S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



Available online at www.sciencedirect.com
JOURNAL OF

SCIENCE@DIRECT° C- L SN G Al

VIROLOGY

www.clsevier.com/locate/jcv

ELSEVIER Journal of Clinical Virology 29 (2004) 13—-22

Severe acute respiratory syndrome (SARS)—paradigm
of an emerging viral infection

A. Berger®*, Ch. DrosteR, H.W. Doer@, M. Stirmef, W. Preisef

2 |nstitute for Medical Virology, Johann Wolfgang Goethe University Hospital, Paul Ehrlich-Street 40, D-60596 Frankfurt a. M., Germany
b Bernhard Nocht Institute for Tropical Medicine, Hamburg, Germany

Accepted 9 March 2003

Abstract

An acute and often severe respiratory illness emerged in southern China in late 2002 and rapidly spread to different areas of the Far East
as well as several countries around the globe. When the outbreak of this apparently novel infectious disease termed severe acute respiratory
syndrome (SARS) came to an end in July 2003, it had caused over 8000 probable cases worldwide and more than 700 deaths.

Starting in March 2003, the World Health Organization (WHO) organised an unprecedented international effort by leading laboratories
working together to find the causative agent. Little more than one week later, three research groups from this WHO-coordinated network
simultaneously found evidence of a hitherto unknown coronavirus in SARS patients, using different approaches. After Koch'’s postulates had
been fulfilled, WHO officially declared on 16 April 2003 that this virus never before seen in humans is the cause of SARS.

Ever since, progress around SARS-associated coronavirus (SARS-CoV) has been swift. Within weeks of the first isolate being obtained, its
complete genome was sequenced. Diagnostic tests based on the detection of SARS-CoV RNA were developed and made available freely anc
widely; nevertheless the SARS case definition still remains based on clinical and epidemiological criteria. The agent’s environmental stability,
methods suitable for inactivation and disinfection, and potential antiviral compounds have been studied, and development of vaccines and
immunotherapeutics is ongoing.

Despite its grave consequences in humanitarian, political and economic terms, SARS may serve as an example of how much can be achievec
through a well-coordinated international approach, combining the latest technological advances of molecular virology with more “traditional”
techniques carried out to an excellent standard.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction enormous scales, and when the disease’s ability to spread
to distant areas within a very short period of time became
Severe acute respiratory syndrome (SARS) is the latestobvious {Vorld Health Organization, 2003dA definition
in a series of emerging infectious diseases, and certainlywas developed for suspected and probable SARS cases,
one of the most widely publicised. This acute and often based on clinical and epidemiological criteria; it has since
severe respiratory illness seems to have emerged in southbeen modified on several occasions.
ern China in late 2002//orld Health Organization, 2003c) While SARS demonstrated very vividly that in the mod-
It soon caused considerable international alarm, after sev-ern world with an enormous volume of intercontinental traf-
eral index cases had given rise to outbreaks of sometimesfic, infectious agents may be spread rapidly across the globe,
it also serves as an example of how modern technology—
- provided there is the necessary will, determination, and coor-
* This review is dedicated to all those who were prepared to risk their dination to make best use of it—may help in combating such
lives to provide care to SARS patients and control the first pandemic of {hreats with unprecedented speed and enormous success.
the Zéjrtrgse;g;rgi'ng author. Teh+49-69-6301-4303: SARS is characterized clinically by fever followed by
fax: +49-69-6301-6477. respiratory signs and symptoms which may lead to rapidly
E-mail address: annemarie.berger@em.uni-frankfurt.de (A. Berger).  progressive respiratory failure. As of September 2003, 8098
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people have been notified to the World Health Organization “atypical pneumonia” was caused Bhlamydia (Enserink,
(WHO) as fulfilling the criteria for “probable SARS”, and 20033. Nevertheless, before the end of March, laboratories
of these, 774 have died from SAR&f://www.who.int/csr/ in Hong Kong, Germany, Canada, and the United States
sars/country/20088_15/enj. of America found evidence of a novel coronavirus in pa-
What made SARS—in contrast, e.g. to influenza—notoriousients with SARS by cell culture, electron microscopy, and

is its propensity to cause hospital outbreaks; some of theseby polymerase chain reaction (PCR) using primers at low
have affected over 100 people, including health care staff, stringency designed for other agents followed by sequenc-
other patients and visitor®(vosh et al., 2008 In contrast ing (Peiris et al., 2003bDrosten et al., 2003aKsiazek
to many other emerging viral infections such as Ebola, et al., 2003 Poutanen et al., 200®rosten et al., 2003b
hantavirus pulmonary syndrome, and Nipah, SARS also These results could not rule out that very thorough and
clearly demonstrated its ability for easy and rapid geo- extensive testing had by chance led to the discovery of a
graphic spread. This is because the SARS agent affectechovel agent that was not responsible for the new illness but
a generally rather mobile population, and because thoserather an “innocent bystander”. However, the sequences ob-
infected normally remain well enough to travel for several tained in different parts of the world were shown to belong
days after onset of infectivity. to the same, previously unrecognised, coronavifgaf

