructural morphology of coronavirus on the left illustration (the Centers for Disease Control
and Prevention, CDC) and right virus particle. (b) The genomes of HCoVs contain a single-stranded, positive-sense RNA (ssRNA) genome of 27–32 kb in size. The 50-
terminal ORF1a/b within two-thirds of the genome encodes two large polyproteins 1a (pp1a) and pp1b. These polyproteins are cleaved by PLpro and 3CLpro, also
known as Mpro, to produce non-structural proteins (nsps), including RdRp and Hel, which are important enzymes involved in the transcription and replication. The 30

one-third of genome encodes four structural proteins: Spike (S), Membrane (M), Envelope (E) and Nucleocapsid (N), which are essential for virus-cell receptor binding
and virion assembly, and other non-structural proteins along with a set of accessory proteins unique to each virus species. Some coronaviruses express an additional
structural protein, hemagglutinin-esterase (HE). (c) The S protein of HCoVs consists of S1 subunit and S2 subunit. The S1 region contains an NTD and a CTD (also
referred to as the RBD), whereas the S2 region includes a TM region, FP, HR1 and HR2. The HE glycoprotein consists of two functional domains: a corresponding
sialate O-acetylesterase domain and an O-acetylated sialic acid binding domain. HCoV-OC43 and HKU1 bind 9-O-Ac-Sia via NTD of S1 subunit and mediate sialate-O-
acetylesterase activity by RDE domain of HE protein. Other coronaviruses mediate attachment to the cellular receptors by RBD (CTD) in S1 region. Herein, we compare
and contrast genome structures of seven identified HCoVs strains HCoV-229 E, HCoV-NL63, HCoV-OC43, HCoV-HKU1, MERS-CoV, SARS-CoV and SARS-CoV-2.
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Fig. 3. The remaining 1/3 of the genome mainly encodes four structural
proteins: spike (S), envelope (E), membrane (M), and nucleocapsid (N),
and some also encode a hemagglutinin esterase (HE) protein which are
encoded by other ORFs at the 30 polyadenylated (Fig. 3a). The HE protein
is a glycoprotein with neuraminate O-acetyl-esterase activity and the
active site FGDS, is present downstream to ORF1a/b and upstream to S
gene. The S protein is responsible for the characteristic crown-like
appearance because of the spike present on the surface of CoVs and the
most variable sequences for binding receptor and entry to the host cells.
The E protein is a small hydrophobic integral membrane protein and
critical for virus assembly. The M protein is associated with the envelope
in all coronaviruses to induce membrane curvature. The N protein is a
nonspecific RNA-binding protein that forms the ribonucleocapsid with
viral genomic RNA [78–80].

4.1. HCoV-229E and OC43

The RNA genome of HCoV-229 E is about 27,240 nucleotides, with a
poly(A) tail. The GC content is nearly 38%. The laboratory strains of
HCoV-229 E have eight putative protein-coding genes with the charac-
teristic gene order ORF1a, ORF1b, HE, S, ORF4a, ORF4b, E, M, and N,
while there are eight in the subsequent clinical strains present as an intact
ORF4 [81�83] (Fig. 3b). For HCoV-229 E clinical strain, transcription
regulatory sequence (TRS) motif is present in 30 end of the leader
sequence and upstream of each structural gene. The TRS core structure is
UCUCAACU for leader, S and E gene, UCUAAACU for the M and N gene,
5

and UCAACU for ORF4 gene. The first complete genome sequence of the
HCoV-OC43 comprises 30,738 nucleotides, with a poly(A) tail. The GC
content is 37%, with the characteristic gene order ORF1a, ORF1b, NS2a,
HE, S, NS5a, E, M, and N [48,84] (Fig. 3b). HE protein reinforces the
ability of HCoV-OC43 to infect because of its acetyl-esterase activity
[85]. The TRS core structure is UCUAAAC for leader, NS2a and S gene,
UCUUAAG for the NS5a and E gene, UUAAAC for HE gene, UCCAAAC for
M gene and UCUAAA for N gene [86].

