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Strains of human coronavirus (HCoV), namely HCoV-OC43, HCoV-229E, HCoV-NL63, and

HCoV-HKU1, primarily infect the upper respiratory and gastrointestinal tracts and are the

most common cause of non-rhinovirus-induced common cold in humans. Although the

manifestations of coronavirus infection (i.e., rhinorrhea, sneezing, cough, nasal obstruc-

tion, and bronchitis) are generally self-limiting in healthy adults, certain strains such as

HCoV-NL63 and HCoV-HKU1 can cause severe lower respiratory tract infection and febrile

seizure, especially in infants, people of advanced age, and immunocompromised hosts. In

2003, a novel HCoV strain was identified as the causative agent of the severe acute respi-

ratory syndrome (SARS) epidemic that began in Asia in 2002. The strain has hence been

referred to as SARS-CoV. In addition, as recently as September 2012, another novel HCoV,

human betacoronavirus 2c EMC2012, was identified as being the cause of fever, renal

failure, pneumonia, and severe respiratory distress in two patients in the Middle East.

Phylogenetic analysis has revealed highly conserved sequences of ORF1ab, spike, nucleo-

capsid, and envelope protein genes, but not membrane protein genes, between human

betacoronavirus 2c EMC2012 and SARS-CoV. This review focuses on the differences in the

genomes of certain HCoV strains, the pathogenesis of said strains, and recent de-

velopments in the establishment of therapeutic agents that might aid in the treatment of

patients with such infections.

Copyright ª 2013, China Medical University. Published by Elsevier Taiwan LLC. All rights

reserved.
1. Coronaviruses each virus [10e13]. Most coronaviruses in the three groups
Coronaviruses, which are enveloped, single-stranded, posi-

tive-sense RNA viruses belonging to the subfamily Corona-

virinae in the family Coronaviridae, primarily cause

respiratory and enteric diseases in mammals and birds [1e9].

The genus is subdivided into three main groups (alpha, beta,

and gamma) based on the genetic and serological properties of
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infect animals or birds only. Of the viruses that infect human

hosts, human coronavirus (HCoV)-229E and HCoV-OC43, both

alphacoronaviruses, are the best characterized and are

responsible for most non-rhinovirus-induced cases of the

common cold [14]. Other respiratory pathogens in the coro-

navirus genera that have recently been characterized include

the alpha virus HCoV-NL63 and the beta virus HCoV-HKU1.
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Those two viruses tend to be isolated from young patients,

patients of advanced age, and immunocommpromised hosts

[13,15,16]. Recently, however, more virulent strains have

emerged, including severe acute respiratory syndrome

(SARS)-associated coronavirus (SARS-CoV), a betacoronovirus

that was responsible for the outbreak of SARS in Asia and

other countries in 2002e2003, and a novel HCoV, 2c EMC2012,

which was identified as the causative agent of rapidly pro-

gressive acute respiratory infection in two men from the

Middle East in 2012 [17e19].

Coronavirus virions typically range in size from 80 nm to

100 nm in diameter, contain an RNA genome of approximately

26e32 kb in size, and are characterized microscopically by

their crown- or halo-shaped appearance [20e26]. The genome

of most coronaviruses encodes two replicases, expressed in

the form of two polyproteins, open reading frame (ORF)1a,

measuring approximately 450 kDa, and ORF1ab, measuring

approximately 750 kDa. These polyproteins are processed into

a number of non-structural (NS) proteins and four structural

proteins, namely spike (S) protein, envelope (E) protein,

membrane (M) protein, and nucleocapsid (N) protein (Fig. 1)

[3,27]. ORF1a and ORF1ab are predecessors of NS proteins,

being cleaved by papain-like protease (PLpro, nsp3) and

3C-like protease (3CLpro, nsp5) to generate the final NS

proteins [28,29]. Some members of betacoronavirus subgroup

A also code for a shorter spike-like protein called hemagglu-

tinin esterase [30e32]. Studies have shown that, at least in

SARS-CoV, a receptor-binding domain on the S protein me-

diates the attachment of said virus to its cellular receptor,

angiotensin-converting enzyme 2 (ACE2) [33,34]. Lin et al

found that HCoV-NL63 also makes use of the S protein-ACE2

mechanism for cell entry [35].

