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SARS — BEGINNING TO
UNDERSTAND A NEW VIRUS
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The 114-day epidemic of the severe acute respiratory syndrome (SARS) swept 29 countries,
affected a reported 8,098 people, left 774 patients dead and almost paralysed the Asian
economy. Aggressive quarantine measures, possibly aided by rising summer temperatures,
successfully terminated the first eruption of SARS and provided at least a temporal break, which
allows us to consolidate what we have learned so far and plan for the future. Here, we review the
genomics of the SARS coronavirus (SARS-CoV), its phylogeny, antigenic structure, immune
response and potential therapeutic interventions should the SARS epidemic flare up again.

A new infectious disease, known as severe acute respi-
ratory syndrome (SARS), appeared in the Guangdong
province of southern China in 2002. It is mainly
characterized by flu-like symptoms, including high
fevers exceeding 38°C or 100.4°F, myalgia, dry non-
productive dyspnea, lymphopaenia and infiltrate on
chest radiography. In 38% of all cases, the resulting
pneumonia led to acute breathing problems requiring
artificial respirators'. The overall mortality rate was
about 10%, but varied profoundly with age — although
SARS affected relatively few children and generally
appeared to be milder in the paediatric age group, the
mortality rate in the elderly was as high as 50%*.
Although accurate information about the precise
origin of the disease is not available, the Chinese
Ministry of Health reported an outbreak of unex-
plained pneumonia to the World Health Organization
(WHO) on 11 February 2003. During the period
from 16 November 2002 to 9 February 2003, 305
cases and five deaths due to atypical pneumonia,
which were originally thought to be caused by
Chlamydia pneumoniae, occurred in the southern
Chinese province of Guangdong®. A Chinese doctor
who had been treating patients in Guangdong spread
the infection outside of mainland China when he
travelled to Hong Kong on 21 February 2003. There,
while resident on the ninth floor of the Hotel
Metropole, the patient developed symptoms and was

transferred to the hospital on 22 February where he
died the following day. Subsequently, ten secondary-
infected guests of the hotel (eight from the ninth floor
and two from the eleventh and fourteenth floors)
boarded planes and carried the infection to Singapore,
Vietnam, Canada and the United States, making SARS
the first epidemic to be transmitted by air travel.
When the epidemic finally waned after more than 100
days, the WHO counted a cumulative number of
8,098 probable SARS cases and 774 deaths worldwide,
in a geographical area spanning 29 countries®.

Carlo Urbani, a WHO infectious disease expert
who had been called to Hanoi, was the first to realize
that the Chinese doctor in Hong Kong had suffered
from a previously unknown disease and alerted the
authorities. Following unprecedented collaboration
between laboratories and scientists worldwide, a pre-
viously unidentified coronavirus was isolated from
FRhK-4 and Vero E6 cells that were inoculated with
clinical (nasopharyngeal, oropharyngeal and sputum)
specimens from patients"”®. The association of the
virus with the disease was confirmed when macaques
that were inoculated with the virus developed symp-
toms similar to those observed in human cases of
SARS?™. Tt is likely that scientists from the Chinese
Academy of Military Medical Science had observed
what seemed to be coronavirus particles in an elec-
tron micrograph by 26 February 2003. However, with
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Figure 1 | Morphology of the SARS coronavirus. a | Electron micrograph of the virus that was cultivated in Vero cells (mage
courtesy of Dr L. Kolesnikova, Institute of Virology, Marburg, Germany). Large, club-shaped protrusions consisting of spike protein
form a crown-like corona that gives the virus its name. b | Schematic representation of the virus. A lipid bilayer comprising the spike
protein, the membrane glycoprotein and the envelope protein cloaks the helical nucleocapsid, which consists of the nucleocapsid
protein that is associated with the viral RNA. In the case of coronaviruses, the lipid envelope is derived from intracellular membranes.

only a few samples available for analysis, they did not
feel confident enough to challenge the authorities and
did not publish their findings.