et al., 2003. It could also be shown that SARS patients

underwent seroconversion against this coronavirus, using
2. Search for the causative agent cells infected with patient isolates as antigen for indirect

immunofluorescent antibody testBrpsten et al., 2003a

On 17 March 2003, the WHO set up a worldwide network Ksiazek et al., 2003Fig. 1). Furthermore, no evidence of

of virological laboratories investigating SARS casé®(ld present or past infection with this agent could be detected in
Health Organization, 2003aJhe investigations conducted limited surveys of healthy control individuals not suffering
by the members of these networks were coordinated byfrom SARS Ksiazek et al., 2003 This strengthened the
WHO's Department of Communicable Disease Surveillance case for the novel coronavirus being the cause of SARS,
and Response (CSR) through normally daily telephone con-but only after it had been shown to cause a similar ill-
ferences and a password-protected internet website. Thusiess in artificially infected macaques could it be regarded
results and planned further studies were communicatedas fulfilling all four of Koch's postulatesHouchier et al.,
and views and comments exchanged almost in “real-time” 2003 World Health Organisation Multicentre Collaborative
which made possible the rapid progress in elucidating the Networks for Severe Acute Respiratory Syndrome Diagno-
aetiological agent. In its final form, this network comprised sis, 2003). On April 16, 2003, less than a month after the

13 participating laboratories from ten countrieg/ofld laboratory network had been brought into existence, WHO
Health Organization Multicentre Collaborative Network for officially announced that a new coronavirus, never before
Severe Acute Respiratory Syndrome Diagnosis, 2003 seen in humans or animals and now provisionally termed

Investigations had soon ruled out a novel influenza virus SARS-associated coronavirus (abbreviated as SARS-CoV),
strain, possibly of avian origin, as the cause of SARS, was the cause of SARKiken et al., 2008
and then focussed on members of tRaramyxoviridae
family, including human metapneumovirus (hMPV), and
Chlamydia-like organisms, includingChlamydia pneumo- 3. Virology
niae. However, further investigations did not confirm these
findings; the said agents were indeed found in a number of Coronaviruses are large, enveloped, positive-stranded
SARS patients but not in all (WHO multicentre collabora- RNA viruses with a diameter of 60-220 nm. Most but not
tive networks for severe acute respiratory syndrome (SARS) all viral particles display the characteristic appearance of
diagnosis, 2003). Almost nobody knew at that stage that surface projections, giving rise to the virus family’s name
virologists in Beijing had already discovered a new virus in (corona, Latin, = crown). They have the largest genomes of
samples from some of the earliest SARS patients. However,all RNA viruses. Based on their unique transcription strategy
the official line in China at the time was that the novel that involves the formation of “nested” mRNA molecules

Fig. 1. Seroconversion during the course of SARS demonstrated by IFA using SARS-CoV-infected Vero cells. Serum samples from wife of Frankfurt index
patient diluted 1:50. (A) 9 days, (B) 12 days, (C) 14 days after hospitalisation (photographs by G. Bauer, Inst. f. Med. Virology, Frankfurt, Germany)


http://www.who.int/csr/sars/country/2003_08_15/en/
http://www.who.int/csr/sars/country/2003_08_15/en/
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Table 1

Overview of coronavirus species, group assignment, host species, disease manifestation and availability of a vaccine

Group Virus Host Types of infection Vaccine available

| TGEV Transmissible gastroenteritis virus Pig Enteric (Yes)
PRCoV Porcine coronavirus Pig Respiratory No
PEDV Porcine epidemic diarrhea virus Pig Enteric No
FIPV Feline infectious peritonitis virus Cat Systemic, peritonitis Yes
FeCoV Feline enteric coronavirus Cat Enteric No
CCoV Canine coronavirus Dog Enteric No
RbCoV Rabbit coronavirus Rabbit Enteric No
HCoV-229E Human coronavirus strain 229E Human Respiratory No

1l MHV Mouse hepatitis virus Mouse Respiratory, enteric, hepatitis, neurologic No
SDAV Sialodacryoadenitis virus Rat Neurologic No
RCoV Rat coronavirus Rat Respiratory No
HEV Hemagglutinating encephalitis virus Pig Respiratory, enteric, neurologic No
BCoV Bovine coronavirus Cattle Enteric Yes
HCoV-0C43 Human coronavirus strain OC43 Human Respiratory No