Very recently, van Boheemen et al. and Xingyi Ge et al.

constructed a phylogenetic tree of conronaviruses using the

polymerase gene nsp12 and found that coronaviruses could be

grouped according to the presence of ORFs, namely Groups 1,

2a, 2b, 2c, 2d, and 3 [36,37]. According to their data, HCoV-229E,

HCoV-NL63, porcine epidemic diarrhea virus, and trans-

missible gastroenteritis virus belong to Group 1; HCoV-OC43

and mouse hepatitis virus belong to Group 2a; SARS-CoV be-

longs to Group 2b; human betacoronavirus 2c EMC2012 be-

longs to Group 2c; and avian infectious bronchitis virus

belongs to Group 3 [36,37]. Other phylogenetic trees that have

been constructed in our laboratory have revealed that 53% of

the ORF1ab sequences, 33% of the envelope protein
Fig. 1 e Coronavirus genome. ORF1a and 1b are located at the 5

polyproteins, namely pp1a (w450 kDa) and pp1ab (w750 kDa). T

(S) protein, envelope (E) protein, membrane (M) protein, and nu
sequences, 45% of the nucleocapsid protein sequences, 34% of

the spike protein sequences, and 41% of the membrane

protein sequences in SARS-CoV are conserved in human

betacoronavirus 2c EMC2012, indicating that SARS-CoV

and betacoronavirus 2c EMC2012 are very similar (Fig. 2)

[36e39].
2. Epidemiology and pathogenesis of SARS
coronavirus

SARS-CoV is the causative agent of SARS and causes an

atypical pneumonia that spread rapidly throughout parts of

Asia, North America, and Europe during 2002e2003 [37,38].

Shortly after the first case of SARSwas reported in the Chinese

province of Guangdong in November 2002, the disease quickly

spread worldwide, with cases having been reported in some

30 countries in 2003. By the time the outbreak had been con-

tained, over 8000 cases had been confirmed and 916 people

had died due to the disease [40e45]. According to the World

Health Organization, the mortality rate associated with SARS

was >10% [46,47]. People of advanced age were at the greatest

risk of death, with a case-fatality rate approaching 50% in

people >65 years who were infected by the virus [48].

The major route of transmission of SARS-CoV is close

person-to-person contact, primarily via contact with aero-

solized droplets or other bodily fluids. Many studies have

shown that this virus can survive formore than 3 days outside

the human body in sputum and feces, resulting in the po-

tential for continuous infection during an epidemic. In addi-

tion to causing respiratory symptoms, chills, headache,

muscle ache, and fever, infection with SARS-CoV has been

shown to result in severe diffuse pneumonia, pulmonary fib-

rosis, and in the most severe cases, death. Pathological ex-

aminations of specimens taken from patients with SARS-

related acute lung injury, acute respiratory distress syn-

drome, and pulmonary fibrosis show bronchial epithelial cell

exfoliation, cilia loss, multinucleated syncytia cells, squa-

mous epithelial tissue deformation, and increased levels of

immune response cells in lung tissue [49,50]. In addition,

clinical laboratory tests have shown that patients with SARS

often present with thrombocytopenia and leukopenia [51,52]

as well as overexpression of serum inflammatory cytokines,

including interferon (IFN)-g, interleukin (IL)-18, transforming
’-terminal 2/3 gene of the coronavirus and encode two

he four structural proteins in coronavirus include the spike

clepcapsid (N) protein.
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growth factor (TGF)-b1, tumor necrosis factor (TNF)-a, and IL-6

[50,53].

SARS-CoV infection can cause bronchial epithelial cell

peeling, cilia damage, the formation of multinucleated giant

cells, squamous cell aplasia, alveolar interstitial fiber cell hy-

perplasia, and fibrotic lung disease [54,55]. Although blood

tests in some patients with SARS-CoV infection show a nor-

mal white blood cell count, most show evidence of leukope-

nia, lymphopenia, and thrombocytopenia. Other biochemical

signs typically exhibited in blood samples from patients with

SARS include abnormal levels of proteins indicative of

abnormal liver function, increased C-reactive protein levels,

increased levels of creatine phophokinase and lactate dehy-

drogenase, overexpression of inflammatory cytokines IL-1, IL-

6, IL-8, IL-12, IL-18, TGF-b1, TNF-a, IFN-g-inducible Protein 10

(IP-10), IFN-g, monokine induced by IFN-g (MIG) as well as

overexpression of chemokines chemokine [C-Cmotif] ligand 2

(CCL2)/monocyte chemoattractant protein-1 (MCP-1), CCL3/

MIP-1a, and chemokine [C-X-C motif] (CXCL10)/IP-10

[50,53,56e62]. In the early stage of infection, TGF-b1 has been

shown to be markedly elevated in serum and in lung tissue

[50,63,64]. In addition, patients with late-phase SARS-related

acute respiratory distress syndrome and pulmonary fibrosis

often present with activated T-helper type-1 cells [53,65],

neutrophil aggregation, the accumulation of immune

response cells, such as monocytes, macrophages, T cells, and

B cells in the lungs [50], and rapid depletion of T cells [57e62].

