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d.  Coronaviridae

The family Coronaviridae, within the order Nidovirales, contains two 
subfamilies, the Coronavirinae and the Torovirinae. Coronaviruses 
(CoVs) are a large group of viruses infecting mammals and birds and 
producing a wide variety of diseases. They have been divided into four 
genera, two of which contain viruses infecting humans (see later). All 
human coronaviruses (HCoVs) are primarily respiratory pathogens. 
During the winter of 2002 to 2003, an alarming new disease appeared, 
severe acute respiratory syndrome (SARS), which was quickly attrib-
uted to a new CoV, the SARS-CoV. The outbreak originated in south-
ern People’s Republic of China, with evidence that the virus was first 
derived from bats and was transmitted to man through an intermediate 
host, probably the palm civet (Paguma larvata) or raccoon dog (Nyc-
tereutes procyonoides).1-3 The SARS epidemic was controlled through a 
massive effort at case identification and containment, and the last 
known case occurred in mid-2004. In retrospect, the emergence of 
SARS is consistent with what is known about CoVs as a group: They 
are important pathogens in animals causing a wide variety of diseases 
through a wide variety of pathogenic mechanisms, and they have been 
noted to mutate frequently and infect new species.4,5

More recently, a related but different CoV producing severe respira-
tory disease has emerged, the Middle East respiratory syndrome coro-
navirus (MERS-CoV). MERS-CoV was grown in June 2012, from a 
sputum sample obtained from a man in Saudi Arabia who died of 
overwhelming pneumonia. The virus was quickly identified as a new 
CoV most closely related to several bat CoVs.6 This report was followed 
by a number of other reports identifying a total of 537 infected indi-
viduals, all of whom had acute respiratory symptoms, severe in most, 
and fatal in 145 (as of May 11, 2014).7 Human-to-human transmission 
has been documented, especially in hospital settings,7a but appears to 
be inefficient.

HISTORY
Respiratory Coronaviruses and Severe 
Acute Respiratory Syndrome
In 1965, Tyrrell and Bynoe8 cultured a virus obtained from the respi-
ratory tract of a boy with a common cold by passage in human  
embryonic tracheal organ cultures. The media from these cultures 
consistently produced colds in volunteers. The agent was ether sensi-
tive but not related to any known human virus. Subsequently, electron 
microscopy of fluids from infected organ cultures revealed particles 
that resembled infectious bronchitis virus of chickens.9 At about the 
same time, Hamre and Procknow10 recovered a cytopathic agent in 
tissue culture from medical students with colds. The prototype virus 
was named 229E and was found on electron microscopy to have a 
similar or identical morphology (Fig. 157-1).9

Using techniques similar to those used by Tyrrell and Bynoe, McIn-
tosh and colleagues11 reported the recovery of several infectious 
bronchitis-like agents from the human respiratory tract, the prototype 
of which was named OC43 (OC for organ culture). At much the same 
time, mouse hepatitis virus and transmissible gastroenteritis virus of 
swine were shown to have the same morphology on electron micros-
copy.12,13 Shortly thereafter, the name coronavirus (the prefix corona 
denoting the crownlike appearance of the surface projections) was 
chosen to signify this new genus.14

The number of animal CoVs quickly grew, including viruses causing 
diseases in rats, mice, chickens, turkeys, various other bird species, 
cattle, several wild ruminants, beluga whales, dogs, cats, rabbits, and 
pigs, with manifestations in the respiratory and gastrointestinal tracts, 
central nervous system (CNS), liver, reproductive tract, and others. 
Through sequencing and antigenicity studies, the animal and human 
CoVs (HCoVs) initially were divided into three groups: group 1, which 

Definition
•	 The	coronaviruses	(CoVs)	commonly	cause	

mild	but	occasionally	more	severe		
community-acquired	acute	respiratory	
infections	in	humans.	CoVs	also	infect	a	wide	
variety	of	animals,	and	several	CoVs	(e.g.,	
severe	acute	respiratory	syndrome	[SARS],	
Middle	East	respiratory	syndrome	[MERS])	
have	crossed	the	species	barrier,	producing	
outbreaks	of	severe	respiratory	disease.	As	of	
May	11,	2014,	537	cases	of	laboratory-
confirmed	MERS	were	reported	to	WHO	with	
145	deaths.

Epidemiology
•	 Community-acquired	CoV	infections	

cause	about	15%	of	common	colds.		
They	are	typically	epidemic	in	the	winter	
months.	MERS	has	occurred	in	patients	in	the	
Arabian	peninsula	and	those	who	recently	
traveled	from	this	locale.

Microbiology
•	 CoVs	are	members	of	the	Nidovirales	order,	

single-stranded,	positive-sense	RNA	viruses	
with	a	large	genome.	They	mutate	and	also	
recombine	frequently.

Diagnosis
•	 Laboratory	diagnosis	is	best	accomplished	by	

finding	viral	RNA	through	polymerase	chain	
reaction.

Therapy
•	 There	are	no	accepted	effective	antiviral	drugs	

for	CoVs.

Prevention
•	 Prevention	is	through	epidemiologic	methods.	

The	SARS	epidemic	was	halted	through	careful	
case	finding,	quarantine,	and	use	of	barrier	
precautions.

SHORT VIEW SUMMARY
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contained HCoV-229E, as well as numerous animal viruses; group 2, 
which contained HCoV-OC43 plus the closely related animal viruses, 
bovine CoV (BCoV) and mouse hepatitis virus; and group 3, which 
included only avian viruses related to infectious bronchitis virus (Fig. 
157-2). Current taxonomy divides the subfamily Coronavirinae into 
four genera: Alphacoronavirus (which includes viruses previously in 
group 1); Betacoronavirus (which includes viruses previously in group 
2, including SARS-CoV and the MERS-CoV); Gammacoronavirus 
(which includes viruses previously in group 3); and Deltacoronavirus 
(which includes several newly described avian viruses).

SARS was first identified in Guangdong Province of the People’s 
Republic of China in November 2002 and spread from there to Hong 
Kong and then throughout the world.15 A CoV was independently and 
almost simultaneously isolated from SARS patients by several labora-
tories and found by sequencing to be only distantly related to previ-
ously characterized CoVs.16-20 The SARS outbreak stimulated a rapid 
and intense public health response coordinated by the World Health 
Organization, and by July 2003, transmission had ceased throughout 
the world. Despite this effort, however, 8096 probable cases had 
occurred in 29 countries, with 774 deaths.15

With the identification of the SARS-CoV, the HCoV field became 
much more active. Sensitive molecular methods were developed to 
detect RNA from viruses identical or closely related to HCoV-229E 
and HCoV-OC43 in the respiratory tract, and two new species were 
discovered: NL63, an alphacoronavirus, and HKU1, a betacorona- 
virus.21-23 HCoV-NL63 was found independently by three groups, two 
in the Netherlands and, somewhat later, the third in New Haven, 

FIGURE  157-1  Coronavirus, strain HCoV-229E, harvested from 
infected WI-38 cells (phosphotungstic acid stain). (From McIntosh K, 
Dees JH, Becker WB, et al. Recovery in tracheal organ cultures of novel 
viruses from patients with respiratory disease. Proc Natl Acad Sci U S A. 
1967;57:933-940.)

FIGURE 157-2  Phylogenetic relationships among members of the subfamily Coronavirinae. A rooted neighbor-joining tree was generated from 
amino-acid sequence alignments of Coronaviridae-wide conserved domains in replicase polyprotein 1 (ADRP, nsp3; Mpro, nsp5; RdRP, nsp12; Hel, nsp13; 
ExoN, nsp14; NendoU, nsp15; O-MT, nsp16)  for 21 coronaviruses, each a  representative of a currently  recognized coronavirus species. Five of  the six 
known human coronaviruses (HCoV-229E, HCoV-NL63, HCoV-HKU1, SARS-CoV, and MERS-CoV) are indicated. HCoV-OC43 is closely related to bovine 
coronavirus, which is shown in the figure. Equine torovirus Berne served as the outgroup. Virus names are given with strain specifications; species and 
genus names are in italics as per convention. The tree shows the four main monophyletic clusters, corresponding to genera Alpha-, Beta-, Gamma-, and 
Deltacoronavirus (color coded). Also indicated are betacoronavirus lineages A through D (corresponding to former CoV subgroups 2A through D). Boot-
strap values (1000 replicates) are indicated at branch points. The tree is drawn to scale (scale bar, 0.2 amino-acid substitutions per site). (From de Groot 
RJ, Baker SC, Baric RS, et al. Middle East respiratory syndrome coronavirus (MERS-CoV): announcement of the Coronavirus Study Group. J  Virol. 
2013;14:7790-7792.)
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numerous reports of CoV-like particles (CoVLPs) found by electron 
microscopy in human fecal matter, but these particles have been dif-
ficult to characterize further. More recent efforts to detect CoV RNA 
in feces using polymerase chain reaction (PCR) and primers for respi-
ratory HCoVs have had limited success and have failed to associate 
CoVs with gastrointestinal disease.28,29

Toroviruses were, like CoVs, first described in animals. They were 
first detected in the feces of cattle (Breda virus) and horses (Berne 
virus).30,31 Shortly thereafter, Beards and colleagues32 examined human 
fecal material and reported finding particles with a similar appearance 
that aggregated in the presence of antiserum to the bovine and equine 
viruses. The human toroviruses, like the bovine toroviruses, do not 
grow in tissue culture, and thus almost all existing information about 
them is based on electron micrographic data. Unlike animal torovi-
ruses,33,34 PCR-amplified torovirus RNA sequences have not been found 
in human stool samples. A report of genome sequences amplified from 
particles purified from human stool35 was subsequently retracted and 
considered to reflect laboratory contamination from porcine strains.36 
At this time, there are no reports definitively showing the existence of 
human toroviruses.

DESCRIPTION OF THE PATHOGENS
The CoV nucleic acid is RNA, approximately 30 kilobases in length, of 
positive sense, single stranded, polyadenylated, and infectious. The 
RNA, the largest known viral RNA (Fig. 157-3), codes for (in order 
from the 5′ end) a large polyprotein that is cleaved by virus-encoded 

Connecticut.24 In all three cases, positive samples were from infants 
and children with respiratory disease. Notably, HCoV-NL63 and 
HCoV-229E were estimated to originate from a common precursor 
and diverge approximately 1000 years ago.25 HCoV-HKU1 was found 
in Hong Kong in an adult with respiratory disease. These two new 
HCoV strains subsequently have been found worldwide and appear to 
have pathogenicity similar to that of HCoV-229E and HCoV-OC43, 
with the possible exception that NL63 is more frequently found in 
children with croup.26,27

The MERS-CoV was found when a man was admitted in June 2012 
to a hospital in Jeddah, Saudi Arabia with overwhelming acute pneu-
monia with renal failure, and a sample of sputum grew a cytopathic 
virus that, on sequencing, proved to be a CoV, classified as a Betacoro-
navirus, and most closely related to two bat CoVs, HKU-4 and HKU-
5.6 Over the next 23 months 536 additional cases (145 fatal) were 
found, all but a few of them sporadic or hospital-based and in individu-
als living or traveling in the Middle East.