4.2. HCoV-NL63 and HKU1

The HCoV-NL63 genome encompasses 27,553 nucleotides, with a
poly(A) tail. The GC content is 34%, very low GC contents among all
HCoVs. The genome order is ORF1a, ORF1b, S, ORF3, E, M, and N.
Similar to HCoV-229 E, only one ORF protein is located between the S
and E genes [87,88]. It was reported that the accessory gene was struc-
tural N-glycosylated and virion-incorporated for cell infection [89]. The
TRS core sequence of the virus is defined as AACUAAA for the most of
ORFs except the E gene for which the TRS is 50-AACUAUA-30 [88,90].
The RNA genome of HCoV-HKU1 is about 29,926 nucleotides, with a
poly(A) tail. HCoV-HKU1 has the lowest GC contents (32%) among all
HCoVs. Similar to the genome organization of HCoV-OC43, the genome
order is ORF1a, ORF1b, HE, S, ORF4, E, M, N and ORF8 [87,91] (Fig. 3b).
The TRS core sequence of HCoV-HKU1 is 50-AAUCUAAAC-30 located
upstream of all the ORFs except the E gene which may share the same
TRS with ORF417. Like HCoV-OC43, HE protein of HCoV-HKU1 may
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have an acetyl-esterase activity as receptor-destroying enzymes (RDE) by
using sialic acids [92].
4.3. SARS-CoV

The RNA genome of SARS-CoV encompasses 29,727 nucleotides, and
the GC content is 41%, with a poly(A). The characteristic gene order of
SARS-CoV is ORF1a, ORF1b, S, ORF3a, ORF3b, E, M, ORF6, ORF7a,
ORF7b, ORF8a, ORF8b, N, ORF9a and ORF9b [93,94]. The exact func-
tion of these nonstructural accessory proteins is unclear. The ORF8
protein sequences of SARS-CoV isolated from early-phase patients is full
length [25]. However, The ORF8 derived from the mid- and late-phase
SARS-CoV infected patients contains ORF8a and 8 b because of a
29-nucleotide deletion, which leads the split of complete ORF8 into pu-
tative ORF8a and 8 b [95,96]. Recently, Lau et al. revealed that the ORF8
protein of SARS-CoV, which was likely acquired from SL-CoVs by
recombination, may be responsible for animal-to-human transmission
[97]. The N-glycosylation sites for ORF3a and ORF8b and O-glycosyla-
tion sites for ORF3a and ORF9b were predicted using the NetNGlyc
server [98]. A study found a putative TRS core leader sequence is
50-CUAAAC-30 excluding ORF1a and ORF1b [93]. Another group re-
ported that 50-AAACGAAC-30 (genomic nucleotides 65 to 72), was pre-
sent upstream of ORF1a and five other ORFs but not including ORF1b
and E [94]. Soon, Thiel and colleagues isolated a conserved sequence
(50-ACGAAC-30) located in front of nine predicted ORFs (ORF1a, S,
ORF3a, E, M, ORF6, ORF7a, ORF8a and N) [99,100].
4.4. MERS-CoV

The RNA genome of MERS-CoV is about 30,119 nucleotides in length
and the GC content is 41%, with a poly(A) tail. The characteristic gene
order of SARS-CoV is ORF1a, ORF1b, S, ORF3, ORF4a, ORF4b, ORF5, E,
M, ORF8b, and N [101,102]. Although the exact function of the accessory
proteins including ORF3, ORF4a, ORF4b, ORF5 and ORF8b, is still un-
clear, these proteins have been reported to play an important role in viral
replication. Deletion-mutants of ORF3, ORF4a, ORF4b, or ORF5 are
attenuated for MERS-CoV replication in vitro [103,104]. Further studies
suggest that these accessory proteins are involved in evading the host
immune system, such as ORF4a/4 b and ORF5 proteins as strong IFN
antagonists [105,106]. The TRS core (50-AACGAA-30) are located at the 30

end of the leader sequence and at different positions upstream of genes in
the genomic 30-proximal domain of MERS-CoV [107].
4.5. SARS-CoV-2