1] 1BV Infectious bronchitis virus Chicken Respiratory, hepatitis, urologic Yes
TCoV Turkey coronavirus Turkey Respiratory, enteric No

v ? SARS-CoV SARS-associated coronavirus Human, other? Respiratory, enteric No

all sharing the same 3’ end, the families Coronaviridae cell cultures, such as African green monkeSercopithe-
and Arteriviridae (of no significance to human virology) cus aethiops) kidney cells (Vero) and the human colorectal
are grouped together in the order Nidovirales (nidus, Latin, adenocarcinoma cell line (Caco-2), causing a massive cyto-
=nest) Cavanagh, 2000 Within the Coronaviridae, the pathic effect (CPE) after as little as 2 days or 3 ddig.(3).
genera Torovirus and Coronavirus (type species: infectiousIt should be mentioned that these cell lines were not com-
bronchitis virus, IBV) are distinguished. A unique feature of monly used for the isolation of human respiratory viruses.
coronavirus genetics is a high frequency of RNA recombina- Interestingly during cell culture passages of the Frankfurt
tion as a result of discontinuous transcription and polymeraseisolate a virus variant emerged with a nucleotide deletion of
“jumping” (Lai and Cavanagh, 19370ne example is the 45 bases in the ORF7[{lGiel et al., 2003 The biological
porcine respiratory coronavirus (PRCoV), which evolved in significance of this finding remains to be elucidated.
the early 1980s from the enteropathogenic porcine transmis- Complete genome sequences of SARS-CoV were first
sible gastroenteritis coronavirus (TGEV), known since the published by a Canadian laboratory and the Centers for Dis-
1940s Pensaert et al., 1986Through a large deletioninthe ease Control (CDC), AtlantdMarra et al., 2003; Rota et al.,
Sgene, the virus acquired an altered tissue tropism, causing2003. As of end-October 2003, 45 full genome sequences
mild respiratory infections. are available on http://www.ncbi.nlm.nih.gov/genomes/
Based on homologies on the amino acid sequence level, SARS/SARS.htmIThe genomic data available so far from
the known coronaviruses can be divided into three groups. several SARS-CoV strains suggest that the novel agent does
Table 1gives an overview of coronavirus species, group not belong to any of the known groups of coronaviruses,
assignment, host species, disease manifestation and avail-
ability of a vaccine. There are more than a dozen known
coronaviruses affecting different animal species; whereas
group | and Il coronaviruses affect various mammals, those Ay
in group lll infect birds. Some of these cause major problems g
in the livestock industry or may affect companion animals; b

therefore, considerable efforts have been devoted to their
control, including development of active immunisation.
Negative-stain transmission electron microscopy of respi-
ratory samples from SARS patients and of infected cell cul-
ture supernatants reveals pleomorphic, enveloped virus-like
particles with diameters of between 60 and 130 Rig.(2).
Most but not all viral particles showed the characteristic

coronavirus-like surface featuresgjazek et al., 2003 Fa. 2. Elect ) ) ¢ SARS.CoV particle from infected
In contrast to most coronaviruses, which infect only 'O & =°CTON MICTOSCOPY IMage of SARS-LOV particie from iniecte
cell culture supernatant after ultracentrifugation, 2% formalin fixation and

the cells of .their natural host Sp_eCieS and_ a few _Closely negative staining with uranyl acetate (photograph by H. R. Gelderblom,
related species, the SARS-CoV is able to infect different Robert Koch Institute, Berlin, Germany).

P
e
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Fig. 3. Cytopathic effect (CPE) caused by SARS-CoV in Vero cell culture (A) Oh, (B) 24h, and (C) 48h after inoculation (photographs by G. Bauer,
Inst. f. Med. Virology, Frankfurt, Germany).

including the two human coronaviruses (HCoV) OC43 and the animals sampled could have been infected from humans

229E Qrosten et al., 2003a; Marra et al., 2003; Peiris et al., or another animal specie€yranoski and Abbott, 2003;

2003b; Rota et al., 2003to which it is only moderately =~ Normile and Enserink, 2003)

related Fig. 4). Sequence analysis of different SARS-CoV isolates reveals
The SARS-CoV appears to be neither a mutant of a two distinct genotypes. One genotype was linked with in-

known coronavirus nor a recombinant between known coro- fections originating from Hotel M in Hong Kong, the other

naviruses ldolmes, 2003 It has been proposed that the one comprises isolates from Hong Kong, Guangdong and

new virus defines a fourth lineage of coronavirus (Group Beijing that had no association with Hotel NRgan et al.,