In the remainder of this chapter, the group of respiratory HCoVs 
first discovered in the 1960s and containing HCoVs 229E, OC43, 
NL63, and HKU-1 are referred to as community-acquired HCoVs to 
distinguish them from the SARS-CoV and the MERS-CoV.

Gastrointestinal Coronaviruses  
and Toroviruses
In view of the prominence of CoVs in animal enteric diseases, there 
have been extensive efforts to identify enteric HCoVs. There are 

FIGURE  157-3  Genome organization of representative human coronaviruses.  All  coronavirus  genomes  have  the  same  basic  structure  and 
mechanism of replication.4 The 5′ end of each genome encodes a leader sequence, which is attached to each virus-specific messenger RNA transcript 
by a novel mechanism of discontinuous replication. The first two thirds of each genome encode replicase-associated genes. Gene 1 is translated as two 
large polyproteins, with  the first  expressed  from ORF1a  and  the  second  from ORF1a/b  following  a −1  frameshift  event.  These polyproteins  are  then 
cleaved into individual proteins by two virus-encoded proteases. The major structural genes, the hemagglutinin-esterase (HE), surface (S), envelope (E), 
transmembrane (M), and nucleocapsid (N) proteins, are indicated in green. The nonreplicase, accessory genes located at the 3′ end of the genome are 
indicated with open boxes. The functions of these proteins are largely not known, and there is no sequence homology between accessory proteins of 
different coronaviruses. Some of these proteins are virion associated, but none are required for virus replication. The open reading frames (ORFs) encod-
ing these proteins are numbered in order of appearance from the 5′ end of the genome, with the exception that ns12.9 of HCoV-OC43. I is an internal 
protein expressed from an alternative reading frame located within the N gene. It is equivalent to SARS-CoV-specific protein 9b and the MERS-CoV-specific 
protein 8b. (Figure prepared by Rahul Vijay.)
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4 (DPP-4), which, like ACE2 and APN, is an ectopeptidase that is 
abundantly expressed in the respiratory tract.46

All the community-acquired respiratory HCoVs grow only with 
difficulty in tissue culture. Despite this, both 229E and NL63 were 
discovered because they produced a detectable cytopathic effect, the 
first in human embryonic kidney10 and the second in LLC-MK2 
cells.21 Both the SARS-CoV and the MERS-CoV were initially iso-
lated and grew readily in Vero cells.6,17 HCoVs OC43 and HKU-1 
have been grown in tissue culture after laboratory adaptation or in 
primary human airway epithelial cells.47-49 Detection of all these 
viruses in clinical specimens is most conveniently and sensitively 
achieved using PCR.

Likewise, the enteric CoVs have been difficult to cultivate in  
vitro. All but a few strains have been detected only by electron micro-
scopy of human fecal material.50-52,53,54 Some strains have been charac-
terized by immune electron microscopy and found to be related to 
HCoV-OC43.55 Two strains obtained from an outbreak of necrotizing 
enterocolitis in Texas and passaged in intestinal organ cultures were 
reported to contain four or five proteins with apparent molecular 
weights similar to those of other CoVs but not related antigenically to 
known human strains or mouse hepatitis virus A59.56 The evidence 
favors the view that these isolates, as well as particles antigenically 
related to HCoV-OC43, are members of the family Coronaviridae, 
although their association with human disease is not yet proven. 
Surveys of children with diarrhea using PCR imply that diarrhea asso-
ciated with the four well-described HCoV strains is unusual.28,29

EPIDEMIOLOGY
Community-Acquired Respiratory 
Coronaviruses
Evidence of community-acquired respiratory CoV infections has been 
found wherever in the world it has been sought. In temperate climates, 
respiratory CoV infections occur more often in the winter and spring 
than in the summer and fall. The contribution of CoV infections to the 
total number of upper respiratory illnesses may be as high as 35% 
during times of peak viral activity. Overall, the proportion of adult 
colds produced by CoVs may be reasonably estimated at 15%.

Early studies of HCoV-OC43 and 229E in the United States dem-
onstrated periodicity, with large epidemics occurring at 2- to 3-year 
intervals.57 Strain HCoV-229E tended to be epidemic throughout the 
United States, whereas strain HCoV-OC43 appeared in localized out-
breaks. Similar studies of NL63 and HKU1 have not been done, but it 
seems from the available data that they also vary widely in incidence 
from year to year and place to place. Reinfection is common and may 
be due to the rapid diminution of antibody levels after infection.58 
Infection occurs at all ages but is most common in children. The ratio 
of symptomatic to total infections varies between 50% and 90%, 
depending on the age of the population studied, the method of virus 
detection, and the definition of “infection.”59,60 Among adult volunteers 
72% of those infected with HCoV-229E developed colds.61

Middle East Respiratory  
Syndrome Coronavirus
The first report of a new CoV causing severe pneumonia appeared in 
ProMed Mail on September 20, 2012. A man from Jeddah, Saudi 
Arabia had developed pneumonia in June and died of respiratory and 
renal failure, and a virus was grown from a sputum sample that was 
subsequently sequenced and found to be a betacoronavirus thought at 
the time to be most closely related to bat CoVs HKU4 and HKU5.6 
Between then and May 2014, a total of 537 cases occurred, all infected 
by this virus, now termed the Middle East respiratory syndrome coro-
navirus (MERS-CoV). One hundred forty-five of the cases were fatal.7 
More than 400 of these have been acquired and diagnosed in the 
Kingdom of Saudi Arabia, with most of the remainder in the United 
Arab Emirates, Qatar, Jordan, and Kuwait. Cases originating in the 
Arabian peninsula have also occurred in travelers to Egypt, Tunisia, 
Germany, Italy, Great Britain, Malaysia, the Philippines, and the United 
States, with a few secondary cases sometimes occurring in those loca-
tions through close family or hospital spread. In the United States,these 
include two unrelated MERS cases, and a third case related to one of 
these.61a While infections with severe respiratory involvement have 

proteases to form several nonstructural proteins, including an RNA-
dependent RNA polymerase, methyltransferases, and a helicase, fol-
lowed by either four or five structural proteins intermingled with a 
variable number of nonstructural and minor structural proteins.37 The 
first of the major structural proteins is a surface hemagglutinin-esterase 
protein, present on HCoVs OC43 and HKU1 and some animal beta-
coronaviruses, that may play some role in the attachment or release of 
the particle, or both, at the cell surface. This gene contains sequences 
similar to the hemagglutinin of influenza C virus, likely evidence of an 
interfamily recombinational event that occurred many years ago. The 
next gene encodes the surface glycoprotein that forms the petal-shaped 
surface projections and is responsible for attachment and the stimula-
tion of neutralizing antibody. This is followed by a small envelope 
protein, a membrane glycoprotein, and a nucleocapsid protein that is 
complexed with the RNA. There are several other open reading frames 
whose coding functions are not clear. The strategy of replication of 
CoVs is similar to that of other nidoviruses, in that all messenger RNAs 
form a nested set with common polyadenylated 3′ ends, with only 
the unique portion of the 5′ end being translated.4 As in other RNA 
viruses, mutations are common in nature, although the mutation rate 
is much lower, approximately 2 × 10−6 per site per replication cycle.38 
Unlike other RNA viruses, CoVs encode a 3′-5′ exonuclease that has 
proofreading activities, playing a critical role in maintaining replica-
tion fidelity in cell cultures and in animals.39 CoVs are also capable 
of genetic recombination if two viruses infect the same cell at the  
same time.

All CoVs develop exclusively in the cytoplasm of infected cells  
(Fig. 157-4). They bud into cytoplasmic vesicles from membranes of 
the pre-Golgi endoplasmic reticulum. These virus-filled vesicles are 
then extruded by the exocytic secretory pathway.40 The resultant virus 
particles have a diameter of 70 to 80 nm on thin-section electron 
microscopy and 60 to 220 nm on negative staining. They are pleomor-
phic, with widely spaced, petal-shaped projections 20 nm long (see  
Fig. 157-1).

The cellular receptor for 229E and most other alphacoronaviruses 
is aminopeptidase N (APN).41 Interestingly, NL63, the other known 
human alphacoronavirus, uses as its cellular receptor angiotensin-
converting enzyme II (ACE2),42 the same receptor as is used by the 
SARS-CoV.43 Mouse hepatitis virus, a betacoronavirus related to strain 
OC43, uses as its receptor a member of the carcinoembryonic antigen 
family.44 HCoV-OC43 and BCoV, which is closely related to HCoV-
OC43, bind to 9-O-acetylated neuraminic acid as part of the entry 
process.45 The host cell receptor for MERS-CoV is dipeptidyl peptidase 

FIGURE 157-4  Coronavirus strain 229E in WI-38 cells. (From Becker 
WB, McIntosh K, Dees JH, et al. Morphogenesis of avian infectious bron-
chitis virus and a related human virus (strain 229E). J  Virol. 1967;1:
1019-1027.)
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as 50%. There was no mortality in children or young adults younger 
than the age of 24 years.

In response to the global spread and associated severe disease,  
the World Health Organization coordinated a rapid and effective 
control program that included isolation of cases, careful attention to 
contact, droplet and airborne infection control procedures, quarantine 
of exposed persons in some settings, and efforts to control spread 
between countries through travel advisories and travel alerts. Pre-
sumably as a result of these efforts, global transmission ceased by  
July 2003.

A few subsequent cases of SARS were detected, but all were either 
a result of laboratory spread or individual cases related to presumed 
contact with civet cats or other intermediate hosts. The last known case 
occurred in mid-2004.

Spread of SARS to humans is thought to have occurred primarily 
through droplet or contact transmission, with a possible role for 
fomites. In most instances, an individual case transmitted to very few 
others, although several well-documented instances of small-particle 
airborne transmission occurred, resulting in super-spreading events.67 
Spread in hospital settings appeared to be surprisingly efficient, but it 
could be effectively suppressed with the enforcement of droplet and 
contact precautions.68 Containment measures were efficacious, in part, 
because patients were most contagious only after lower respiratory 
disease developed.69 The chain of spread was finally broken in the 
People’s Republic of China, the last country to experience endemic 
spread, in June 2003.