The genome of SARS-CoV-2 is nearly 30,000 nucleotides, and the GC
content is about 38%, with a poly(A). The characteristic gene order is
ORF1a, ORF1b, S, ORF3a/3 b, E, M, ORF6, ORF7a/7 b, ORF8, N, ORF9a,
ORF9b and ORF1032,[108-110] (Fig. 3b). As with SARS-CoV, SAR-
S-CoV-2 has a predicted ORF8 gene, without known functional domain or
motif, located between the M and N genes. But, the ORF8 genome se-
quences are more similar to those of bat SARSr-CoVs ZXC21 and ZC45
than ORF8 derived from SARS-CoV [111]. A high conservation was
observed for structural proteins E, M and A across the Betacoronavirus
genus, while accessory proteins ORF8 seem to have much stricter
evolutionary constraints [112]. The ORF8 protein has a high possibility
to form a protein with an alpha-helix, following with a beta-sheet con-
taining six strands based on a secondary structure prediction [111]. The
TRS core structure of SARS-CoV-2 is CUAAAC for ORF1a/b, S, M, ORF8,
N and ORF10 gene, ACGAAC for the ORF3, E, ORF6 and ORF7 [113]. To
date, high-resolution crystal structures of SARS-CoV-2 proteins,
including PLpro, Mpro, RdRp and S proteins, have been determined by
research groups from all over the world (Suppl Table 1).
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5. Receptor recognition and cell entry

The S glycoprotein, which is responsible for the protruding “spikes”
like a crown under electron microscopy, binds receptor of host cells and
determines the species tropism. The S protein consists of two functionally
regions: the S1 unit contains an N-terminal domain (NTD) and a C-ter-
minal domain (CTD, namely RBD), whereas the S2 unit includes a
transmembrane region, fusion peptide (FP), and heptad repeats (HR1 and
HR2) [114,115] (Fig. 3c). The S proteins mediate attachment to the
cellular receptors by RBD domain in S1 region and subsequent fusion of
the virus-cell membrane by transmembrane fusion domain in S2 region
[116,117]. The difference in receptor usage among these coronaviruses is
attributed to diversity in local architecture and receptor-binding site
accessibility from S protein [118,119].

5.1. APN for HCoV-229 E and ACE2 for HCoV-NL63

Aminopeptidase N (APN) is a type II glycoprotein that belongs to the
family of membrane-bound metalloproteases. The APN glycoprotein is
expressed in a variety of tissues, including epithelial cells from the renal
proximal tubules, intestinal brush border and the respiratory tract, cells
of the monocytic and granulocytic lineage, synaptic membranes of the
central nervous system [120]. Human aminopeptidase N (hAPN/C-
D13/ANPEP) is reported to be a receptor for HCoV-229 E [121]. The RBD
of HCoV-229 E spike protein is located between residues 417 and 547,
[122] (Table 1). Although HCoV-229 E has been proved to take an
endosomal pathway for cell entry [123], the virus preferred cell-surface
TMPRSS2 to endosomal cathepsin to enter cell [124]. Angiotensin con-
verting enzyme 2 (ACE2) is a type I transmembrane protein that belongs
to the angiotensin-converting enzyme family. ACE2 protein is expressed
in various human organs, including lung alveolar epithelial cells, pneu-
mocytes and enterocytes of the small intestine, and arterial and venous
endothelial cells and smooth muscle cells [125,126]. HCoV-NL63 is
found to employ ACE2 as a receptor for cellular entry in 2002 [127]. The
minimal RBD of the HCoV-NL63 S protein is located between residues
476 and 616,[128] (Table 1). HCoV-NL63 was observed to enter the cell
by clathrin-mediated endocytosis [129].

5.2. 9-O-Ac-Sia for HCoV-OC43 and HKU1

Sialic acids (Sias) are acidic nine-carbon sugars that commonly cap
the glycan chains of cell surface glycoproteins and glycolipids. 9-O-
acetylated sialic acid (9-O-Ac-Sia), as an attachment receptor determi-
nant, can be carried by sialoglycan-based receptors [130]. The S protein
of HCoV-OC43 and HKU1 employ 9-O-Ac-Sia residues on glycoproteins
to initiate the infection of host cells [131,132]. The HE protein consists of
two functional units: a corresponding sialate O-acetylesterase domain
and an O-acetylated sialic acid binding domain [133]. However, the HE
protein of these two coronaviruses has not exhibited O-acetylated sialic
acid binding activity [132]. In contrast, the HE protein possesses an
acetyl-esterase activity recognized by the S protein, which plays a role as
an RDE [85,134]. In conclusion, HCoV-OC43 and HKU1 early utilize
9-O-Ac-Sia as a receptor determinant by the S protein to initiate the
infection of host cells and late mediates sialate-O-acetylesterase RDE
activity by the HE protein. Furthermore, the S protein of HCoV-OC43 and
HKU1 was recently reported to bind 9-O-Ac-Sia via a domain A of S1
subunit (S1A) [135,136]. Similar to HCoV-229 E, OC43 and HKU1 also
liked the cell-surface TMRRSS2 rather than endosomal cathepsins for cell
entry [124].