Close contact with very sick patients facilitates person-
to-person transmission of the virus — apparently,
SARS-CoV spreads in droplets but its efficiency of
infection seems to be low, with an infectivity index of
about 3 (REFS 11,12). In some cases, however, a single
person can infect a high number of people but, as yet,
there is no satisfactory explanation for this so-called
‘superspreader’ phenomenon?.

A virus with close homology to SARS-CoV was
isolated from palm civets and racoon dogs, which are
considered delicacies in southern China, indicating that
the virus could have jumped recently from these mam-
mals to man'. However, a second search by another
group failed to reveal any trace of SARS-CoV in more
than 60 animal species, including 76 palm civets'.
Although unlikely, the possibility that humans infected
these SARS-positive animals cannot be formally
excluded. In the meantime, over 30 different SARS-CoV
isolates have been sequenced, which will hopefully allow
us to trace the chain of transmission back to its origin.
The SARS epidemic, which caused global panic and
huge economical damage to the Asian economy, was
contained primarily by aggressive quarantine measures.
Additional beneficial factors could include the attenua-
tion of the virus following prolonged passage through
the human population, or the onset of summer, as
higher temperatures generally decrease the incidence of
at least some respiratory infections.

A natural reservoir for the virus could serve as the
launch pad for another SARS outbreak during the next
winter—spring season. If we are lucky, however, the
ability of this virus to cross the species barrier could
be the result of a rare series of events that is unlikely to be
repeated. A retrospective serological study did not detect
anti-SARS-CoV antibodies in a normal population,

indicating that this outbreak is the first introduction of
SARS-CoV into the human population. At present,
accidental infections of researchers handling the
pathogen seem to pose the greatest risk for a renewed
spread of the virus as a recent case in Singapore has
shown?. For now, the transmission of this emerging
infectious disease has been stopped, but there is no
information on when, or if, SARS-CoV will re-emerge
in the human population.

Coronaviruses and their genomes

Coronaviruses were named after their corona solis-like
appearance in the electron microscope, which is caused by
the club-shaped peplomers that radiate outwards from the
viral envelope (FIG. 1a). The spherical capsid contains a
positive-strand RNA genome of about 30 kb — the
largest of its kind. Coronaviruses have been subdivided
into three groups on the basis of serological and
genetic properties'. Their broad host range extends
from man to turkey; where they are typically associ-
ated with respiratory, enteric, hepatic and central ner-
vous system diseases. In man, they cause mainly
upper-respiratory-tract infections, and are responsible
for a large proportion of all common colds.

Sequence analysis revealed the organization of the
29,740 base (FRA isolate; GenBank acc.no. AY310120;
see SARS coronavirus FRA in the Online links) genome
of the SARS-CoV (FIG.2) to show the characteristic fea-
tures of coronaviruses'”~? (FIG. 3). Nucleotides 1-72
contain a predicted RNA leader sequence preceding an
untranslated region (UTR) spanning 192 nucleotides.
Two overlapping open reading frames (ORFla and
ORF1b), which encompass approximately two-thirds of
the genome (nucleotides 265-21485), are downstream
of the UTR. A translational read-through by a —1
ribosomal frameshift mechanism allows the transla-
tion of the overlapping reading frames into a single
polyprotein®. Virus-encoded proteinases, namely the
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Figure 2 | Genome structure of SARS coronavirus. Replicase and structural regions are shown together with the predicted
cleavage products in ORF1a and ORF1b. The position of the leader sequence (L), the 3" poly(A) tract and the ribosomal frameshift
site between ORF1a and ORF1b are also indicated. Each box represents a protein product (Nsp, non-structural protein). Colours
indicate the level of amino-acid identity with the best-matching protein of other coronaviruses (TABLE 2). The SARS-CoV accessory

genes are white. Filled circles indicate the positions of the nine transcription-regulatory sequences (TRSs) that are specific for

SARS-CoV (5’ACGAACS).