It now seems almost certain that the human epidemic began with 
the spread of a closely related bat virus first to palm civets or other 
animals sold in live wild game markets and then to humans in Guang-
dong Province in the People’s Republic of China, and that the virus 
adapted itself through mutation and possibly recombination, until it 
transmitted readily among humans.70-72 The virus that spread world-
wide came largely from a single infected individual who traveled from 

occurred at all ages, the elderly and those with underlying conditions 
(diabetes, renal disease, immunosuppression) have been most often 
severely or fatally affected. The WHO and the CDC have published a 
case definition, as well as surveillance instructions to aid in epidemio-
logic control of the MERS-CoV.62,63

The putative bat origin of this virus was strengthened by the finding 
that the virus grew readily in primary bat tissue culture.64 Nevertheless, 
and while bats sampled in the Middle East, Africa, and Europe were 
found to carry viruses closely related to the MERS-CoV,65 epidemio-
logic studies suggested there was likely to be at least one intermediate 
host. Serologic and virologic studies indicated that camels in the 
Middle East and Africa were frequently infected by viruses very similar 
to some of those found in human MERS cases.65a Acquisition of MERS 
from camels appears likely, although the proportion of camel-acquired 
cases (versus those acquired from person-to-person contact or through 
another animal intermediate) is not clear. Case clusters indicate that 
person-to-person hospital spread is more common than spread within 
families, and that casual-contact spread is unusual.7a

Severe Acute Respiratory  
Syndrome Coronavirus
The SARS epidemic began in Guangdong Province in the People’s 
Republic of China in mid-November 2002.66 It came to worldwide 
attention in March 2003 when cases of severe, acute pneumonia were 
reported to the World Health Organization from Hong Kong, Hanoi, 
and Singapore. Disease spread in hospitals to health care workers, visi-
tors, and patients, among family members, and, on occasion, in hotels, 
apartment complexes, markets, and airplanes. Worldwide spread was 
rapid but focal (Fig. 157-5). The largest numbers of cases were reported 
from the People’s Republic of China, Hong Kong, Taiwan, Singapore, 
and Toronto, Canada. The overall case-fatality rates in these locations 
ranged from 7% to 17%, but persons with underlying medical condi-
tions and those older than 65 years of age had mortality rates as high 

FIGURE 157-5  Distribution of confirmed cases of Middle East respiratory syndrome coronavirus by reporting country, March 2012 to May 
2014. This map is based on one published by the European Centre for Disease Prevention and Control and shows the predominance of cases reported 
from the Kingdom of Saudi Arabia, with other cases arising  in  the Middle East, as well as  the  routes of  travel during  importation  to other countries 
(colored arrows). The second case imported into the United States has been added. The total number of cases shown is somewhat lower than the number 
reported by the World Health Organization several days later,7 reflecting the rapid increase of reported cases during May 2014. (Modified from European 
Centre for Disease Prevention and Control. Epidemiological Update: Middle East Respiratory Syndrome Coronavirus (MERS-CoV). Available at http://www 
.ecdc.europa.eu/en/press/news/_layouts/forms/News_DispForm.aspx?List=8db7286c-fe2d-476c-9133-18ff4cb1b568&ID=998. Accessed May 6, 2014.)
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involvement in other organ systems, including diarrhea, leukopenia, 
thrombocytopenia, and, most notably, pan-lymphopenia.83 Virus has 
been detected in respiratory secretions, blood, stool, and urine speci-
mens and tissue from the lung and kidney. On the basis of PCR testing, 
virus titer is highest during the second week of illness84 and can often 
be detected into the third week of illness and sometimes for as long as 
several months.18,85 Pulmonary symptoms may worsen late in the 
course of the illness, with the development of adult respiratory distress 
syndrome.84 There may also be late evidence of liver and kidney 
involvement.

The pulmonary pathology of infection by the SARS-CoV has been 
described extensively,17,86,87 but little has been published about the 
pathology in other organ systems.87-89 The extrapulmonary pathologic 
changes found most consistently at autopsy are extensive necrosis of 
the white pulp of the spleen and a generalized small vessel arteritis.87,88 
In the lung, there is hyaline membrane formation, interstitial infiltra-
tion with lymphocytes and mononuclear cells, and desquamation of 
pneumocytes in the alveolar spaces. Giant cells are a constant finding 
and usually have macrophage markers. In bronchoalveolar lavage, 
biopsy, and autopsy specimens viral particles have been noted in type 
I and II pneumocytes.90

At this point, little is known about the pathogenesis of MERS-CoV 
because the infection was only recently described and no pathological 
specimens are yet available. It is anticipated that the pathologic changes 
in the lungs of patients with severe disease will be similar to those 
observed in patients with SARS or other patients with acute respiratory 
distress syndrome (ARDS).

CLINICAL MANIFESTATIONS
Community-Acquired Respiratory 
Coronaviruses
Almost all the antigenically distinct respiratory CoV strains that were 
isolated in the 1960s have been administered to volunteers, and all 
these produce illness with similar characteristics.8,91 A summary of 
these characteristics is given in Table 157-1, in which a comparison is 
made with colds produced by rhinoviruses in similarly inoculated 
volunteers. The incubation period of CoV colds was longer and their 
duration somewhat shorter, but the symptoms were similar. Asymp-
tomatic infection was sometimes seen and, indeed, has been a feature 

Guangdong Province to Hong Kong and infected a large number of 
individuals before himself succumbing to the disease. In contrast, the 
virus that was epidemic in the People’s Republic of China was more 
variable.

Gastrointestinal Coronaviruses
Although an etiologic role is not proven, enteric CoVs (or CoVLPs) 
have been most frequently associated with gastrointestinal disease in 
neonates and infants younger than 12 months. Particles have been 
found in the stools of adults with the acquired immunodeficiency 
syndrome.73,74 Asymptomatic shedding is common, particularly in 
tropical climates75 and in populations living in poor hygienic condi-
tions.76 The viruses can be detected for prolonged periods51,53,77 and 
without any apparent seasonal pattern.78

PATHOGENESIS
Community-Acquired Respiratory 
Coronaviruses
Community-acquired respiratory CoVs (HCOV-229E, OC43, NL63, 
HKU-7) generally replicate in ciliated and nonciliated (HCoV-229E) 
epithelial cells of the nasopharynx,79 probably producing both direct 
cell degeneration80 and an outpouring of chemokines and interleukins, 
with a resultant common-cold symptom complex similar to that pro-
duced by rhinovirus infection.81 The incubation period is, on average, 
2 days, and the peak of respiratory symptoms, as well as viral shedding, 
is reached at approximately 3 or 4 days after inoculation.61

The pattern of virus replication of CoVs must be at least in part 
determined by virus-receptor interaction. The two best-defined recep-
tors for the respiratory CoVs are aminopeptidase N for strain HCoV-
229E and angiotensin-converting enzyme II for NL63.

SARS-CoV and MERS-CoV
The pathogenicity of SARS is more complex and involves systemic 
spread. The route of infection of the SARS-CoV is probably through 
the respiratory tract. After an incubation period that is usually 4 to 7 
days, but can be as long as 10 to 14 days, the disease begins, starting 
usually with fever and other systemic (influenza-like) symptoms, with 
cough and dyspnea developing a few days to a week later.82 Although 
the lung is the focus of the disease process, there are often signs of 

TABLE 157-1  Clinical Features of Colds Produced by Experimental Infection with Four Viruses

CORONAVIRUSES RHINOVIRUSES
FEATURE 229E B814 Type 2 (HGP or PK) DC
No. of volunteers inoculated 26 75 213 251

No. (%) getting colds 13 (50) 34 (45) 78 (37) 77 (31)

Incubation period (days)

  Mean 3.3 3.2 2.1 2.1

  Range 2-4 2-5 1-5 1-4

Duration (days)

  Mean 7 6 9 10

  Range 3-18 2-17 3-19 2-26

Maximum no. of handkerchiefs used daily

  Mean 23 21 14 18

  Range 8-105 8-120 3-38 33-60

Malaise (%) 46 47 28 25

Headache (%) 85 53 56 56

Chill (%) 31 18 28 15

Pyrexia (%) 23 21 14 18

  Mucopurulent nasal discharge (%) 0 62 83 80

Sore throat (%) 54 79 87 73

Cough (%) 31 44 68 56

No. (%) of volunteers with colds of indicated severity

  Mild 10 (77) 24 (71) 63 (80) 36 (47)

  Moderate 2 (15) 7 (20) 12 (15) 28 (36)

  Severe 1 (8) 3 (9) 4 (5) 13 (17)

From Bradburne AF, Bynoe ML, Tyrrell DAJ. Effects of a “new” human respiratory virus in volunteers. Br Med J. 1967;3:767-769.
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levels decreased, suggesting that disease was partly immune medi-
ated.84 Clinical improvement was associated with the onset of a virus-
specific antibody response.119

Pediatric disease was, interestingly, significantly less severe than 
adult disease, although the features were similar.121 Disease during 
pregnancy was severe, with high mortality in both the mother and 
fetus.122 Congenital transmission was not described.

Gastrointestinal Coronaviruses
The nature of the illness associated with enteric CoV infection is much 
less clear. One study found a significant association of gastroenteritis 
in infants 2 to 12 months of age with the presence of CoVLPs in the 
stool.55 Another study, confined to infants in a neonatal intensive care 
unit, found highly significant associations between the presence of 
CoVLPs in the stool and the presence of water-loss stools, bloody 
stools, abdominal distention, and bilious gastric aspirates.53 A further 
study of symptomatic infants shedding CoVLPs pointed to possible 
differences between CoVLP-associated diarrhea and rotavirus diar-
rhea: Although fever and vomiting were of similar incidence, stools 
were more often occult blood positive (18% in CoVLP-associated vs. 
0% in rotavirus-associated disease), less often watery (66% vs. 92%), 
and more often mucoid (32% vs. 8%).77 Finally, CoVs have been associ-
ated with at least three outbreaks of necrotizing enterocolitis in new-
borns,52,53,56 and the best characterized strains56 were isolated in infants 
with this illness.