5.3. DPP4 for MERS-CoV

Dipeptidyl peptidase 4 (DPP4), which is known as CD26, is a cell
surface glycoprotein of 110 kDa. As a type II transmembrane protein,
DPP4 is ubiquitously expressed by a variety of cells and is cleaved of the
cell membrane in a process called shedding [137]. It is reported that
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DPP4 is a functional receptor for the MERS-CoV [138,139]. The initial S
protein RBD of MERS-CoV is located between residues 367 and 606,
[140] (Table 1). The MERS-CoV S1 domain contains a core structure and
an accessory subdomain receptor-binding motif (RBM, residues
484–567) (Fig. 3). The core structure is a five-stranded antiparallel β
sheet (β1, β2, β3, β4 and β9) with two short α helices in the connecting
loops (α1 and α2). The RBM is a four-stranded antiparallel β sheet (β5, β6,
β7 and β8) [141] (Fig. 4a and b). The flexible RBD region in MERS-CoV S
proteins is located between residues 381 and 588, which is not contra-
dictory to previous study. In addition, two states of the RBD (lying state
and standing state) are captured by a high-resolution structure of the
trimeric MERS-CoV S protein by cryo-EM. The dynamic RBD is facilitated
to be recognized by DPP4 [142]. MERS-CoV gains entry into host cells by
direct fusion at the plasma membrane by TMPRSS2. In the absence of
TMPRSS2, MERS-CoV is endocytosed, and can be triggered by cathepsin
L to complete viral entry [143].

5.4. ACE2 for SARS-CoV

SARS-CoV utilizes ACE2 as its functional entry receptor, similar to
HCoV-NL63 [144]. A minimal RBD, which is located in the S1 region
(residues 306–527) (Table 1), has greater affinity to bind ACE2 than does
a longer fragment (residues 12–672) [145,146]. The SARS-CoV RBD also
includes a core structure and an accessory subdomain RBM (residues
424–494) in direct binding ACE2145. The core subdomain is a
five-stranded antiparallel β sheet (β1, β2, β3, β4 and β7) with two short α
helices in the connecting loops (α1 and α2). The RBM subdomain is a
two-stranded antiparallel β sheet (β5 and β6) with two short connecting α
helices (α3 and α4) in the loops [141,147] (Fig. 4c and d). Particularly,
two sites in RBM (residues 479 and 487), are responsible for SARS dis-
ease progression and SARS-CoV tropism. Mutations in RBM residues 479
and 487 have an effect on transmission of SARS-CoV [145,148]. A recent
Fig. 4. The structural comparison of RBD bound with receptor and RBD subdom
(PDB ID: 4KR0), and (b) schematic illustration topology of the core structure and RBM
2AJF), and (d) schematic illustration topology of the core structure and RBM in the
and (f) schematic illustration topology of the core structure and RBM in the SARS-CoV
disulfide bonds are drawn as yellow sticks. The core subdomain is colored in green
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study reported that the flexible RBD region (residues 318–513) in
SARS-CoV S protein presents two states of the RBD (lying state and
standing state), similar to MERS-CoV mentioned previously [142]. A
large of studies have proved that SARS-CoV use multiple pathways for
host cell entry, including direct fusion with the plasma membrane by
TMPRSS2, cathepsin L-mediated endocytosis, and clathrin- and
caveolae-independent endocytosis [149–152].