IV) (Marra et al., 2008 (Fig. 4). However, more recently ~ 2003; Tsui et al., 2003 To date, there is no information as

it was suggested that SARS-CoV may be an early split-off to whether different SARS-CoV strains may have different

from the group 2 lineageShijder et al., 2008 The se- degrees of virulence.

guence analysis of SARS-CoV suggests that it is an animal

virus with a still unknown natural host species that has re-

cently developed the ability to productively infect humans. 4. Epidemiology

A genetically very close but not identical virus was found

in wild animals (masked palm civets and a raccoon dog) There is little doubt that SARS originated from Guang-

from a wildlife market in Guangdong3uan et al., 2003 dong province of southern ChinBrgiman et al., 2003 The

But uncertainties remain over the exact source of this virus; first cases retrospectively identified as SARS occurred there

Group 1

Porcine epidemic diarrhea virus

Human coronavirus 229E

Porcinc transmissible
gastroenteritis coronavirus

Group 3

Avian infectious
bronchitis virus

Murine hepatitis virus

Group 2

Bovine coronavirus

Frankfurt coronavirus

0.1

Fig. 4. Phylogenetic tree of known coronaviruses (provided by S. Gunther, Bernhard Nocht Institute, Hamburg).
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in November 2002. Interestingly, amongst these early casesthe human populationorld Health Organization, 2003d
there seems to have been a significantly higher percentagdn the meantime, WHO has issued a consensus document on
of food handlers, chefs, etc. than in the general population, SARS epidemiologyWHO Department of Communicable
lending further support to a zoonotic origin. The worldwide Disease Surveillance and Response, 2003
spread of SARS-CoV was triggered through a single in-
fected individual from Guangdong who spent some time in
Hong Kong before succumbing to SARSHan-Yeung and 5. Transmission
Yu, 2003. During that time he unwittingly infected several
others that in turn gave rise to a series of outbre@lenfers The pattern of geographic spread of SARS was similar
for Disease Control and Prevention, 200Bhrough some-  across all affected areas: typically, a patient with SARS ar-
times several generations of transmissions, this event carriedrived from a previously affected area, was not identified as
the virus to different Hong Kong hospitals and communities such when hospitalised, and thus infected health care work-
as well as to Vietnam, Singapore, Canada, the United Statesers, other patients and hospital visitors; these then infected
of America, and beyond to a total of 30 countries and ar- their close contacts, and then the disease moved into the
eas of the world\(Vorld Health Organization, 2003dThe larger community lawkey et al., 2008
virus travelled in infected humans and was passed on over The virus seems to be spread predominantly by respira-
several generations, as reflected in the genetic relatednessory droplets over a relatively close distané®osh et al.,
of isolates from these countries. Although China was late in 2003, however, at least under some circumstances direct
admitting it, the SARS-CoV had unsurprisingly also been and indirect contact with respiratory secretions, faeces or
spread within mainland China; in the end, the worst affected animal vectors may also lead to transmissibloifg Kong
area was the capital, Beijing, with 2521 cases in total, which Department of Health, 2003; WHO Environmental Health
surpasses the count for Guangdong with 1512 by far (World Team, 2003; Tsang et al., 2000; Ng, 200Shedding of
Health Organization Western Pacific Region, country office SARS-CoV in faeces and urine also occurs but its signif-
China: http://www.wpro.who.int/wr/chn/chisars.asp icance is unknown. The duration of infectivity is still un-
The incubation period of SARS is short, ranging from 2 clear. Faecal shedding seems to last for several weeks; this
to 16 days. Large studies consistently noted a median incu-however does not necessarily mean that there is sufficient
bation period of 6 daysBooth et al., 2003; Lee et al., 2003; excretion of infectious viral particles to infect other individ-
Tsang et al., 2000 However, the time from exposure to the uals Peiris et al., 2003a Practising stringent droplets and
onset of symptoms may vary consideraldBognelly et al., contact precaution significantly reduces the risk of infec-
2003. The WHO continues to conclude that the current tion after exposure to patients with SARS. Therefore, the
best estimate of the maximum incubation period is 10 days protective role of the mask suggests that the main route of
(WHO Update 49—SARS case fatality ratio, incubation pe- transmission is by dropletsSéto et al., 2003 SARS-CoV
riod, http://www.who.int/csr/sars/archive/2005%_07a/en). spreads more efficiently in sophisticated hospital settings.
Based on the latest data, the case fatality ratio is estimatedEvidence suggests that certain procedures, such as intu-
to be <1% in persons aged 24 years or younger, 6% in per- bation under difficult circumstances and use of nebulizers
sons aged 2544 years, 15% in persons aged 45—-64 yearsncrease the risk of infectiorChan-Yeung et al., 2003
and greater than 50% in persons aged 65 years and older The only case of laboratory-acquired SARS-CoV trans-
(Donnelly et al., 2003WHO Update 49—SARS case fa- mission so far occurred in Singapore in September 2003. It
tality ratio, incubation periodhttp://www.who.int/csr/sars/  involved a postgraduate who worked in a virology labora-
archive/200305.07a/en). Pregnant women with SARS tory. Subsequent investigation showed inappropriate labo-
appear to have a worse prognosis and a higher mortality.ratory standards (WHO Severe acute respiratory syndrome
Therefore, early delivery or termination of pregnancy should (SARS) in Singapore-update http://www.who.int/csr/
be considered in those who are seriously ill with SARS. For don/200309_24/er); no secondary transmission arose from
women who are relatively well with SARS, however, there this case. It demonstrates the need for optimal biosafety
seems to be no reason for elective preterm delivery, suchprecautions in laboratories working with SARS-CoV; these