Surveys seeking HCoV RNA by PCR using primers that would 
detect the known community-acquired respiratory HCoVs in stool 
have been quite disappointing. In one study of 878 fecal samples from 
children with gastrointestinal complaints tested over 2 years, all four 
HCoV species were found, but in all but 4 of 22 HCoV-positive cases, 
either rotavirus or norovirus was also present.28 In addition, about half 
of the children in this survey had respiratory and gastrointestinal 
symptoms. In the same study, 112 asymptomatic children were sampled 
and 2 were positive. Another study sampled 151 symptomatic children, 
and 2 were found to have HKU1 RNA.29 Molecular studies using 
primers that would broadly detect new CoVs should be considered to 
resolve questions about the role of CoVs in human gastrointestinal 
disease.123

Neurologic Syndromes
Like many other viruses, CoVs have been sought as possible etiologic 
agents in multiple sclerosis. The search has been stimulated by the 
capacity of JHM, a well-studied strain of mouse hepatitis virus, to 
produce in mice and rats an immune-mediated chronic demyelinating 
encephalitis histologically similar to multiple sclerosis.124 HCoV-
OC43125,126 and HCoV-229E127 have been detected in brain tissue from 
multiple sclerosis patients using virus isolation,125 in situ hybridization, 
immunohistology,126 and PCR.127 Moreover, T-cell lines established 
from patients with multiple sclerosis by stimulation with myelin basic 
protein or HCoV-229E were found to be cross-reactive with the oppo-
site antigen, suggesting that molecular mimicry might be a possible 
pathogenic mechanism for the disease association.128 An adolescent 
boy with acute demyelinating encephalitis was found to have HCoV-
OC43 RNA in both the respiratory tract and the cerebrospinal fluid.129 
Despite these intriguing reports, compelling evidence is lacking to 
establish an etiologic or pathogenetic association of CoVs with CNS 
disease in humans.

LABORATORY DIAGNOSIS
Respiratory Coronaviruses
Although some human respiratory CoVs grow in tissue culture directly 
from clinical samples and although antigen detection systems have 
been developed for both HCoV-OC43 and HCoV-229E,130,131 labora-
tory diagnosis of CoV respiratory infections is best accomplished by 
molecular methods. Reverse-transcriptase PCR (RT-PCR) systems 
have been developed using many different primers and detectors. From 
a clinical point of view, a single generic test for respiratory CoVs would 
be desirable, and such tests have been developed. However, when 
tested side by side with specific systems, the generic systems have a 
somewhat lower sensitivity.95 Systems that combine primers and probes 
specific for several CoVs have also had considerable success.132

of both serologic surveys and PCR-based studies of natural infection 
of infants, children, and adults.92,93

More serious respiratory tract illness is probably also caused by all 
four strains of community-acquired HCoV. The evidence for this is not 
conclusive, but it seems likely that all strains can produce pneumonia 
and bronchiolitis in infants,24,27,94,95 otitis and exacerbations of asthma 
in children and young adults,96-98 pneumonia in healthy adults,99 exac-
erbations of asthma and chronic bronchitis in adults,100,101 both serious 
bronchitis and pneumonia in the elderly,102,103 and pneumonia in the 
immunocompromised host.104,105 HCoVs are found in asymptomatic 
individuals of all ages, and, when accompanied by illness, are also 
sometimes accompanied by infections with other potential respiratory 
pathogens. These characteristics (infection without disease, coinfec-
tion during disease) are features of many respiratory pathogens, 
including particularly rhinoviruses, adenoviruses, human metapneu-
movirus, human bocavirus, and parainfluenza viruses, but also 
(although less frequently) respiratory syncytial virus and influenza 
virus. Because infections with respiratory HCoVs are so common, 
however, it is possible that they are responsible for a significant portion 
of these serious lower respiratory tract diseases, even though the basic 
pathogenicity of HCoVs (judging from volunteer studies) is similar to 
that of rhinoviruses, and clearly less than that of respiratory syncytial 
virus, influenza viruses, and certain adenovirus types. There is some 
evidence that HCoV-OC43 is more pathogenic in the elderly than 
HCoV-229E106 and also some evidence that infection with NL63 in 
children is different from the other respiratory HCoVs in that several 
series have found an excess of children with croup.26,27

Middle East Respiratory  
Syndrome Coronavirus
Information about the clinical presentation of patients infected with 
the MERS-CoV is limited. It is clear that there is a spectrum of illness 
with some infections consisting of mild upper respiratory symptoms 
only, and others characterized by cough and fever with progression to 
respiratory failure over about a week.6,7,62,107 Renal failure, as well as 
pericarditis and adult respiratory distress syndrome has been part of 
the reported clinical picture. The MERS-CoV host cell receptor, DPP-4, 
is expressed at high levels in the kidney,108 raising the possibility that 
direct infection of this organ contributes to renal disease.

A case definition that will lead to further epidemiologic studies has 
been published by the World Health Organization.109

Severe Acute Respiratory  
Syndrome Coronavirus
The first symptom in most cases of SARS was fever, usually accompa-
nied by headache, malaise, or myalgia. This was followed, usually in a 
few days, but as long as a week later, by a nonproductive cough and, 
in more severe cases, dyspnea. Approximately 25% of patients had 
diarrhea. Interestingly, upper respiratory symptoms such as rhinorrhea 
and sore throat usually did not occur.82,84,110-113 The chest radiograph 
was frequently abnormal, showing scattered air-space opacification, 
usually in the periphery and lower zones of the lung.114 Spiral com-
puted tomography demonstrated both ground-glass opacification and 
consolidation, often in a subpleural distribution.115-117

Lymphopenia was common,84,86,110 with normal or somewhat 
depressed neutrophils. Paradoxically, neutrophilia was associated with 
poor outcomes.83 The decrease in lymphocytes in the blood was most 
marked for CD4 cells but was seen in all T-cell phenotypes, including 
CD3 and CD8, as well as natural killer cells. Creatine kinase was often 
abnormal, as were lactic dehydrogenase and aspartate aminotransfer-
ase. Levels of proinflammatory cytokines were elevated at early times 
during infection in patients with severe clinical disease118 and decreased 
in those patients who resolved the infection.119

Approximately 25% of patients developed severe pulmonary disease 
that progressed to adult respiratory distress syndrome. Adult respira-
tory distress syndrome with SARS-CoV infection was most likely to 
develop in patients older than 50 years or with underlying disease such 
as diabetes, cardiac disease, and chronic hepatitis.84,110,111,120 The overall 
mortality rate was between 9% and 12%, with the highest rates in the 
elderly and adults with underlying liver disease. In some patients, clini-
cal deterioration occurred during the second week of illness, as virus 
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ribavirin.134 It is now known that ribavirin has little activity against 
SARS-CoV in vitro, and there is no evidence that either intervention 
improved outcomes.135,136 Lopinavir/ritonavir and intravenous immune 
globulin were also used in some patients, again without conclusive 
evidence that they were helpful or harmful. There is anecdotal and at 
least partially controlled evidence of the benefit of either interferon-α 
or interferon-β treatment. Further, treatment of SARS-CoV-infected 
cynomolgus monkeys with pegylated interferon-α resulted in improved 
outcomes,137 lending credence to the use of this therapy if SARS 
recurred.

Treatment of MERS-CoV infection depends entirely on supportive 
measures. No antiviral drugs are recommended, although several 
studies have indicated that MERS-CoV is more sensitive to interferon- 
α or interferon-β than SARS-CoV.138,139 Standard droplet precautions 
should be used, with aerosol precautions during certain high-risk 
procedures.109

PREVENTION
Rigorous application of hospital infection control procedures, particu-
larly those directed at contact and droplet spread, was shown to have 
a major beneficial effect on the spread of the SARS-CoV.68 The contain-
ment of the global SARS outbreak is a testament to the power of the 
cooperation and collaboration engendered by the World Health Orga-
nization to address a major public health threat. Similar precautions 
are recommended for patients with suspected or confirmed MERS-
CoV infections.109

Vaccines for animal CoVs have been developed and widely used with 
variable efficacy. In one instance, a vaccine for feline infectious perito-
nitis appeared to lead to enhanced disease with subsequent natural 
infection. If SARS does return or MERS reaches epidemic proportions, 
an effective vaccine would be extremely helpful in control efforts, and  
a variety of vaccination strategies, including inactivated, subunit, and 
live-attenuated vaccines, are being pursued.135,140 In addition, hospitals 
have been advised on improvement of infection control procedures so 
that in future epidemics of respiratory viruses, they will not be a major 
source of spread of infection, as occurred in the 2002 epidemic of SARS.

Middle East Respiratory Syndrome 
Coronavirus
The MERS-CoV was originally isolated in Vero and LLC-MK2 cells, 
and there are several published methodologies for detection and iden-
tification by PCR.133 Current recommendations from WHO are that 
definition of a possible case should be immediately reported to national 
authorities, and clinical, epidemiologic, and microbiologic investiga-
tions should be carried out.63

Severe Acute Respiratory Syndrome 
Coronavirus
Although SARS-CoV was grown from respiratory tract specimens in 
Vero E6 and fetal rhesus monkey kidney cells, the more sensitive and 
rapid RT-PCR assays were most widely used to detect infection. Virus 
was detected by RT-PCR in upper and lower respiratory tract, blood, 
stool, and urine specimens. Early in the illness, specimens were found 
positive only in approximately one third of patients.84 Use of samples 
from multiple sources increased the yield. Virus was detected most 
frequently during the second week of illness.18,84,85

Antibody tests have been developed using tissue culture–grown 
virus and indirect immunofluorescence or enzyme-linked immu-
nosorbent assay. Immunoglobulin M antibody can be detected in  
most patients for a limited period of time, and immunoglobulin G 
antibody appears first approximately 10 days after onset of fever in 
patients with good outcomes and becomes essentially universal after  
4 weeks.84

Gastrointestinal Coronaviruses
Laboratory diagnosis of the gastrointestinal CoVs depends now 
entirely on electron microscopy of stool specimens and detection of 
characteristic particles in negatively stained specimens. Such testing is 
best performed in laboratories with extensive previous experience.

THERAPY
Given the severity of SARS, clinicians throughout the world empiri-
cally treated most patients with corticosteroids and intravenous or oral 

Key References
The complete reference list is available online at Expert Consult.

1. Lau SK, Woo PC, Li KS, et al. Severe acute respiratory 
syndrome coronavirus-like virus in Chinese horseshoe 
bats. Proc Natl Acad Sci U S A. 2005;102:14040-14045.

3. Guan Y, Zheng BJ, He YQ, et al. Isolation and characteriza-
tion of viruses related to the SARS coronavirus from 
animals in southern China. Science. 2003;302:276-278.