papain-like cysteine protease (PLpro) and the 3C-like
cysteine protease (3CLpro), cleave the polyprotein into
individual polypeptides, which provide all the proteins
that are required for replication and transcription®>*!.
Wheareas group 2 coronaviruses contain two paralo-
gous PLpros (PL1pro and PL2pro), only one is found
in the ORFla of the SARS-CoV genome. ORF1b
encodes a helicase with ATPase and DNA (and possibly
also RNA) duplex-unwinding activities, at least when it
is expressed in Escherichia coli**. Computational analy-
sis predicted that the carboxy-terminus of ORF1b
encodes a mRNA cap-1 methyltransferase*. Some
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assumptions about the function of the remaining pro-
teins can be made by analogy with other coronaviruses,
although our knowledge about the biological functions
of these proteins is also incomplete (see TABLE 1 for
information on the encoded proteins). Together with
host factors, some of these proteins might form the
viral replication—transcription machinery that is asso-
ciated with the membranous structures in the infected
cells*?*. (The peculiar features of the replication cycle
of coronaviruses are described in Box 1.) The remain-
ing 3’ part of the genome encodes four structural
proteins that are arranged in the same order in all
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Figure 3 | Comparison of coronavirus genome structures. Genome organization of coronavirus representatives of group 1
(human coronavirus 229E, HCoV-229E), group 2 (mouse hepatitis virus, MHV) and group 3 (avian infectious bronchitis virus, IBV;
SARS-CoV). Red boxes represent the accessory genes. The positions of the leader sequence (L) and poly(A) tract are indicated;
circles of different colour represent group-specific transcription-regulatory sequences (TRS).
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coronaviruses: S, spike protein; E, envelope protein; M,
membrane glycoprotein; and N, nucleocapsid protein.
Furthermore, the structural protein region of the
SARS-CoV genome contains several genes that encode
additional non-structural proteins that are known as
‘accessory genes’ (FIG.3). Some of these molecules seem
to be dispensable for virus viability both in vitro
and in vivo; their deletion creates viruses that are atten-
uated®?". These accessory genes differ significantly
among the three coronavirus groups — they are also
referred to as group-specific genes. The SARS-CoV has
eight predicted ORFs of unknown function in this
region of the genome. It lacks the haemagglutinin
esterase (HE) gene, which is encoded by almost all of
the group 2 viruses.

Finally, at the 3" end of the genome, a second 340-
nucleotide UTR, which is followed by a poly(A) tract,
was found. This 3 UTR contains a 32-nucleotide
stem—loop II-like motif (s2m) motif, which has also
been reported in astroviruses, in one equine rhinovirus
and avian infectious bronchitis virus (IBV)?. A typical
feature of coronaviruses is the presence of a transcrip-
tion-regulatory sequence (TRS) that is important in
RNA transcription and regulation (FIGS2 and 3). This
short motif is usually found at the 3" end of the leader
RNA and, with a few exceptions, precedes each trans-
lated ORF*. When Thiel and colleagues® isolated one
genomic and eight subgenomic RNAs from the FRA
strain and sequenced their 5" ends, they identified a con-
served sequence (5’ACGAAC3’) that was located in

Table 1 | Predicted SARS-CoV proteins

ORF SARS-CoV proteins Length Position in the
(amino acids) polyprotein

Replicase region

ORFla  Nspi 180 1M-180G
Nsp2 638 181A-818G
Nsp3 (PLpro) 1922 819A-2740G
Nsp4 500 2741K-3240Q
Nsp5 (3CLpro) 306 3241S-3546Q
Nsp6 290 3547G-3836Q
Nsp7 83 3837S-3919Q
Nsp8 198 3920A-4117Q
Nsp9 113 4118N-4230Q
Nsp10 139 4231A-4369Q
Nsp11 13 4370S-4382V

ORF1b  Nspi2 (RdRp) 932 4370S-5301Q
Nsp13 (Helicase) 601 5302A-5902Q
Nsp14 527 5903A-6429Q
Nsp15 346 6430S-6775Q
Nsp16 298 6776A-7073N

Structural region

ORF2 Spike (S) protein 1255

ORF3a ? 274

ORF3b ? 154

ORF4 Envelope (E) protein 76

ORF5 Membrane (M) protein 221

ORF6 ? 63

ORF7a ? 122

ORF7b 72 44

ORF8a 7 39

ORF8b  ? 84

ORF9a  Nucleocapsid (N) protein 422

ORF9b  ? 98

Functional and structural
predictions

?
?