as reducing the risk of materno-fetal transmissitvoiig constitute the only places on earth where SARS-CoV is

et al., 2003 currently known to still exist and might be at the source of
Compared with adults and teenagers, SARS seems to takea re-emergence.

a less aggressive clinical course in younger childitdan( Blood transfusions or administration of blood products

et al., 2003. Multivariable analysis showed that the presence have not been implicated in transmission anywhere. This
of diabetes, advanced age or other comorbid conditions wereis despite the demonstration of viraemia during the clinical
independently associated with a poor outcoBedth et al., phase of the iliness, albeit at low to moderate titi@socten
2003; Donnelly et al., 2003; Fowler et al., 2003 et al., 2003a Nevertheless, the potential of blood-borne

At the present time, with no new cases-apart from the transmission led to the early implementation of measures
isolated laboratory-acquired one-having been reported sincesuch as exclusion of possibly exposed individuals from the
15 June 2003, SARS-CoV has apparently been driven out ofdonor pool.


http://www.wpro.who.int/wr/chn/chn_sars.asp
http://www.who.int/csr/sars/archive/2003_05_07a/en/
http://www.who.int/csr/sars/archive/2003_05_07a/en/
http://www.who.int/csr/sars/archive/2003_05_07a/en/
http://www.who.int/csr/don/2003_09_24/en
http://www.who.int/csr/don/2003_09_24/en
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The SARS-CoV is only moderately transmissible. A sin- 20033, and the insufficient sensitivity of presently available
gle infectious case will infect about three secondary caseslaboratory methods, premature exclusion on the basis of neg-
(Lipsitch et al., 2003; Riley et al., 20D3Nevertheless, the  ative test results may lead to tragic consequences. Positive
clusters of cases in hotel and apartment buildings in Hong laboratory test results for other agents able to cause atypical
Kong show that transmission of the SARS-CoV can be ex- pneumonia may serve as exclusion criteria; according to the
tremely efficient. Attack rates in excess of 50% have been case definition, a case should be excluded if an alternative
reported. One common observation in various areas wasdiagnosis can fully explain the illness. Nevertheless, the pos-
the occurrence of so-called “super-spreaders”, i.e. individ- sibility of dual infection must not be ruled out completely.
uals that transmit the infection to at least ten oth&vsr(d The required epidemiological linkage has repeatedly
Health Organization, 2003bThese “super-spreaders” were proven to be problematic. Until an area is recognised as
mostly very ill and often died from SARS, and invari- being affected, only imported cases fulfil the criteria for
ably serious lapses in infection control precautions had SARS but not those who became infected locally through
occurred during their management. So far there is no evi- contact with unrecognised cases. Thus, precious time may
dence that differences in virus strains may be responsiblebe lost until cases are recognised and appropriate measures
for the “super-spreader” phenomenon. There is also no firm taken. A thorough analysis showed that the existing WHO
evidence suggesting that subsequent transmissions led tariteria lack sensitivity in the pre-hospital settinBainer
clinically less severe illness, possibly through attenuation et al., 2003. This again may be problematic as it may delay
of the virus. It is also unclear why children are relatively appropriate management of SARS cases.
under-represented amongst SARS cases, and why on aver-
age they seem to suffer less severe SARS illness.