4. Lai MM, Perlman S, Anderson LJ. Coronaviridae. In: Knipe 
DM, Howley PM, eds. Fields Virology. 5th ed. Lippincott 
Williams & Wilkins; 2007.

5. Perlman S, Netland J. Coronaviruses post-SARS: update on 
replication and pathogenesis. Nature Rev Microbiol. 2009;7:
439-450.

6. Zaki AM, van Boheemen S, Bestebroer TM, et al. Isolation 
of a novel coronavirus from a man with pneumonia in 
Saudi Arabia. N Engl J Med. 2012;367:1814-1820.

7a. Assiri A, McGeer A, Perl TM, et al. Hospital outbreak of 
Middle East respiratory syndrome coronavirus. N Engl J 
Med. 2013;369:407-416.

8. Tyrrell DAJ, Bynoe ML. Cultivation of a novel type of 
common-cold virus in organ cultures. Br Med J. 1965;1:
1467-1470.

9. Almeida JD, Tyrrell DAJ. The morphology of three previ-
ously uncharacterized human respiratory viruses that grow 
in organ culture. J Gen Virol. 1967;1:175-178.

10. Hamre D, Procknow JJ. A new virus isolated from the 
human respiratory tract. Proc Soc Exp Biol Med. 1966;121:
190-193.

11. McIntosh K, Dees JH, Becker WB, et al. Recovery in tra-
cheal organ cultures of novel viruses from patients with 
respiratory disease. Proc Natl Acad Sci U S A. 1967;57:
933-940.

15. Peiris JS, Guan Y, Yuen KY. Severe acute respiratory syn-
drome. Nature Med. 2004;10:S88-S97.

16. Peiris JS, Lai ST, Poon LL, et al. Coronavirus as a possible 
cause of severe acute respiratory syndrome. Lancet. 2003;
361:1319-1325.

17. Ksiazek TG, Erdman D, Goldsmith CS, et al. A novel coro-
navirus associated with severe acute respiratory syndrome. 
N Engl J Med. 2003;348:1953-1966.

18. Drosten C, Gunther S, Preiser W, et al. Identification of a 
novel coronavirus in patients with severe acute respiratory 
syndrome. N Engl J Med. 2003;348:1967-1976.

20. Rota PA, Oberste MS, Monroe SS, et al. Characterization 
of a novel coronavirus associated with severe acute respira-
tory syndrome. Science. 2003;300:1394-1399.

21. van der Hoek L, Pyrc K, Jebbink MF, et al. Identification of 
a new human coronavirus. Nat Med. 2004;10:368-373.

22. Fouchier RA, Hartwig NG, Bestebroer TM, et al. A previ-
ously undescribed coronavirus associated with respiratory 
disease in humans. Proc Natl Acad Sci U S A. 2004;101:
6212-6216.

23. Woo PC, Lau SK, Chu CM, et al. Characterization and 
complete genome sequence of a novel coronavirus, corona-
virus HKU1, from patients with pneumonia. J Virol. 2005;
79:884-895.

25. Pyrc K, Dijkman R, Deng L, et al. Mosaic structure of 
human coronavirus NL63, one thousand years of evolu-
tion. J Mol Biol. 2006;364:964-973.

26. van der Hoek L, Sure K, Ihorst G, et al. Croup is associated 
with the novel coronavirus NL63. PLoS Med. 2005;2:
e240.

28. Risku M, Lappalainen S, Rasanen S, Vesikari T. Detection 
of human coronaviruses in children with acute gastroen-
teritis. J Clin Virol. 2010;48:27-30.

37. Snijder EJ, Bredenbeek PJ, Dobbe JC, et al. Unique and 
conserved features of genome and proteome of SARS-
coronavirus, an early split-off from the coronavirus group 
2 lineage. J Mol Biol. 2003;331:991-1004.

38. Eckerle LD, Becker MM, Halpin RA, et al. Infidelity of 
SARS-CoV Nsp14-exonuclease mutant virus replication is 
revealed by complete genome sequencing. PLoS Pathog. 
2010;6:e1000896.

40. Becker WB, McIntosh K, Dees JH, et al. Morphogenesis of 
avian infectious bronchitis virus and a related human virus 
(strain 229E). J Virol. 1967;1:1019-1027.

41. Yeager CL, Ashmun RA, Williams RK, et al. Human ami-
nopeptidase N is a receptor for human coronavirus 229E. 
Nature. 1992;357:420-422.

42. Hofmann H, Pyrc K, van der Hoek L, et al. Human coro-
navirus NL63 employs the severe acute respiratory syn-
drome coronavirus receptor for cellular entry. Proc Natl 
Acad Sci U S A. 2005;102:7988-7993.

43. Li W, Moore MJ, Vasilieva N, et al. Angiotensin-converting 
enzyme 2 is a functional receptor for the SARS coronavi-
rus. Nature. 2003;426:450-454.

45. Peng G, Sun D, Rajashankar KR, et al. Crystal structure of 
mouse coronavirus receptor-binding domain complexed 
with its murine receptor. Proc Natl Acad Sci USA. 2011;108:
10696-10701.

46. Raj VS, Mou H, Smits SL, et al. Dipeptidyl peptidase 4 is a 
functional receptor for the emerging human coronavirus-
EMC. Nature. 2013;495:251-254.

52. Chany C, Moscovici O, Lebon P, et al. Association of coro-
navirus infection with neonatal necrotizing enterocolitis. 
Pediatrics. 1982;69:209-214.

57. Monto AS. Medical reviews: coronaviruses. Yale J Biol Med. 
1974;47:234-251.

59. Graat JM, Schouten EG, Heijnen ML, et al. A prospec-
tive, community-based study on virologic assessment 
among elderly people with and without symptoms of 
acute respiratory infection. J Clin Epidemiol. 2003;56:
1218-1223.

61. Bradburne AF, Bynoe ML, Tyrrell DA. Effects of a “new” 
human respiratory virus in volunteers. Br Med J. 1967;3:
767-769.

61a. Centers for Disease Control and Prevention. Middle East 
Respiratory Syndrome (MERS). Available at www.cdc 
.gov.coronavirus/MERS/INDEX.HTML. Accessed May 23, 
2014.

62. Centers for Disease Control and Prevention. Middle East 
Respiratory Syndrome (MERS): Case Definitions. Avail-
able at http://www.cdc.gov/coronavirus/mers/case-def 
.html. Accessed May 13, 2014.

63. World Health Organization. Interim Surveillance Recom-
mendations for Human Infection with Middle East Respi-
ratory Syndrome Coronavirus. June 27, 2013. Available at 
http://www.who.int/csr/disease/coronavirus_infections/ 
InterimRevisedSurveillanceRecommendations_nCoV 
infection_27Jun13.pdf?ua=1. Accessed May 13, 2014.

65. Annan A, Baldwin HJ, Corman VM, et al. Human beta-
coronavirus 2c EMC/2012-related viruses in bats, Ghana 
and Europe. Emerg Infect Dis. 2013;19:456-459.

65a. Briese T, Mishra N, Jain K, et al. Middle East respiratory 
syndrome coronavirus quasispecies that include homo-
logues of human isolates revealed through whole-genome 

http://www.cdc.gov.coronavirus/MERS/INDEX.HTML
http://www.cdc.gov.coronavirus/MERS/INDEX.HTML
http://www.cdc.gov/coronavirus/mers/case-def.html
http://www.cdc.gov/coronavirus/mers/case-def.html
http://www.who.int/csr/disease/coronavirus_infections/InterimRevisedSurveillanceRecommendations_nCoVinfection_27Jun13.pdf?ua=1
http://www.who.int/csr/disease/coronavirus_infections/InterimRevisedSurveillanceRecommendations_nCoVinfection_27Jun13.pdf?ua=1
http://www.who.int/csr/disease/coronavirus_infections/InterimRevisedSurveillanceRecommendations_nCoVinfection_27Jun13.pdf?ua=1


P
a
rt

 I
II

 I
n

fe
ct

io
u

s 
D

is
ea

se
s 

an
d

 T
h

ei
r 

Et
io

lo
g

ic
 A

g
en

ts
1936

analysis and virus cultured from dromedary camels in 
Saudi Arabia. MBio. 2014;5:e01146-14.

68. Seto WH, Tsang D, Yung RW, et al. Effectiveness of precau-
tions against droplets and contact in prevention of nosoco-
mial transmission of severe acute respiratory syndrome 
(SARS). Lancet. 2003;361:1519-1520.

70. Shi Z, Hu Z. A review of studies on animal reservoirs of 
the SARS coronavirus. Virus Res. 2008;133:74-87.

72. Molecular evolution of the SARS coronavirus during the 
course of the SARS epidemic in China. Science. 2004;303:
1666-1669.

84. Peiris JS, Chu CM, Cheng VC, et al. Clinical progression 
and viral load in a community outbreak of coronavirus-
associated SARS pneumonia: a prospective study. Lancet. 
2003;361:1767-1772.

89. Gu J, Gong E, Zhang B, et al. Multiple organ infection 
and the pathogenesis of SARS. J Exp Med. 2005;202:415-
424.

90. Nicholls JM, Butany J, Poon LL, et al. Time course and 
cellular localization of SARS-CoV nucleoprotein and  
RNA in lungs from fatal cases of SARS. PLoS Med. 2006;
3:e27.

93. Kusel MM, de Klerk NH, Holt PG, et al. Role of respiratory 
viruses in acute upper and lower respiratory tract illness in 
the first year of life: a birth cohort study. Pediatr Infect Dis 
J. 2006;25:680-686.

98. Pitkaranta A, Virolainen A, Jero J, et al. Detection of 
rhinovirus, respiratory syncytial virus, and coronavirus 
infections in acute otitis media by reverse transcriptase 
polymerase chain reaction. Pediatrics. 1998;102:291-295.

100. Nicholson KG, Kent J, Ireland DC. Respiratory viruses and 
exacerbations of asthma in adults. Br Med J. 1993;307:
982-986.

103. Graat JM, Schouten EG, Heijnen ML, et al. A prospec-
tive, community-based study on virologic assessment 
among elderly people with and without symptoms of 

acute respiratory infection. J Clin Epidemiol. 2003;56:
1218-1223.

106. Walsh EE, Shin JH, Falsey AR. Clinical impact of human 
coronaviruses 229E and OC43 infection in diverse adult 
populations. J Infect Dis. 2013;208:1634-1642.