Papain-like cysteine protease-cleavage of
Nsp1-Nsp4, adenosine diphosphate-ribose
1-phosphatase (ADRP), 2 TMD

3TMD

3C-like cysteine protease-cleavage of
Nsp4—Nsp16

5TMD

?

?

?

Growth-factor-like domain

?

RNA-dependent RNA polymerase
Helicase, zinc-binding domain, NTPase
Exonuclease (ExoN homologue)
EndoRNAse (XendoU homologue)
mMRNA cap-1 methyltransferase

1 TMD, 212 N-glycosylation sites

2 TMD, 1 N-glycosylation site,
10 O-glycosylation sites

?

1 TMD, 2 N-glycosylation sites
3 TMD, 1 N-glycosylation site
1 TMD

1TMD

1 TMD

Membrane-associated

1 N-glycosylation site

1 O-glycosylation site

The analyses are based on the sequence of the SARS-CoV FRA isolate (GenBank accession number AY310120). Transmembrane domains
(TMDs) were predicted using the program PSORT (threshold is less than —2); the glycosylation sites were predicted using the NetNGlyc server
(see NetNGlyc in the Online links). Information on the functional predictions has been taken from REFS 20,33. Nsp, non-structural protein.
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Box 1 | Life cycle of coronaviruses

Coronaviruses contain the largest RNA genomes described so far — the positive-sense, single-stranded RNA molecule
has a5’ cap and a 3’ poly(A) tail. The life cycle of a coronavirus starts when the spike (S) protein, which forms the
distinctive, eponymous crown that is observed with coronaviruses, interacts with a receptor through its S1 domain.
The entry, which is probably mediated by the S2 domain, occurs by membrane fusion. The RNA genome is then
released into the cytoplasm where replication takes place. The host translation machinery translates the overlapping
open reading frames ORFla and ORF1b by a ribosomal frame-shifting mechanism to produce a single polyprotein.
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Cleavage by virally encoded proteinases yields the components that are necessary to assemble the viral replication
complex, which synthesizes full-length negative-strand RNA. In addition, a discontinuous transcription strategy during
negative-strand synthesis produces a nested set of sub-genomic negative-sense RNAs. In this process, the transcription
regulatory sequence (TRS), which is present at the 3" end of the leader sequence and, with a few exceptions, upstream of
each translated gene, is important. It is postulated to fuse the 3" ends of the nascent subgenomic minus strands to the
antisense leader sequence. These discontinuously synthesized minus strands then act as templates for the synthesis of
positive-sense mRNAs. An alternative hypothesis proposes that these mRNA molecules are generated by discontinuous
transcription during positive-strand synthesis (the figure shows the positive-sense mRNA products). In almost all cases,
only the most 5" ORF is translated. Nucleocapsid (N) protein and genomic RNA assemble in the cytoplasm to form the
helical nucleocapsid. This core structure acquires its envelope by budding through intracellular membranes between
the endoplasmic reticulum (ER) and the golgi apparatus. The membrane (M), envelope (E) and S proteins, all of which
will be accommodated by the lipid bilayer, are transported through the ER to the budding compartment, where the
nucleocapsid probably interacts with the M protein to trigger assembly. During the transport of the virus through the
golgi apparatus, sugar moieties are modified and in some, but not all, coronaviruses the S protein is cleaved into S1 and
S2 domains. Any S protein that is not incorporated into the virions is transported to the cell surface. Finally, the virus is
released from the host cell by fusion of virion-containing vesicles with the plasma membrane. The common leader
sequence on the 5" end of each mRNA is shown in red.
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Table 2 | Protein homologies between SARS-CoV and other coronaviruses