The most effective treatment for patients with SARS-CoV

infection is the combination of ribavirin and steroids; howev-

er, this treatment is associated with a number of side effects.

Ribavirin can cause red blood cell rupture, anemia, and death,

while steroid treatment can cause stomach ulcers, edema,

cardiac stress, and osteoporosis [66]. Controlled trials of drugs

for the treatment of patients with SARS are urgently needed.

The innate immune response of type I IFN has a vital role in

anti-viral replication, but SARS-CoV was demonstrated to

antagonize type I IFN in mouse models [67,68]. Mice lacking

innate immunity suffer from signal transducer and activator

of transcription-1 (STAT1) or myeloid primary response gene

88 (MyD88) deficiency and higher SARS-CoV infection rates

[67,68]. In addition, it has been reported that SARS-CoV-

infected macrophages release CXCL10/IFN-g-inducible pro-

tein 10 and CCL2/monocyte chemotactic protein 1, but do not

induce the production of IFN-b [69].

Several SARS-CoV structural and NS proteins and genomes

have been shown to participate in immune regulation and to

induce cytokine expression. For example, the nucleocapsid of

the SARS-CoV virion has been shown to induce the expression

of plasminogen activator-1 via a Smad3-dependent induction

of TGF-b1 expression [70e72], where Smad3 is an intracellular

protein that transduces extracellular signals from TGF-b li-

gands to the nucleus, where they activate downstream TGF-

b gene transcription. Nuclepcapsid protein was also identified

as antagonizing IFN-b [73]. Furthermore, baculovirus-

synthesized SARS-CoV spike protein has been shown to

induce activator protein-1 (AP-1) and IL-8 upregulation by

activating mitogen-activated protein kinases (MAPKs) in lung

cells [74]. Moreover, it was found that spike protein induces

innate immune response through the activation of the nuclear

factor-kappaB (NF-kB) pathway [75]. In addition, Law et al
found that SARS-CoV NSP1 induces CCL5, CXVL10, and CCL3

mRNA expression via the activation of NF-kB [76]. The 3a DNA

vaccine is reported to stimulate IFN-g production mainly by

stimulating the production of CD8þ T cells, and IL-2mainly by

stimulating the production of CD4þ T cells [77]. Overall,

structural and NS proteins and also SARS genomes are dem-

onstrated to interfere with cell immunity.

Unlike other coronaviruses, the SARS-CoV genome only

codes for one papain-like protease (PLpro). PLpro recognizes

the amino acid fragments of LNGG and cleaves polyprotein

replicase 1a at NS1/2, NS2/3, and NS3/4 boundaries, resulting

in a mature viral protein [29,78]. In a cell model of SARS-CoV

infection, Speigal et al showed that PLpro de-ubiquitinating/

de-ISGylating activity was associated with the inhibition of

type I IFN expression [79]. Other studies have demonstrated

that PLpro inhibits polyI:C-induced activation of IFN-b, NF-kB,

and IFN-stimulated response element by blocking the export

of phosphorylated regulatory factor 3 into the nucleus,

thereby preventing the biosynthesis of type I IFN [80,81]. In

addition, Li et al showed that elevated levels of PLpro result in

an attenuation of type I IFN-induced activation of the IFN-

stimulated response element and AP-1, and that PLpro

downregulates ERK1 (MAPK3) by upregulating the ubiq-

uitineproteasome system and suppressing the interaction

between ERK1 and STAT1, resulting in type I IFN antagonism

of SARS-CoV PLpro [82]. Furthermore, PLpro has been shown

to induce TGF-b1, IL-1a, and CCL5 expression as well as trig-

gering TGF-b1 production via ubiquitin proteasome-, p38

MAPK-, and ERK1/2-mediated signaling [46]. Therefore, it ap-

pears that PLpro plays an important role in the maturation

process of SARS-CoV and in avoiding detection by the innate

immune response system.
3. HCoV-NL63

HCoV-NL63, a Group 1 coronavirus, was first identified in

a child with bronchiolitis in the Netherlands in 2004. Since

then, cases of HcoV-NL63 have been documented worldwide.