119. Cameron MJ, Ran L, Xu L, et al. Interferon-mediated 
immunopathological events are associated with atypical 
innate and adaptive immune responses in patients with 
severe acute respiratory syndrome. J Virol. 2007;81:8692-
8706.

132. Kuypers J, Martin ET, Heugel J, et al. Clinical disease in 
children associated with newly described coronavirus sub-
types. Pediatrics. 2007;119:e70-e76.

136. Stockman LJ, Bellamy R, Garner P. SARS: systematic 
review of treatment effects. PLoS Med. 2006;3:e343.

140. Du L, He Y, Zhou Y, et al. The spike protein of SARS-CoV—
a target for vaccine and therapeutic development. Nature 
Rev Microbiol. 2009;7:226-236.



1936.e1
C

h
ap

ter 157 Coronaviruses,	Including	Severe	Acute	Respiratory	Syndrom
e	(SARS)	and	M

iddle	East	Respiratory	Syndrom
e	(M

ERS)				

References
1. Lau SK, Woo PC, Li KS, et al. Severe acute respiratory 

syndrome coronavirus-like virus in Chinese horseshoe 
bats. Proc Natl Acad Sci U S A. 2005;102:14040-14045.

2. Vijaykrishna D, Smith GJ, Zhang JX, et al. Evolutionary 
insights into the ecology of coronaviruses. J Virol. 2007;81:
4012-4020.

3. Guan Y, Zheng BJ, He YQ, et al. Isolation and characteriza-
tion of viruses related to the SARS coronavirus from 
animals in southern China. Science. 2003;302:276-278.

4. Lai MM, Perlman S, Anderson LJ. Coronaviridae. In: Knipe 
DM, Howley PM, eds. Fields Virology. 5th ed. Lippincott 
Williams & Wilkins; 2007.

5. Perlman S, Netland J. Coronaviruses post-SARS: update on 
replication and pathogenesis. Nature Rev Microbiol. 2009;7:
439-450.

6. Zaki AM, van Boheemen S, Bestebroer TM, et al. Isolation 
of a novel coronavirus from a man with pneumonia in 
Saudi Arabia. N Engl J Med. 2012;367:1814-1820.

7. World Health Organization. Middle East Respiratory  
Syndrome Coronavirus (MERS-CoV) Summary and Lit-
erature Update—as of 9 May 2014. Available at http:// 
www.who.int/csr/disease/coronavirus_infections/MERS 
_CoV_Update_09_May_2014.pdf?ua=1. Accessed May 13, 
2014.

7a. Assiri A, McGeer A, Perl TM, et al. Hospital outbreak of 
Middle East respiratory syndrome coronavirus. N Engl J 
Med. 2013;369:407-416.

8. Tyrrell DAJ, Bynoe ML. Cultivation of a novel type of 
common-cold virus in organ cultures. Br Med J. 1965;1:
1467-1470.

9. Almeida JD, Tyrrell DAJ. The morphology of three previ-
ously uncharacterized human respiratory viruses that grow 
in organ culture. J Gen Virol. 1967;1:175-178.

10. Hamre D, Procknow JJ. A new virus isolated from the 
human respiratory tract. Proc Soc Exp Biol Med. 1966;121:
190-193.

11. McIntosh K, Dees JH, Becker WB, et al. Recovery in tra-
cheal organ cultures of novel viruses from patients with 
respiratory disease. Proc Natl Acad Sci U S A. 1967;57:
933-940.

12. McIntosh K, Becker WB, Chanock RM. Growth in suck-
ling-mouse brain of “IBV-like” viruses from patients with 
upper respiratory tract disease. Proc Natl Acad Sci U S A. 
1967;58:2268-2273.

13. Witte KH, Tajima M, Easterday BC. Morphologic charac-
teristics and nucleic acid type of transmissible gastroenteri-
tis virus of pigs. Arch Gesamte Virusforsch. 1968;23:53-70.

14. Tyrrell DA, Almeida JD, Cunningham CH, et al. Corona-
viridae. Intervirology. 1975;5:76-82.

15. Peiris JS, Guan Y, Yuen KY. Severe acute respiratory syn-
drome. Nature Med. 2004;10:S88-S97.

16. Peiris JS, Lai ST, Poon LL, et al. Coronavirus as a possible 
cause of severe acute respiratory syndrome. Lancet. 2003;
361:1319-1325.

17. Ksiazek TG, Erdman D, Goldsmith CS, et al. A novel coro-
navirus associated with severe acute respiratory syndrome. 
N Engl J Med. 2003;348:1953-1966.

18. Drosten C, Gunther S, Preiser W, et al. Identification of a 
novel coronavirus in patients with severe acute respiratory 
syndrome. N Engl J Med. 2003;348:1967-1976.

19. Marra MA, Jones SJ, Astell CR, et al. The genome sequence 
of the SARS-associated coronavirus. Science. 2003;300:
1399-1404.

20. Rota PA, Oberste MS, Monroe SS, et al. Characterization 
of a novel coronavirus associated with severe acute respira-
tory syndrome. Science. 2003;300:1394-1399.

21. van der Hoek L, Pyrc K, Jebbink MF, et al. Identification of 
a new human coronavirus. Nat Med. 2004;10:368-373.

22. Fouchier RA, Hartwig NG, Bestebroer TM, et al. A previ-
ously undescribed coronavirus associated with respiratory 
disease in humans. Proc Natl Acad Sci U S A. 2004;101:
6212-6216.

23. Woo PC, Lau SK, Chu CM, et al. Characterization and 
complete genome sequence of a novel coronavirus, corona-
virus HKU1, from patients with pneumonia. J Virol. 2005;
79:884-895.

24. Esper F, Weibel C, Ferguson D, et al. Evidence of a novel 
human coronavirus that is associated with respiratory tract 
disease in infants and young children. J Infect Dis. 2005;
191:492-498.

25. Pyrc K, Dijkman R, Deng L, et al. Mosaic structure of 
human coronavirus NL63, one thousand years of evolu-
tion. J Mol Biol. 2006;364:964-973.

26. van der Hoek L, Sure K, Ihorst G, et al. Croup is associated 
with the novel coronavirus NL63. PLoS Med. 2005;2:
e240.

27. Choi EH, Lee HJ, Kim SJ, et al. The association of newly 
identified respiratory viruses with lower respiratory tract 
infections in Korean children, 2000-2005. Clin Infect Dis. 
2006;43:585-592.

28. Risku M, Lappalainen S, Rasanen S, Vesikari T. Detection 
of human coronaviruses in children with acute gastroen-
teritis. J Clin Virol. 2010;48:27-30.

29. Esper F, Ou Z, Huang YT. Human coronaviruses are 
uncommon in patients with gastrointestinal illness. J Clin 
Virol. 2010;48:131-133.

30. Woode GN, Reed DE, Runnels PL, et al. Studies with an 
unclassified virus isolated from diarrheic calves. Vet Micro-
biol. 1982;7:221-240.

31. Weiss M, Steck F, Horzinek MC. Purification and partial 
characterization of a new enveloped RNA virus (Berne 
virus). J Gen Virol. 1983;64(pt 9):1849-1858.

32. Beards GM, Hall C, Green J, et al. An enveloped virus in 
stools of children and adults with gastroenteritis that 
resembles the Breda virus of calves. Lancet. 1984;1:
1050-1052.

33. Kroneman A, Cornelissen LA, Horzinek MC, et al. Identi-
fication and characterization of a porcine torovirus. J Virol. 
1998;72:3507-3511.

34. Smits SL, Lavazza A, Matiz K, Horzinek MC, et al. Phylo-
genetic and evolutionary relationships among torovirus 
field variants: evidence for multiple intertypic recombina-
tion events. J Virol. 2003;77:9567-9577.

35. Duckmanton L, Luan B, Devenish J, et al. Characterization 
of torovirus from human fecal specimens. Virology. 1997;
239:158-168.

36. Duckmanton L, Tellier R, Richardson C, Petric M. Notice 
of retraction to “The novel hemagglutinin-esterase genes of 
human torovirus and Breda virus.” [Virus Research 64 
(1999) 137-149]. Virus Res. 2001;81:167.

37. Snijder EJ, Bredenbeek PJ, Dobbe JC, et al. Unique and 
conserved features of genome and proteome of SARS-
coronavirus, an early split-off from the coronavirus group 
2 lineage. J Mol Biol. 2003;331:991-1004.

38. Eckerle LD, Becker MM, Halpin RA, et al. Infidelity of 
SARS-CoV Nsp14-exonuclease mutant virus replication is 
revealed by complete genome sequencing. PLoS Pathog. 
2010;6:e1000896.

39. Graham RL, Becker MM, Eckerle LD, et al. A live, 
impaired-fidelity coronavirus vaccine protects in an aged, 
immunocompromised mouse model of lethal disease. 
Nature Med. 2012;18:1820-1826.

40. Becker WB, McIntosh K, Dees JH, et al. Morphogenesis of 
avian infectious bronchitis virus and a related human virus 
(strain 229E). J Virol. 1967;1:1019-1027.

41. Yeager CL, Ashmun RA, Williams RK, et al. Human ami-
nopeptidase N is a receptor for human coronavirus 229E. 
Nature. 1992;357:420-422.

42. Hofmann H, Pyrc K, van der Hoek L, et al. Human coro-
navirus NL63 employs the severe acute respiratory syn-
drome coronavirus receptor for cellular entry. Proc Natl 
Acad Sci U S A. 2005;102:7988-7993.

43. Li W, Moore MJ, Vasilieva N, et al. Angiotensin-converting 
enzyme 2 is a functional receptor for the SARS coronavi-
rus. Nature. 2003;426:450-454.

44. Williams RK, Jiang GS, Holmes KV. Receptor for mouse 
hepatitis virus is a member of the carcinoembryonic 
antigen family of glycoproteins. Proc Natl Acad Sci U S A. 
1991;88:5533-5536.

45. Peng G, Sun D, Rajashankar KR, et al. Crystal structure of 
mouse coronavirus receptor-binding domain complexed 
with its murine receptor. Proc Natl Acad Sci USA. 2011;108:
10696-10701.

46. Raj VS, Mou H, Smits SL, et al. Dipeptidyl peptidase 4 is a 
functional receptor for the emerging human coronavirus-
EMC. Nature. 2013;495:251-254.

47. Bruckova M, McIntosh K, Kapikian AZ, et al. The adapta-
tion of two human coronavirus strains (OC38 and OC43) 
to growth in cell monolayers. Proc Soc Exp Biol Med. 1970;
135:431-435.