Group 1
SARS-CoV proteins HCoV-229E TGV
Nsp1 <20.0 <20.0
Nsp2 <20.0 23.0
Nsp3 (PLpro) 25.1 26.6*
Nsp4 26.8 26.0
Nsp5 (3CLpro) 40.4 43.8
Nsp6 30.0 27.0
Nsp7 38.6 42.2
Nsp8 48.2 42.9
Nsp9 451 38.9
Nsp10 53.8 54.5
Nsp11 - -
Nsp12 (RdRp) 59.8 59.6
Nsp13 (Helicase) 60.7 62.0
Nsp14 52.3 53.7
Nsp15 431 43.0
Nsp16 (Methyltransferase) 56.4 54.4
Spike (S) protein 28.8 31.0*
Envelope (E) protein 33.0* 27.9
Membrane (M) glycoprotein 30.6 32.5
Nucleocapsid protein (N) 26.9 30.1

Group 2 Group 3
PEDV MHV BCoV IBV
<20.0 27.0 <20.0 <20.0
23.0 <20.0 20.0 <20.0
24.1* 26.2 26.8 23.3
28.4 43.1 42.4 28.5
44.6 50.0 48.4 41.0
29.4 34.2 35.5 28.5
39.8 47.5 46.1 37.3
43.9 46.8 47.3 38.7
451 451 46.9 39.8
56.1 56.2 55.4 58.3
60.0 67.3 66.9 62.4
62.3 67.2 68.6 58.9
52.3 57.6 57.6 52.0
45.4 45.9 45.0 40.2
55.3 63.0 65.0 53.4
30.3 31.1 31.0 32.7*
20.0 23.0 26.5 23.2
34.8 40.8 41.9 32.5
29.5 37.3 374 &l

Numbers indicate the amino-acid identity between the predicted SARS-CoV proteins and the corresponding gene products of other
coronaviruses (as a percentage). More conserved pairs are in bold; more variable pairs are in italic. The program FASTA was used for
sequence comparison. Asterisks indicate that the alignment was obtained using only a fragment of the whole protein. Nsp, non-structural

protein.

front of nine predicted ORFs, and which fitted the
description of a TRS (FIGs 2 and 3). By contrast, Marra
et al.'” and Rota et al.'® proposed different TRSs
(5’CUAAAC3” and 5’AAACGAAC3’, respectively), but
these sequences do not precede all predicted genes and
no experimental evidence for their function has been
provided. Although the overall organization of the
SARS-CoV genome is similar to other coronaviruses
(FIG. 3), the amino-acid conservation of the encoded
proteins is usually low (FIG.2; TABLE 2).

Clinical isolates

Helped by the groundwork laid by previous generations
of coronavirus researchers, the SARS epidemic has been
the first infectious disease outbreak to fully benefit from
the revolutionary technologies of the post-genomic era.
Less than 1 month after the initial identification of the
virus as the infectious agent of SARS, two independent
genome sequences of the virus had been obtained'”'8.
Within 3 months, the genome sequences of 20 indepen-
dent clinical isolates were made available in the
GenBank database (see BOX 2 for details). Comparative
analysis of these isolates revealed more than than 99%
sequence conservation. The few differences, however,
have allowed a straightforward organization of all viral
isolates into two families: those originating from main-
land China and Hong Kong and those originating from
the index case in the Hong Kong hotel® (FIG. 4). Perhaps
the most interesting observation was made in the