Infection ismost prevalent during thewintermonths, tends to

affect children under the age of 6 years, normallymanifests as

cough, fever, sore throat, rhinitis, expectoration, and upper

and lower respiratory tract infection, such as bronchitis,

bronchiolitis or pneumonia and has been shown to be asso-

ciated with croup [83e85].
4. HCoV-HKU1

HCoV-HKU1, a Group 2 coronavirus that was first identified in

an adult with chronic pulmonary disease in HongKong in 2005

[86,87], causes rhinorrhea, fever, coughing, andwheezing, and

can result in bronchiolitis and pneumonia if left untreated

[15,88].
5. Human betacoronavirus 2c EMC/2012

Human betacoronavirus 2c EMC2012 first appeared in the

Middle East in April 2012 and was laboratory proven in nine

http://dx.doi.org/10.1016/j.biomed.2012.12.007
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Fig. 2 e Phylogenetic trees. Phylogenetic trees were constructed with (A) ORF1ab, (B) nucleocapsid, (C) membrane, (D) spike, and (E) envelope protein. The phylogenetic

trees were constructed using MEGA5 software [36e39].
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patients by December 30, 2012 [17e19,89e92]. All of the

laboratory-confirmed cases have been reported in Qatar (two

cases), Saudi Arabia (five cases) and Jordan (two cases) [92]. All

patients were severely ill, and five have died. The first con-

firmed case of betacoronavirus 2c EMC2012 infection occurred

in Saudi Arabia. The patient presented with symptoms and

signs of acute respiratory illness (high fever, cough, shortness

of breath, and difficulty in breathing) and died in hospital. The

second confirmed case was diagnosed in a man of Qatari

origin who had recently travelled to Saudi Arabia. The patient

presented with respiratory disease and renal failure. He was

sent to London for treatment and recovered from the disease

in hospital [89,90]. The recent three confirmed cases in Saudi

Arabia are epidemiologically linked and occurred in one

family living within the same household in Saudi Arabia, and

two of these have died [92]. In these three cases, at least two

family members with direct personal contact increases the

suspicion that person-to-person transmission may have

occurred [92]. Two confirmed cases in Jordan were discovered

through the testing of stored samples from a cluster of

pneumonia cases in healthcare workers that occurred in April

2012. Both of these patients died [92].

This novel coronavirus was identified by real-time poly-

merase chain reaction based on pan-coronavirus primers

[93e95] and there is evidence that the virus might have ori-

ginated from bats [94]. It is not clear whether the symptoms

and signs in these patients are typical of infection with this

virus and no specific treatment recommendations have been

made thus far. Acute respiratory support is advised for hos-

pitalized patients with severe symptoms.

Like other coronaviruses, 2c EMC2012 is a very fragile virus,

with a survival time not exceeding 24 hours outside the body.

The pathogenic function of human betacoronavirus 2c

EMC2012 PLpro(s) is not clear. Preliminary studies suggest that

maturation of viral replication involves the cleavage of poly-

protein replicase 1a at NS1/2, NS2/3, and NS3/4 boundaries,

a mechanism shared by other coronaviruses [29,78]. More-

over, phylogenetic tree analyses have shown that human

betacoronavirus 2c EMC2012 and SARS-CoV have a similar

ORF1ab subgenome (Fig. 2). Further studies are needed to

differentiate between 2c EMC2012 and SARS-CoV.
6. Conclusion

HCoVs cause upper respiratory and gastrointestinal tract

problems and the common cold in humans inworldwide, 2012

HCoVs cause upper respiratory and gastrointestinal tract

problems and the common cold in humans in worldwide. The

major method of transmission of HCoVs is from person-to-

person and by droplet infection. Since the first two HCoVs,

HCoV-229E and HCoV-OC43, were identified and studied

extensively from the 1960s to 1980s, SARS-CoV has caused

a mortality rate >10% globally in 2003 [14,45]. HCoV-NL63 and

HCoV-HKU1 were identified in 2004 and 2005 [13,15,16]. Since

then, a novel coronavirus, human betacoronavirus 2c

EMC2012, appeared in Saudi Arabia in April 2012, that has so

far infected nine people and resulted in five deaths [92]. In the

phylogenetic trees constructed with ORF1ab, E, N, S, and M,

human betacoronavirus 2c EMC2012, has shown high
similarities with SARS-CoV. All of these facts prove that novel

coronaviruses have appeared in recent years and are becom-

ing more severe, causing high mortality in humans.
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