Studies on the stability of the new SARS-CoV demon- 7. Laboratory methods
strate the virus is more stable at room temperature than
the previously known human coronavirus&iziin et al., The human coronaviruses known prior to March 2003
2000. The virus has been shown to survive for up to 48 are difficult to propagate in cell cultures. Their disease
hours on plastic surfaces and up to 4 days in diarrhoea.associations—generally mild respiratory illness (“‘common
Nevertheless the virus loses infectivity after exposure to cold”), enteric and rarely possibly neurological disease—led
different commonly used disinfectants and fixatives. Heat to their widespread neglect in medical virology; only few
exposure at 56C quickly reduces infectivity (World Health  groups worked on various scientific aspects, and very few
Organization (WHO): First data on stability and resis- laboratories offered routine diagnostic tests, mainly by
tance of SARS-CoV compiled by members of WHO lab- PCR. SARS-CoV, on the other hand, is readily propagated
oratory network available ahttp://www.who.int/csr/sars/  in vitro and may also be detected by PCR and indirectly
survival 2003 05_04/en/index.html through antibody testing. Nevertheless, and despite consid-

erable progress in this field, much remains to be done until

laboratory tests become a useful tool for the management
6. Diagnosis of SARS casesWorld Health Organization Multicentre

Collaborative Network for Severe Acute Respiratory Syn-

As defined by the WHO, a person is suspected to have drome Diagnosis, 2003
SARS if she has documented high fever (389, plus The presence of the infectious virus can be detected by
cough or breathing difficulty, and has been in contact with inoculating suitable cell cultures (e.g., Vero cells) with pa-
a person believed to have had SARS, or has a history oftient specimens (such as respiratory secretions, blood or
travel to or stay in a geographic area where documentedstool) and propagating the virus in vitro. Once isolated, the
transmission of the illness has occurred, during the 10 daysvirus must be identified as SARS-CoV using further tests.
prior to onset of symptoms (“suspect case”). A suspect caseAccording to international consensus, such work has to be
with infiltrates consistent with pneumonia or respiratory performed under biosafety level (BSL) three conditions.
distress syndrome (RDS) by chest X-ray is reclassified as SARS-CoV-specific RNA can be amplified from various
a probable case. The revised case definition as of 1 Mayclinical specimens, especially in respiratory secretions and
2003, (see:http://Iwww.who.int/csr/sars/casedefinition/en/ in stool, by PCR. High concentrations of viral RNA of up
for the first time includes virus-specific laboratory results: to 100 million molecules per millilitre were found in spu-

a suspect case that tests positive for SARS-CoV in one ortum. Viral RNA was also detected, albeit at extremely low

more assays should also be reclassified as probable. concentrations, in plasma during the acute phase and in
While recommendations have been issued for the use offaeces during the late convalescent phase, suggesting that
laboratory methods for SARS-CoV (seettp://www.who. virus may be shed in faeces for prolonged periods of time

int/csr/sars/labmethods/@nthere are, however, at present (Drosten et al.,, 2003aA commercial real-time RT-PCR
no defined criteria for negative SARS-CoV test results to re- test kit containing primers and positive and negative controls
ject a diagnosis of SARS. Given the rather low shedding of developed by the Bernhard Nocht Instituketp://www.bni-
SARS-CoV from the upper respiratory tra€irpsten et al., hamburg.dé/is available littp://www.artus-biotech.deAn