human isolate GZ01, a strain that originated from
Guangdong. Although all other human SARS-CoV
genomes lack a stretch of 29-nucleotides in the 3" end
domain of ORF8a, this sequence is present in the GZ01
isolate. The additional 29-nucleotide segment in this
strain fuses ORF8a and ORF8b into a single ORE,
known as ORF8*, which encodes a 122-amino-acid
protein. SARS-CoV-like strains isolated from mammals
in China have been found to contain the same
29-nucleotide segment'. This observation raises the
intriguing hypothesis that the 29-nucleotide deletion
that has been observed in most human isolates could
have increased the fitness of the virus in human hosts
and allowed the spread to the human population.
Lacking a proof-reading mechanism, RNA viruses
are generally characterized by a high mutability. The
high mutation rate results in continuously evolving
viral species, which allow the virus to escape host
defences. Additionally, coronaviruses have a high fre-
quency of RNA recombination that has the theoretical
potential of accelerating the emergence of new viral
species®. Owing to the limited number of sequenced
isolates, however, it is too early to draw any reliable
conclusions concerning the mutation rate of SARS-
CoV. The most interesting amino-acid changes that
have been reported so far are two recurrent non-
conservative amino-acid substitutions (Gly to Asp and
Ile to Thr) in the antigenic domain S1 of the spike pro-
tein®®. Gly and Ile can be found in the Hong Kong
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Box 2 | Sequencing the SARS-CoV genome

In February 2003, Carlo Urbani was the first to recognize SARS-CoV as a distinct entity.
Immediately, post-genomic technology was put to use and, with unprecedented swiftness,
the Canadian Genome Sciences Center, the Centers for Disease Control and Prevention
and our group obtained three independent sequences of the SARS virus genome in less
than a month. By the beginning of August 2003, 31 sequences had been deposited in the
GenBank database and were available to the scientific community. The 31 sequenced
isolates come from China (10 strains), Singapore (5 strains), Taiwan (12 strains),
Vietnam (1 strain), Germany (1 strain), Italy (1 strain) and Canada (1 strain), and are
derived from patients representing both primary and secondary contacts.

Name of strain
TOR2
Urbani
CUHK-Su10
HKU-39849
SIN2500
SIN2677
SIN2679
SIN2748
SIN2774
TW1

TWC

ZJo1

HSR1

FRA

GZ01
CUHK-W1
BJO1

BJO2

BJO3

BJO4

TCH

TC2

TCS3

ZMYA

Place of isolation Accession number

Canada AY274119
Vietnam AY278741
Hong Kong AY282752
Hong Kong AY278491
Singapore AY283794
Singapore AY283795
Singapore AY283796
Singapore AY283797
Singapore AY283798
Taiwan AY291451
Taiwan AY321118
China AY297028
Italy AY323977
Germany AY291315 and AY310120*
Guangdong AY278489
Hong Kong AY278554
Beijing AY278488
Beijing AY278487
Beijing AY278490
Beijing AY279354
Taiwan AY338174
Taiwan AY338175
Taiwan AY348314
Taiwan AY291451
Taiwan AY321118
Taiwan AP006557
Taiwan AP006558
Taiwan AP006559
Taiwan AP006560
Taiwan AP006561
Guangdong AY351680

*The two sequences show 100% identity at the nucleotide level.

index case group, whereas Asp and Thr are found in
the mainland isolates. Another, non-conservative sub-
stitution (Gly to Arg) in the S1 domain is only found
in strains GZ01 and BJ02. It is tempting to speculate
that these mutations represent adaptations to the
new host or its immune response. Additional informa-
tion on ongoing variability studies can be obtained
directly from the SARS Coronavirus Resource (see
Online links).