5.5. ACE2 for SARS-CoV-2

ACE2 is the functional surface receptor for SARS-CoV-2 that is causing
the COVID-19 [153,154]. ACE2 expression in human airway epithelial
cells is enhanced by interferon and influenza, which could be exploited
by SARS-CoV-2 [155]. Gut enterocytes was also infected by the novel
coronavirus because of ACE2 high expression in the intestinal epithelium
[156]. SARS-CoV-2 has an RBD (residues 333–527) located in the S1
protein to engage ACE2, nearly identical to that of the SARS-CoV RBD
(Table 1). The SARS-CoV-2 RBD also contains a core structure and an
accessory subdomain RBM (residues 438–506) that interacts directly
with ACE2157. The core subdomain is a twisted four-stranded antiparallel
β sheet (β1, β2, β3 and β6) with two short α helices in the connecting
loops (α1, α2 and α3). The RBM subdomain is a two-stranded antiparallel
β sheet (β4 and β5) with two short connecting α helices (α4 and α5) in the
loops [157] (Fig. 4e and f). The overall amino acid sequence identities are
around 76%–78% for the S protein, around 73%–76% for the RBD, and
50%–53% for the RBM between SARS-CoV-2 and SARS-CoV [158,159].
A recent study uncovers cryo-EM structure of the full-length human
ACE2, which presents two conformations (open and closed) of ACE2
[160]. SARS-CoV-2 RBD takes a more compact conformation than
SARS-CoV RBD to bind ACE2, which enhances its ACE2-binding affinity
[161]. Compared with SARS-CoV, ACE2 binding to SARS-CoV-2 S ecto-
domain has a 10- to 20-fold stronger affinity [162]. Another research
ains in the three coronaviruses. (a) Overall structure of RBD bound with DPP4
in the MERS-CoV RBD. (c) Overall structure of RBD bound with ACE2 (PDB ID:

SARS-CoV RBD. (e) Overall structure of RBD bound with ACE2 (PDB ID: 6M0J),
-2 RBD. β strands are drawn as arrows and α helices are drawn as cylinders. The
and the receptor-binding subdomain is colored in red.
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group demonstrated that SARS-CoV-2 RBD binding to ACE2 displayed
4-fold higher affinity than the SARS-RBD and a mutation in ACE2 amnio
acid (K353) was sufficient to abolish the binding [163]. A recent study
reported that SARS-CoV-2 gained entry into cells via a new receptor
CD147, suggesting the diversity of binding receptor for the virus [164].
The cellular serine protease TMPRSS2 primes SARS-CoV-2 S for entry
into host cells [154]. Proprotein convertase furin preactivation of the
SARS-CoV-2 S protein is helpful for cell entry and evading immune sur-
veillance [165]. The expression of ACE2 and TMPRSS2 is higher in nasal
epithelial cells than other tissues, suggesting nasal epithelial cells are the
loci of initial infection [166]. Ou et al. recently revealed that SARS-CoV-2
invades hACE2 overexpressed 293 cells mainly through endocytosis
[167].

6. Therapeutic strategies for HCoVs

Currently, there are no clinical treatments or prevention strategies,
such as approved antiviral drugs or vaccines, for highly pathogenic
coronaviruses. Severe HCoV-infected patients mainly receive suppor-
tively medical care, along with different drugs combination treatments.
Several strategies have been used to treat infections with SARS-CoV,
MERS-CoV and SARS-CoV-2 [168]. This part summarizes the progress
of therapeutic agents and vaccines for these three highly pathogenic
coronaviruses caused diseases, as described below.

6.1. Virus targeted treatments

Nucleoside analogues target the viral RdRp to block RNA synthesis
and have a broad-spectrum activity against a wide range of CoVs [169,
170]. Ribavirin is a guanosine analog with broad-spectrum activity
against RNA viruses [171]. Although ribavirin was used to treat patients
infected by SARS- and MERS- CoV, it may be associated with many side
effects such as hemolytic anemia and cardiorespiratory distress at high
doses [8]. So far it is unclear whether ribavirin treatment could improve
the clinical outcome of COVID-19 disease. Remdesivir (GS-5734, Gilead
Science) is a prodrug of the adenine derivative and broadly against
MERS-CoV, SARS-CoV and Ebola virus [172–174]. A COVID-19 patient
from the USA recovered after treatment with intravenous remdesivir
[175]. Soon a study demonstrated that remdesivir combined with chlo-
roquine effectively suppresses SARS-CoV-2 in vitro [176]. Two phase III
trials have begun from February to April in 2020 [177]. Recent clinical
data shown 68% severe COVID-19 patients (36/53) had an improvement
in oxygen-support class after treatment with compassionate-use remde-
sivir [178]. In addition, the cryo-EM structure of the RdRp complexed
with a template-primer RNA and remdesivir has been determined [179].
Lopinavir and ritonavir were protease inhibitors for HIV treatment
initially [180]. Lopinavir-ritonavir targeted coronavirus nonstructural
protein 3CLpro and had antiviral activity against MERS-CoV and
SARS-CoV [181,182]. Clinical trials of lopinavir and ritonavir have been
initiated in SARS-CoV-2 infected patients. However, a recent study shows
that lopinavir–ritonavir treatment has not significantly accelerated clin-
ical improvement, reduced mortality, or diminished viral RNA detect-
ability in severe COVID-19 patients [183]. EIDD-2801, a prodrug of
EIDD-1931 (NHC), is a ribonucleoside analog with broad-spectrum ac-
tivity against a variety of viruses such as influenza and Ebola. Sheahan
et al. recently shown that EIDD-1931 is highly active against SARS-CoV-2
in primary human airway epithelial cell cultures and SARS- or MERS-CoV
infected mice [184]. To date, the crystal structures of SARS-CoV-2 RdRp
and Mpro (3CLpro) have been reported, which is helpful for design of
new antiviral drugs targeting RdRp and Mpro of coronaviruses
[185–188].