http://www.who.int/csr/sars/survival_2003_05_04/en/index.html
http://www.who.int/csr/sars/survival_2003_05_04/en/index.html
http://www.who.int/csr/sars/casedefinition/en/
http://www.who.int/csr/sars/labmethods/en/
http://www.who.int/csr/sars/labmethods/en/
http://www.bni-hamburg.de/
http://www.artus-biotech.de
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inactivated standard preparation is also available for diag- effectively prevent further transmissions. Empiric therapy
nostic purposes through the European network for imported should include coverage for organisms associated with any
viral infections (ENIVD; http://www.enivd.d& ENIVD is community-acquired pneumonia of unclear aetiology, in-
also preparing for an international external quality assess-cluding agents with activity against both typical and atypical
ment scheme for SARS-CoV assays. The existing PCR testgespiratory pathogens. Treatment choices may be influenced
cannot rule out, with certainty, the presence of SARS-CoV by severity of the illness. Oxygen supplementation is often
in patients Poon et al., 2008 On the other hand, contami- necessary, and severe cases seem to do better if intensive
nation of samples in laboratories performing PCR may lead care including artificial respiration is commenced ea8yp (
to false-positive results, unless appropriate precautions areet al., 2003.
taken. Efforts are underway at various institutions to assess po-
Various methods were developed for the detection of an- tential anti-SARS-CoV agents in vitro. Ribavirin, a “broad
tibodies produced in response to infection with SARS-CoV spectrum” agent active against various RNA viruses has also
by probably virtually all patients. The first type of anti- been used clinically in SARS patientsdren et al., 2008
body test to be employed was the immunofluorescencebut seems to lack an in vitro effedCipatl et al., 2003a
assay (IFA). Using cells infected with the patient's own Corticosteroids were widely used in SARS patients, par-
virus isolate and an antihuman IgG:FITC conjugate, we ticularly in China. The rationale for their administration
were able to demonstrate specific seroconversion in the twois the observation that tissue changes suggest that part of
Frankfurt SARS patientd)rosten et al., 2003&ig. 1). An the lung damage is due to cytokines induced by the virus
enzyme-linked immunosorbent assay (ELISA) was devel- (Peiris et al., 2003a Some clinical reports also underline
oped that detects antibodies in the serum of SARS patientstheir usefulnesszhao et al., 2008
and reliably yields positive results at around day 21 after Other therapies are being explored, such as convalescent
the onset of illnessWorld Health Organization Multicentre  plasma YVong et al., 2003jor normal human immunoglob-
Collaborative Network for Severe Acute Respiratory ulin which may be beneficial through an immunomodulatory
Syndrome Diagnosis, 20D3The neutralisation test (NT) effect or through acting against agents causing secondary
assesses and quantifies, by means of titration, the abilityinfections. Preliminary clinical data suggest that protease
of patient sera to neutralise the infectivity of SARS-CoV inhibitors used for anti-HIV therapy, lopinavir and nelfi-
on cell culture; the NT titre may therefore be correlated to navir (Yamamoto N, personal communication), might have
clinical immunity although this has yet to be demonstrated. some efficacy, both as initial therapy and in the rescue set-
However, NT is limited to institutions with BSL-3 facilities.  ting. Hong Kong researchers reported at the WHO Global
The only antibody test commercially available so far is an Conference on SARS in Kuala Lumpur in June 2003 that
IFA which yields a positive result from about day 10 after SARS patients treated with Kaletra (lopinavir with low-dose
the onset of illness (Euroimmun, Libeck, Germany). As the ritonavir) plus ribavirin experienced a 50% reduction in
diagnosis of SARS is based entirely on a set of clinical and death rate.
epidemiological criteria so far, reported case numbers are While efforts are underway to develop more targeted
likely to include a substantial number of non-SARS patients. anti-SARS-CoV approaches, broad screening of available
Therefore, recovered patients should be tested systematicallysubstances in vitro has led to some potentially important
for specific SARS-CoV antibody reactivity to confirm their clues. Recently glycyrrhizin, a compound found in liquorice
diagnoses in retrospect and thus allow a better understand+oots Glycyrrhiza glabra L.), was reported to have good in
ing of epidemiological and other featurds ét al., 2003. vitro activity against SARS-CoV(inatl et al., 2003p The
Although electron microscopy has an important role in mechanism of glycyrrhizin’s activity against SARS-CoV is
the rapid diagnosis of infectious agents in emergent situ- unclear. Glycyrrhizin has previously been used to treat pa-
ations Hazelton and Gelderblom, 2003t has provided tients with HIV-1 and chronic hepatitis C virusig et al.,
only circumstantial evidence in the case of SARS. When 2001). Interestingly, this compound may be contained in
a virus-like agent was first visualised in clinical material some of the herbal preparations widely used in SARS pa-
from SARS cases by electron microscopy, its classification tients in China as part of traditional Chinese medicibia (
was ambiguous; it later turned out to be human metapneu-et al., 2003. Furthermore, interferons inhibit SARS-CoV
movirus Poutanen et al., 2003Even in cases in whom in vitro. In a recent studyQinatl et al., 2003 interferon 3
coronavirus-like particles were detected, these could not bewas more potent than interferenor y. Therefore, it could
distinguished from the ‘classic’ human coronaviruses. become a drug of choice in future, alone or in combination
with other antiviral drugs.