48. Vabret A, Dina J, Gouarin S, et al. Detection of the new 
human coronavirus HKU1: a report of 6 cases. Clin Infect 
Dis. 2006;42:634-639.

49. Pyrc K, Sims AC, Dijkman R, et al. Culturing the uncultur-
able: human coronavirus HKU1 infects, replicates, and 
produces progeny virions in human ciliated airway epithe-
lial cell cultures. J Virol. 2010;84:11255-11263.

50. Mathan M, Mathan VI, Swaminathan SP, et al. Pleomor-
phic virus-like particles in human faeces. Lancet. 1975;1:
1068-1069.

51. Baker SJ, Mathan M, Mathan VI, et al. Chronic enterocyte 
infection with coronavirus: one possible cause of the syn-
drome of tropical sprue? Dig Dis Sci. 1982;27:1039-1043.

52. Chany C, Moscovici O, Lebon P, et al. Association of coro-
navirus infection with neonatal necrotizing enterocolitis. 
Pediatrics. 1982;69:209-214.

53. Vaucher YE, Ray CG, Minnich LL, et al. Pleomorphic, 
enveloped, virus-like particles associated with gastrointes-
tinal illness in neonates. J Infect Dis. 1982;145:27-36.

54. Maass G, Baumeister HG, Freitag N. [Viruses as causal 
agents of gastroenteritis in infants and young children 
(author’s transl)]. MMW Munch Med Wochenschr. 1977;
119:1029-1034.

55. Gerna G, Passarani N, Battaglia M, et al. Human enteric 
coronaviruses: antigenic relatedness to human coronavirus 
OC43 and possible etiologic role in viral gastroenteritis.  
J Infect Dis. 1985;151:796-803.

56. Resta S, Luby JP, Rosenfeld CR, et al. Isolation and propa-
gation of a human enteric coronavirus. Science. 1985;229:
978-981.

57. Monto AS. Medical reviews: coronaviruses. Yale J Biol Med. 
1974;47:234-251.

58. Callow KA, Parry HF, Sergeant M, et al. The time course 
of the immune response to experimental coronavirus 
infection of man. Epidemiol Infect. 1990;105:435-446.

59. Graat JM, Schouten EG, Heijnen ML, et al. A prospective, 
community-based study on virologic assessment among 
elderly people with and without symptoms of acute respira-
tory infection. J Clin Epidemiol. 2003;56:1218-1223.

60. Prill MM, Iwane MK, Edwards KM, et al. Human corona-
virus in young children hospitalized for acute respiratory 
illness and asymptomatic controls. Pediatr Infect Dis J. 
2011;31:235-240.

61. Bradburne AF, Bynoe ML, Tyrrell DA. Effects of a “new” 
human respiratory virus in volunteers. Br Med J. 1967;3:
767-769.

61a. Centers for Disease Control and Prevention. Middle East 
Respiratory Syndrome (MERS). Available at www.cdc.gov.
coronavirus/MERS/INDEX.HTML. Accessed May 23, 
2014.

62. Centers for Disease Control and Prevention. Middle East 
Respiratory Syndrome (MERS): Case Definitions. Avail-
able at http://www.cdc.gov/coronavirus/mers/case-def 
.html. Accessed May 13, 2014.

63. World Health Organization. Interim Surveillance Recom-
mendations for Human Infection with Middle East Respi-
ratory Syndrome Coronavirus. June 27, 2013. Available at 
http://www.who.int/csr/disease/coronavirus_infections/ 
InterimRevisedSurveillanceRecommendations_nCoV 
infection_27Jun13.pdf?ua=1. Accessed May 13, 2014.

64. Muller MA, Raj VS, Muth D, et al. Human coronavirus 
EMC does not require the SARS-coronavirus receptor and 
maintains broad replicative capability in mammalian cell 
lines. mBio. 2012;3:e00515.

65. Annan A, Baldwin HJ, Corman VM, et al. Human beta-
coronavirus 2c EMC/2012-related viruses in bats, Ghana 
and Europe. Emerg Infect Dis. 2013;19:456-459.

65a. Briese T, Mishra N, Jain K, et al. Middle East respiratory 
syndrome coronavirus quasispecies that include homo-
logues of human isolates revealed through whole-genome 
analysis and virus cultured from dromedary camels in 
Saudi Arabia. MBio. 2014;5:e01146-14.

66. Zhao Z, Zhang F, Xu M, et al. Description and clinical 
treatment of an early outbreak of severe acute respiratory 
syndrome (SARS) in Guangzhou, PR China. J Med Micro-
biol. 2003;52:715-720.

67. Severe acute respiratory syndrome—Singapore, 2003. 
MMWR Morb Mortal Wkly Rep. 2003;52:405-411.

68. Seto WH, Tsang D, Yung RW, et al. Effectiveness of precau-
tions against droplets and contact in prevention of nosoco-
mial transmission of severe acute respiratory syndrome 
(SARS). Lancet. 2003;361:1519-1520.

69. Hung IF, Cheng VC, Wu AK, et al. Viral loads in clinical 
specimens and SARS manifestations. Emerg Infect Dis. 
2004;10:1550-1557.

70. Shi Z, Hu Z. A review of studies on animal reservoirs of 
the SARS coronavirus. Virus Res. 2008;133:74-87.

71. Song HD, Tu CC, Zhang GW, et al. Cross-host evolution 
of severe acute respiratory syndrome coronavirus in palm 
civet and human. Proc Nat Acad Sci USA. 2005;102:
2430-2435.

72. Molecular evolution of the SARS coronavirus during the 
course of the SARS epidemic in China. Science. 2004;303:
1666-1669.

73. Kern P, Muller G, Schmitz H, et al. Detection of coronavi-
rus-like particles in homosexual men with acquired immu-
nodeficiency and related lymphadenopathy syndrome. Klin 
Wochenschr. 1985;63:68-72.

74. Schmidt W, Schneider T, Heise W, et al. Stool viruses,  
coinfections, and diarrhea in HIV-infected patients. Berlin 
Diarrhea/Wasting Syndrome Study Group. J Acquir 
Immune Defic Syndr Hum Retrovirol. 1996;13:33-38.

75. Marshall JA, Birch CJ, Williamson HG, et al. Coronavirus-
like particles and other agents in the faeces of children in 
Efate, Vanuatu. J Trop Med Hyg. 1982;85:213-215.

76. Marshall JA, Thompson WL, Gust ID. Coronavirus-like 
particles in adults in Melbourne, Australia. J Med Virol. 
1989;29:238-243.

77. Mortensen ML, Ray CG, Payne CM, et al. Coronaviruslike 
particles in human gastrointestinal disease: epidemiologic, 
clinical, and laboratory observations. Am J Dis Child. 1985;
139:928-934.

78. Payne CM, Ray CG, Borduin V, et al. An eight-year study 
of the viral agents of acute gastroenteritis in humans: ultra-
structural observations and seasonal distribution with a 
major emphasis on coronavirus-like particles. Diagn 
Microbiol Infect Dis. 1986;5:39-54.

79. Dijkman R, Jebbink MF, Koekkoek SM, et al. Isolation and 
characterization of current human coronavirus strains in 
primary human epithelia cultures reveals differences in 
target cell tropism. J Virol. 2013;87:6081-6090.

http://www.who.int/csr/disease/coronavirus_infections/MERS_CoV_Update_09_May_2014.pdf?ua=1
http://www.who.int/csr/disease/coronavirus_infections/MERS_CoV_Update_09_May_2014.pdf?ua=1
http://www.who.int/csr/disease/coronavirus_infections/MERS_CoV_Update_09_May_2014.pdf?ua=1
http://www.cdc.gov.coronavirus/MERS/INDEX.HTML
http://www.cdc.gov.coronavirus/MERS/INDEX.HTML
http://www.cdc.gov/coronavirus/mers/case-def.html
http://www.cdc.gov/coronavirus/mers/case-def.html
http://www.who.int/csr/disease/coronavirus_infections/InterimRevisedSurveillanceRecommendations_nCoVinfection_27Jun13.pdf?ua=1
http://www.who.int/csr/disease/coronavirus_infections/InterimRevisedSurveillanceRecommendations_nCoVinfection_27Jun13.pdf?ua=1
http://www.who.int/csr/disease/coronavirus_infections/InterimRevisedSurveillanceRecommendations_nCoVinfection_27Jun13.pdf?ua=1


1936.e2
P
a
rt

 I
II

 I
n

fe
ct

io
u

s 
D

is
ea

se
s 

an
d

 T
h

ei
r 

Et
io

lo
g

ic
 A

g
en

ts

80. Afzelius BA. Ultrastructure of human nasal epithelium 
during an episode of coronavirus infection. Virchows Arch. 
1994;424:295-300.

81. Tyrrell DA, Cohen S, Schlarb JE. Signs and symptoms in 
common colds. Epidemiol Infect. 1993;111:143-156.

82. Donnelly CA, Ghani AC, Leung GM, et al. Epidemiological 
determinants of spread of causal agent of severe acute 
respiratory syndrome in Hong Kong. Lancet. 2003;361:
1761-1766.

83. Wong RS, Wu A, To KF, et al. Haematological mani-
festations in patients with severe acute respiratory syn-
drome: retrospective analysis. Br Med J. 2003;326:
1358-1362.

84. Peiris JS, Chu CM, Cheng VC, et al. Clinical progression 
and viral load in a community outbreak of coronavirus-
associated SARS pneumonia: a prospective study. Lancet. 
2003;361:1767-1772.

85. Ren Y, Ding HG, Wu QF, et al. [Detection of SARS-CoV 
RNA in stool samples of SARS patients by nest RT-PCR 
and its clinical value]. Zhongguo Yi Xue Ke Xue Yuan Xue 
Bao. 2003;25:368-371.

86. Lee N, Hui D, Wu A, et al. A major outbreak of severe acute 
respiratory syndrome in Hong Kong. N Engl J Med. 2003;
348:1986-1994.

87. Nicholls JM, Poon LL, Lee KC, et al. Lung pathology of  
fatal severe acute respiratory syndrome. Lancet. 2003;361:
1773-1778.

88. Ding Y, Wang H, Shen H, et al. The clinical pathology of 
severe acute respiratory syndrome (SARS): a report from 
China. J Pathol. 2003;200:282-289.

89. Gu J, Gong E, Zhang B, et al. Multiple organ infection 
and the pathogenesis of SARS. J Exp Med. 2005;202:415-
424.

90. Nicholls JM, Butany J, Poon LL, et al. Time course and 
cellular localization of SARS-CoV nucleoprotein and RNA 
in lungs from fatal cases of SARS. PLoS Med. 2006;3:e27.