6.2. Host targeted treatment

The host innate interferon (IFN) response is crucial for the control of
viral replication after infection, which can be augmented by the
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supplementation of recombinant interferons [189]. A variety of IFN types
have been administrated to patients with SARS- andMERS-CoV, typically
in combination with broad-spectrum antivirals such as ribavirin or
lopinavir–ritonavir. IFNα was proven to be effective in a small number of
cases in combination with ribavirin [190]. IFNα2a, IFNα2b and IFNβ1b,
in combinations with ribavirin or lopinavir–ritonavir, were also used to
treat patients with MERS-CoV [182,191,192]. However, IFNs are not
recommended as first-line agents considering their side effects including
anemia, fatigue and depression. Additionally, Blanco-Melo et al. recently
found that interferons type I and III innate response to infection with
SARS-CoV-2 is limited to inhibit virus replication [193]. Corticosteroids
act as immunomodulatory agents and have an anti-inflammatory effect.
Corticosteroids in combinatory therapies with ribavirin or IFN had no
favorable response in patients with MERS-CoV [8]. Although IFNα1 plus
corticosteroids was used to be treated SARS-CoV associated disease, it
was reported that the SARS-CoV infected patient, who received pro-
longed treatment with corticosteroids treatment, died of aspergillosis
[194,195]. Furthermore, recent clinical study does not support cortico-
steroid treatment for COVID-19 patients with lung injury [196].

6.3. Antibody and plasma therapy

Monoclonal antibodies (mAbs) have potentially therapeutic effects on
combating highly pathogenic viral diseases, by neutralizing structural
proteins on coronaviruses [197]. Convalescent plasma or other prepa-
rations (monoclonal, hyperimmune globulin) that possess neutralizing
antibodies have been themost worth consideration of therapies for SARS-
and MERS-CoV [198,199]. Although several studies found that mAbs
targeting SARS- and MERS-CoV inhibited viral replication and amelio-
rated related disease in vitro or in animal models [200–202], large scale
clinical trial involved in convalescent plasma or mAbs against SARS- and
MERS-CoV are lacking [203]. Given the urgency of the 2019-nCoV
outbreak and time-consuming for new interventions, it is worth to
assess the existing neutralizing monoclonal antibody in the treatment of
SARS- and MERS-CoV [204]. A SARS-CoV-specific human monoclonal
antibody (CR3022) was first reported to have a potential binding with
the RBD of SARS-CoV-2 (KD of 6.3 nM) [205]. The crystal structure of
RBD complexed with CR3022 has shown that the drug targets a highly
conserved epitope (Suppl Table 1). Ju et al. recently reported the isola-
tion of over 200 RBD-specific mAbs derived from COVID-19 patients and
found two potent antibodies, P2C–1F11 and P2B–2F6, out-competed
ACE2 with close to 100% efficiency [206]. Meanwhile, Shi et al. also
isolated two human mAbs (CA1 and CB6) from a convalescent COVID-19
patient and found the latter inhibited SARS-CoV-2 infection in rhesus
macaques, suggesting that it has significant potential to serve as a ther-
apeutic agent for COVID-19 [207]. A novel human monoclonal antibody
(47D11) exhibited cross-neutralizing activity of SARS-CoV-2 and
SARS-CoV by binding a conserved epitope on the spike RBD [208].
Wrapp et al. described that single-domain camelid antibodies can
neutralize pathogenic Betacoronaviruses including emerging SARS-CoV-2
[209]. Hence, convalescent plasma, which is from COVID-19 patients
who have recovered, and monoclonal antibody offer the possibility of
prevention and therapy for emerging coronaviruses caused diseases
including COVID-19 in the future [210]. Besides, a recent study
demonstrated that clinical grade human recombinant soluble ACE2 can
inhibit SARS-CoV-2 infection in Vero-E6 cells and human capillary and
kidney organoids, suggesting a new approach to prevent SARS-CoV-2
infection [211].