Phylogenetic analysis

The most important question following identification
of the SARS-CoV was whether it represents a com-
pletely new group, a variant of one of the three known
groups or a combination of these groups. Phylogenetic
analysis based on the first available 300 and 405
nucleotides of the highly conserved polymerase gene”*!
indicated that SARS-CoV was distinct from the three
known groups. Marra and Rota also reached the same
conclusion'”®, and proposed that SARS-CoV be placed
in its own group (FIG. 5a). Snijder et al. used rooted phy-
logenetic trees to recreate coronavirus evolution and
included equine torovirus (EToV) as an outgroup. Their
analysis of ORF1Db, the most conserved region in the
SARS-CoV genome, indicates that the SARS-CoV rep-
resents an early split-off from group 2 (REE 32). Our lab-
oratory took a different approach to understanding the
phylogenesis of the SARS-CoV. Reasoning that
increased sequence variability should contain more
information, we analysed less conserved proteins, such
as the PLpro, spike protein, membrane glycoprotein
and nucleocapsid protein. For each protein, a consensus
sequence was generated for the three known groups
of coronaviruses. In all cases, the SARS-CoV showed a
statistically significant relationship with group 2
coronaviruses (FIG. 5b), which indicated that it is more
closely related to members of group 2 and might share a
common ancestor with them. Moreover, this conclu-
sion is corroborated by the striking observation that 19
out of 20 cysteine residues in the S1 domain of the
SARS-CoV spike protein are spatially conserved when
compared with the group 2 consensus sequence,
whereas only 5 cysteines are conserved when com-
pared with group 1 or 3 consensus sequences (FIG.6).
This analysis supports the conclusion that the SARS-
CoV virus split early from other group 2 viruses and
has evolved independently for a long period of time.

Protein targets
Although very little is known about the SARS-CoV
proteins themselves, homologies with known coron-
avirus proteins can be used to predict the features of
several SARS-CoV proteins that could be interesting
targets for antiviral drugs or vaccines. Viral enzymes
that are essential for virus replication are the most
attractive candidates for the development of small,
antiviral molecules, whereas some of the structural pro-
teins represent obvious targets for vaccine development.
On the basis of the X-ray crystal structures of
3CLpro from transmissible gastroenteritis coronavirus
(TGV)* and human coronavirus 229E, a three-dimen-
sional model of the corresponding SARS virus protein
has been proposed?®*. The model can be used to reduce
the number of compounds to be tested to find an
effective protease inhibitor. Indeed, an active form of
this protease has already been expressed in E.coli,
which can be immediately used for drug screening.
The helicase, which is already available in recombinant
form, represents another attractive target for high-
throughput screens®. PLpro is another potential can-
didate for antiviral drugs, although no homologous
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Figure 4 | Molecular relationship of 20 SARS genomes.
The unrooted tree was obtained through the alignment of
whole-genome sequences considering only sequence variants
that occurred at least twice. The analysis was performed using
the maximum likelihood criterion as implemented in the Phylip
package.

structures are available. Given its fundamental role in
virus biology, the RNA-dependent RNA polymerase
(RdRp) is high on the list of promising targets.

Of the different possible vaccine targets, the S gly-
coprotein is the most attractive candidate for exploita-
tion. This protein forms the large surface projections
that are characteristic of coronaviruses (FIG. 1), and
which are most likely to be composed of homo-
trimers. The heavily glycosylated 1,255 amino-acid
protein® contains an amino-terminal, bulbous head
(S1), which comprises the receptor-binding domain
and is also believed to be responsible for the host and
tissue tropism of the virus®***. On the basis of bio-
informatics and molecular modelling methods, Yu et al.
proposed a putative human aminopeptidase N
(hAPN) binding site in the SI domain of the SARS-

SARS-CoV

Figure 5 | Relationship between SARS-CoV and other coronaviruses using different
phylogenetic strategies. a | Unrooted tree obtained by comparing the well-conserved
polymerase protein sequence. According to this approach, SARS-CoV belongs to a new group.
The tree has been constructed using the protein sequences of the RNA-dependent RNA
polymerase of the following coronaviruses: porcine epidemic diarrhea virus (PEDV), human
coronavirus 229E (HCoV-229E), canine coronavirus (CCV), feline infectious peritonitis virus (FIPV),
transmissible gastroenteritis virus (TGV), mouse hepatitis virus (MHV), bovine coronavirus (BCoV),
syaloacryoadenitis virus of rats (SDAV), human coronavirus OC43 (OC43), haemagglutinating
encephalomyelitis virus of swine (PHEV), turkey coronavirus (TCV), avian infectious bronchitis
virus (IBV) and SARS-CoV. b | Tree obtained using the sequence of the S1 domain of the spike
protein. The multiple sequence alignment was constructed using consensus sequences
generated from group 1 and group 2 coronaviruses (G1 cons and G2 cons), the sequence of IBV
(group 3) and of SARS-CoV. The neighbour-joining algorithm was used to build the tree®!.
Numbers represent the result of a bootstrap analysis performed with 100 replicates.