8. Antiviral treatment
9. Conclusions and outlook
No specific treatment recommendations can be made
at this time. Primary measures include isolation and the The rapid success in identifying the causative agent of
implementation of stringent infection control measures to SARS results from a collaborative effort—rather than a
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competitive approach—by high-level laboratory investiga-  For this purpose, WHO has defined three geographical
tors making use of all available techniques, from cell culture zones according to their presumed risk for a SARS recur-
through electron microscopyH@zelton and Gelderblom, rence: a potential zone of re-emergence, comprising Guang-
2003 to molecular techniques, in order to identify a novel dong and other areas where animal-to-human of SARS-CoV
agent. Hopefully this approach, coordinated by WHO, will might occur; nodal areas, comprising Hong Kong, Vietnam,
serve as a model for future instances of emerging infections Singapore, Canada, and Taiwan, with sustained local trans-
that will undoubtedly take placea.¢dwig et al., 2003. mission in spring 2003 or entry of numerous persons from
Despite the exemplary efforts that led to the identification the potential zone of re-emergence; and low risk areas.
of the causative novel coronavirus and allowed enormous SARS-related vigilance should be staged according to the
knowledge about it to be accumulated within only a few zone in which a particular area is situated; for low risk areas,
months, it is maybe surprising that this success in termi- surveillance should be for clusters of “alert” cases among
nating the outbreak has to be attributed to “old-fashioned” health care workers, other hospital staff, patients and visitors
measures such as rapid and strict isolation of suspect casems the same health care unit. A SARS Alert is defined as two
and thorough contact tracing\orld Health Organization,  or more health care workers or hospital-acquired illness in
20039; one is left wondering whether the same might also at least three individuals (health care workers and/or other
have been achieved without knowledge of the aetiology. hospital staff and/or patients and/or visitors) in the same unit
Thanks to an internationally well-coordinated and in most fulfilling the clinical case definition of SARS and with on-
cases timely and determined response no new cases oet of illness in the same 10-day period. In the other zones,
SARS have been notified since 15 June 2003. Several counthis should be supplemented by enhanced surveillance, plus
tries reported SARS cases imported from areas reportingspecial studies for SARS-CoV infections in animal and
outbreaks but did not experience secondary transmission;human populations in the potential zone of re-emergence.
likewise, Vietham was the first country to demonstrate  Besides improving existing detection assays—for in-
that—through a combination of early detection and public stance, PCR methods based on the amplification of the nu-
alert followed by decisive public health action and often cleoprotein gene may be intrinsically more sensitive, due to
heroic efforts by individuals—further transmission could be the coronaviral transcription strategiiuiken et al., 2003
curtailed Reilley et al., 2008 and thus be valuable for early diagnosis—further laboratory
The absence of new clinical cases worldwide suggestsresearch needs to include detailed physico-chemical analysis
that SARS-CoV no longer circulates within the human of SARS-CoV proteins to allow the development of novel
population; however, the possibility of clinically “silent” compounds based on targeted drug designafd et al.,
infections or of long-term virus carriers cannot be ruled out 2003. Although an effective vaccine cannot be expected to
completely. Furthermore, the origin of the agent remains be available soon, the relative ease with which SARS-CoV
obscure; SARS-CoV or a closely related virus persisting in can be propagated in vitro is clearly helpful. A suitable
a hitherto unidentified animal reservoir may yet again cross animal model for SARS may be available in the form of
the species barrier and lead to human outbreaks. Numerougynomolgus macaqueMécaca fascicularis) (Kuiken et al.,
questions relating to the epidemiology of SARS have yet to 2003. While the availability of vaccines against animal
be answeredNormile and Enserink, 2003; Breiman et al., coronaviruses, such as avian infectious bronchitis virus,
2003. transmissible gastroenteritis coronavirus of pigs, and fe-
At the time of writing (October 2003) it is completely line infectious peritonitis virus, is encouraging, the obvious
uncertain whether SARS will ever reappear. It is unclear lack of protective immunity in humans after infection with
whether seasonal recurrences may occur. In southern ChinaHCoV OC43 and 229E is not. There is also currently no
unlike Europe and North America, the annual influenza peak commercial veterinary vaccine to prevent respiratory coro-

incidence is from March to JulyHuang et al., 2004 thus, navirus infections, except for infectious bronchitis virus
it shows a similar epidemic curve as the SARS outbreak in infections in chickens. Further research is also urgently
2003 Enserink, 2003p needed to determine whether immune pathogenesis plays a

The advent of the next 'flu season will pose considerable rdle in SARS or whether immune enhancement may occur,
problems, given the lack of reliable laboratory methods for the chances of developing an effective and safe vaccine
the early diagnosis of SARS. The case definitions, too, will therefore remain uncertain. It is to be hoped that after such
need to be adjusted to a world without SARS; in theory, new an encouraging start in an atmosphere of open collaboration
cases are “impossible” as the criterion of an epidemiologi- and mutual trust, progress in SARS-CoV research will not
cal link cannot be fulfilled. Precious time may therefore be be impeded by patent matteiGdld, 2003.
lost before a reappearance is detected. Vigilance for SARS
must clearly be maintained (see: Alert, verification and
public health management of SARS in the post-outbreak
period—14 August 2003_ratlo_nale for continued vigi- Anand K, Ziebuhr J, Wadhwani P, Mesters JR, Hilgenfeld R. Coronavirus
lance for SARShttp://www.who.int/csr/sars/postoutbreak/ main proteinase (3CLpro) structure: basis for design of anti-SARS
en)). drugs. Science 2003;300:1763-7.
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