6.4. Vaccines

Vaccines are considered the gold standard for highly pathogenic
coronaviruses prevention and treatment. There are no currently
approved vaccines for human coronaviruses caused infection, because of
the requirement of many years’ efforts to develop a new vaccine
[212–214]. Multiple vaccination strategies targeting SARS- and
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MERS-CoV are in the early stages, including inactivated virus vaccines,
live-attenuated virus vaccines, viral vector vaccines, subunit vaccines and
DNA/protein vaccines [215,216]. To date, more than 300 vaccine de-
velopments disclose the potential methodologies to treat and prevent
coronavirus caused infections including COVID-19168. An animal model
is necessary for vaccine development to test the effectiveness of vaccines
in vivo. Bao et al. established a mouse model by using the hACE2
transgenic animal infected by SARS-CoV-2, which may facilitate the
development of vaccines against the virus [217]. Another animal model
has been reported that rhesus macaques was infected using SARS-CoV-2
isolated from clinical bronchoalveolar lavage fluid. Rhesus macaques
infected by SARS-CoV-2 showed acute localized-to-widespread pneu-
monia already reported in COVID-19 patients, without obvious clinical
symptoms of respiratory disease [218]. Meanwhile, another research
group found that conjunctival infected-rhesus macaques presented high
viral load and distribution in the nasolacrimal system [219]. Recently,
Rockx et al. found SARS-CoV-2 causes COVID-19-like disease in cyn-
omolgus macaques [220]. These animal models are especially important
for testing preventive and therapeutic strategies including broad vaccines
and drugs against highly pathogenic coronaviruses. Gao et al. recently
developed an inactivated vaccine and found its protective immunity and
neutralization activities against the novel coronavirus in rhesus macaques
[221]. To date, the first COVID-19 vaccine, which is a recombinant
adenovirus type-5 (Ad5) vectored COVID-19 vaccine expressing the S
protein of SARS-CoV-2, underwent a phase 1 clinical trial and was found
to be safe, well-tolerated and able to generate an immune response
against SARS-CoV-2 in humans [222].

7. Outlook and conclusions

In the first 20 years of this century, we have witnessed three out-
breaks of previously unknown highly pathogenic coronaviruses, SARS-
CoV, MERS-CoV and SARS-CoV-2. COVID-19 caused by the novel coro-
navirus has become a global pandemic and is still continuing presently.
The collected data focus on understanding the pathology and epidemi-
ology of human coronaviruses, including pathogen transmission, the
reservoir and/or intermediate hosts, and virus biology. Before the next
emergency of a novel highly pathogenic coronavirus, there are many
lessons still to be learned for us. For prevention, the broad-spectrum, pan-
coronavirus vaccines should be developed. To prevent virus of zoonotic
sources from getting into the human population, the barriers between
natural reservoirs and human society must be maintained. For diagnosis,
the rapid identification of the full-length genome of emerging novel
coronavirus by next-generation meta-transcriptomic sequencing made it
possible to design quick and accurate diagnostic assays. Zhang et al.
recently developed an AI system to quickly diagnose SARS-CoV-2 by
using Computed Tomography (CT) [223]. For isolation, the most effec-
tive way to prevent infections and save lives is breaking human-to-human
transmission. A recent report summarizes five different
non-pharmaceutical interventions, including case isolation in the home,
voluntary home quarantine, social distancing of those over 70 years old,
social distancing of entire population, and closure of schools and uni-
versities [224]. For therapies, with the development of high-resolution
crystal structures of coronavirus proteins (Suppl Table 1) and the
establishment of animal models aiming at coronaviruses, developing
pan-CoV antiviral drugs against current and future emerging coronavi-
ruses have become the ultimate therapeutic strategies.

The continuing epidemic threat of SARS-CoV-2 to global health told
us that humans live in a ‘‘Global Village,’’ where an infectious disease
emerging in any corner of the world has the potential to disseminate
globally. In mind of ‘‘One Health, One World’‘, we should foster collab-
orative and multisectoral effects of trans-disciplines to achieve optimal
health for people, animals, and the environment [225].
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