91. Bradburne AF. Antigenic relationships amongst coronavi-
ruses. Arch Gesamte Virusforsch. 1970;31:352-364.

92. van Gageldonk-Lafeber AB, Heijnen ML, Bartelds AI, et al. 
A case-control study of acute respiratory tract infection in 
general practice patients in The Netherlands. Clin Infect 
Dis. 2005;41:490-497.

93. Kusel MM, de Klerk NH, Holt PG, et al. Role of respiratory 
viruses in acute upper and lower respiratory tract illness in 
the first year of life: a birth cohort study. Pediatr Infect Dis 
J. 2006;25:680-686.

94. McIntosh K, Chao RK, Krause HE, et al. Coronavirus 
infection in acute lower respiratory tract disease of infants. 
J Infect Dis. 1974;130:502-507.

95. Gerna G, Campanini G, Rovida F, et al. Genetic variability 
of human coronavirus OC43-, 229E-, and NL63-like 
strains and their association with lower respiratory tract 
infections of hospitalized infants and immunocompro-
mised patients. J Med Virol. 2006;78:938-949.

96. McIntosh K, Ellis EF, Hoffman LS, et al. The association of 
viral and bacterial respiratory infections with exacerba-
tions of wheezing in young asthmatic children. J Pediatr. 
1973;82:578-590.

97. Mertsola J, Ziegler T, Ruuskanen O, et al. Recurrent wheezy 
bronchitis and viral respiratory infections. Arch Dis Child. 
1991;66:124-129.

98. Pitkaranta A, Virolainen A, Jero J, et al. Detection of rhi-
novirus, respiratory syncytial virus, and coronavirus infec-
tions in acute otitis media by reverse transcriptase 
polymerase chain reaction. Pediatrics. 1998;102:291-295.

99. Wenzel RP, Hendley JO, Davies JA, et al. Coronavirus 
infections in military recruits: three-year study with coro-
navirus strains OC43 and 229E. Am Rev Respir Dis. 1974;
109:621-624.

100. Nicholson KG, Kent J, Ireland DC. Respiratory viruses 
and exacerbations of asthma in adults. Br Med J. 1993;307:
982-986.

101. Kistler A, Avila PC, Rouskin S, et al. Pan-viral screening of 
respiratory tract infections in adults with and without 
asthma reveals unexpected human coronavirus and human 
rhinovirus diversity. J Infect Dis. 2007;196:817-825.

102. Falsey AR, Walsh EE, Hayden FG. Rhinovirus and corona-
virus infection-associated hospitalizations among older 
adults. J Infect Dis. 2002;185:1338-1341.

103. Graat JM, Schouten EG, Heijnen ML, et al. A prospective, 
community-based study on virologic assessment among 
elderly people with and without symptoms of acute respira-
tory infection. J Clin Epidemiol. 2003;56:1218-1223.

104. Pene F, Merlat A, Vabret A, et al. Coronavirus 229E-related 
pneumonia in immunocompromised patients. Clin Infect 
Dis. 2003;37:929-932.

105. Kumar D, Erdman D, Keshavjee S, et al. Clinical impact of 
community-acquired respiratory viruses on bronchiolitis 
obliterans after lung transplant. Am J Transplant. 2005;5:
2031-2036.

106. Walsh EE, Shin JH, Falsey AR. Clinical impact of human 
coronaviruses 229E and OC43 infection in diverse adult 
populations. J Infect Dis. 2013;208:1634-1642.

107. Pebody RG, Chand MA, Thomas HL, et al. The United 
Kingdom public health response to an imported laboratory 
confirmed case of a novel coronavirus in September 2012. 
Euro Surveill. 2012;17:20292.

108. Lambeir AM, Durinx C, Scharpe S, De Meester I. Dipep-
tidyl-peptidase IV from bench to bedside: an update on 
structural properties, functions, and clinical aspects of the 
enzyme DPP IV. Critical reviews in clinical laboratory sci-
ences. 2003;40:209-294.

109. World Health Organization. Global Alert and Response 
(GAR): Infection Prevention and Control. Available at 
http://www.who.int/csr/disease/coronavirus_infections/
prevention_control/en/index.html. Accessed March 14, 
2014.

110. Booth CM, Matukas LM, Tomlinson GA, et al. Clinical 
features and short-term outcomes of 144 patients with 
SARS in the greater Toronto area. JAMA. 2003;289:
2801-2809.

111. Lew TW, Kwek TK, Tai D, et al. Acute respiratory distress 
syndrome in critically ill patients with severe acute respira-
tory syndrome. JAMA. 2003;290:374-380.

112. Chiu WK, Cheung PC, Ng KL, et al. Severe acute respira-
tory syndrome in children: Experience in a regional hospi-
tal in Hong Kong. Pediatr Crit Care Med. 2003;4:279-283.

113. Leung CW, Kwan YW, Ko PW, et al. Severe acute respira-
tory syndrome among children. Pediatrics. 2004;113:e535-
e543.

114. Wong KT, Antonio GE, Hui DS, et al. Severe acute respi-
ratory syndrome: radiographic appearances and pattern  
of progression in 138 patients. Radiology. 2003;228:401-
406.

115. Antonio GE, Wong KT, Hui DS, et al. Imaging of severe 
acute respiratory syndrome in Hong Kong. AJR Am J 
Roentgenol. 2003;181:11-17.

116. Muller NL, Ooi GC, Khong PL, et al. Severe acute respira-
tory syndrome: radiographic and CT findings. AJR Am J 
Roentgenol. 2003;181:3-8.

117. Wong KT, Antonio GE, Hui DS, et al. Thin-section CT  
of severe acute respiratory syndrome: evaluation of 73 
patients exposed to or with the disease. Radiology. 2003;
228:395-400.

118. Tang NL, Chan PK, Wong CK, et al. Early enhanced 
expression of interferon-inducible protein-10 (CXCL-10) 
and other chemokines predicts adverse outcome in severe 
acute respiratory syndrome. Clin Chem. 2005;51:2333-
2340.

119. Cameron MJ, Ran L, Xu L, et al. Interferon-mediated 
immunopathological events are associated with atypical 
innate and adaptive immune responses in patients with 
severe acute respiratory syndrome. J Virol. 2007;81:
8692-8706.

120. Fowler RA, Lapinsky SE, Hallett D, et al. Critically ill 
patients with severe acute respiratory syndrome. JAMA. 
2003;290:367-373.

121. Hon KL, Leung CW, Cheng WT, et al. Clinical presenta-
tions and outcome of severe acute respiratory syndrome in 
children. Lancet. 2003;361:1701-1703.

122. Wong SF, Chow KM, de Swiet M. Severe acute respiratory 
syndrome and pregnancy. Br J Obstet Gynaecol. 2003;110:
641-642.

123. Wang D, Urisman A, Liu YT, et al. Viral discovery and 
sequence recovery using DNA microarrays. PLoS Biol. 
2003;1:E2.

124. Nagashima K, Wege H, Meyermann R, et al. Corona virus 
induced subacute demyelinating encephalomyelitis in rats: 
a morphological analysis. Acta Neuropathol (Berl). 1978;44:
63-70.

125. Burks JS, DeVald BL, Jankovsky LD, et al. Two coronavi-
ruses isolated from central nervous system tissue of two 
multiple sclerosis patients. Science. 1980;209:933-934.

126. Murray RS, Brown B, Brian D, et al. Detection of corona-
virus RNA and antigen in multiple sclerosis brain. Ann 
Neurol. 1992;31:525-533.

127. Stewart JN, Mounir S, Talbot PJ. Human coronavirus gene 
expression in the brains of multiple sclerosis patients. Virol-
ogy. 1992;191:502-505.

128. Boucher A, Desforges M, Duquette P, et al. Long-term 
human coronavirus-myelin cross-reactive T-cell clones 
derived from multiple sclerosis patients. Clin Immunol. 
2007;123:258-267.

129. Yeh EA, Collins A, Cohen ME, et al. Detection of coro-
navirus in the central nervous system of a child with  
acute disseminated encephalomyelitis. Pediatrics. 2004;113:
e73-e76.

130. McIntosh K, McQuillin J, Reed SE, et al. Diagnosis of 
human coronavirus infection by immunofluorescence: 
method and application to respiratory disease in hospital-
ized children. J Med Virol. 1978;2:341-346.

131. Lina B, Valette M, Foray S, et al. Surveillance of commu-
nity-acquired viral infections due to respiratory viruses in 
Rhone-Alpes (France) during winter 1994 to 1995. J Clin 
Microbiol. 1996;34:3007-3011.

132. Kuypers J, Martin ET, Heugel J, et al. Clinical disease in 
children associated with newly described coronavirus sub-
types. Pediatrics. 2007;119:e70-e76.

133. Corman VM, Eckerle I, Bleicker T, et al. Detection  
of a novel human coronavirus by real-time reverse- 
transcription polymerase chain reaction. Euro Surveill. 
2012;17.

134. So LK, Lau AC, Yam LY, et al. Development of a standard 
treatment protocol for severe acute respiratory syndrome. 
Lancet. 2003;361:1615-1617.

135. Groneberg DA, Poutanen SM, Low DE, et al. Treatment 
and vaccines for severe acute respiratory syndrome. Lancet 
Infect Dis. 2005;5:147-155.

136. Stockman LJ, Bellamy R, Garner P. SARS: systematic 
review of treatment effects. PLoS Med. 2006;3:e343.

137. Haagmans BL, Kuiken T, Martina BE, et al. Pegylated 
interferon-alpha protects type 1 pneumocytes against 
SARS coronavirus infection in macaques. Nature Med. 
2004;10:290-293.

138. Kindler E, Jonsdottir HR, Muth D, et al. Efficient replica-
tion of the novel human betacoronavirus EMC on primary 
human epithelium highlights its zoonotic potential. mBio. 
2013;4:e00611-e00612.

139. Zielecki F, Weber M, Eickmann M, et al. Human cell 
tropism and innate immune system interactions of human 
respiratory coronavirus EMC compared to those of severe 
acute respiratory syndrome coronavirus. J Virol. 2013;87:
5300-5304.

140. Du L, He Y, Zhou Y, et al. The spike protein of SARS-CoV—
a target for vaccine and therapeutic development. Nature 
Rev Microbiol. 2009;7:226-236.

http://www.who.int/csr/disease/coronavirus_infections/prevention_control/en/index.html
http://www.who.int/csr/disease/coronavirus_infections/prevention_control/en/index.html