CoV spike protein®. All group 1 coronaviruses can use
APN as a receptor*’, whereas the group 2 mouse
hepatitis virus (MHV) uses glycoproteins belonging to
the carcinoembryonic antigen family as receptors on
their target cells*’. Whether the hAPN binding domain
is the receptor in vivo remains to be shown. The pro-
truding S1 domain is adjacent to the S2 domain,
which consists of a stem, a transmembrane region and
a short cytoplasmic tail. Analogous to other coron-
avirus S proteins, the SARS-CoV spike protein con-
tains two heptad repeats that are located in the S2
domain. It is proposed that these repeats might trigger
the fusion of the viral envelope with the cell mem-
brane, as has been shown recently for MHV*. In some
group 2 and group 3 viruses, the spike is cleaved dur-
ing maturation into two subunits, S1 and S2, which
stay non-covalently attached. The exact role of this
cleavage process is unclear as it does not seem to influ-
ence infectivity; however, it may enhance fusion activ-
ity***. The mature SARS-CoV seems to contain
uncleaved spike protein, but cleavage after binding to
the target cell cannot be excluded. To conclude, the
spike protein is a target for the development of agents
that block the virus from binding to its cellular recep-
tor and is the docking site for peptides that might
inhibit fusion. Several additional targets for further
study have been identified. First, the 76-amino-acid
E protein — computer analysis has predicted a long
transmembrane domain close to the N-terminus and
two N-terminal glycosylation sites with a very low
level of amino-acid similarity to other coronaviruses.
Second, the M glycoprotein, which is a 221-residue
polypeptide that consists of a short N-terminal
ectodomain with a N-glycosylation site, three trans-
membrane segments and a C-terminus located on the
interior side of the viral envelope, and which closely
resembles M glycoproteins from other group 2
viruses. Third, the N protein, which is a 397-residue-
long phosphoprotein that interacts with viral genomic
RNA to form the helical nucleocapsid, and which has
alow level of conservation with other coronaviruses.

The future for prevention and treatment

With the notable exception of B-interferon, which has
been reported to interfere with the replication of the
SARS virus in vitro*¥, no licensed drug or vaccine is
available. Large-scale screening of existing antivirals or
big chemical libraries for potential replication
inhibitors has not been very successful. At present, the
only promising substance is glycyrrhizin, a component
of liquorice roots, which also has activity against HIV.
This compound was identified during a small-scale
experiment involving only a small number of known
antiviral compounds®. The development of assays that
are based on viral enzyme activity and which are
amenable to high-throughput screening of existing and
new chemical libraries, will likely identify effective
compounds in the near future. Nevertheless, unless
these putative compounds are already licensed or are
existing products in the advanced stages of develop-
ment, they will not be available to treat patients in the
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Figure 6 | The S1 domain of SARS-CoV spike is structurally related to group 2 coronaviruses. Schematic representation
of cysteine positions in the S1 domains of group 1, 2 and 3 coronaviruses, compared with the SARS-CoV spike protein. Horizontal
bars represent the S1 amino-acid sequences (in the case of SARS-CoV and IBV) or the consensus profiles (generated from group 1,
(G1 cons) and from group 2 (G2 cons)). The bars are drawn to scale. Relative cysteine positions are indicated by rectangular bars.
Only cysteines that are conserved within each consensus are reported. Coloured lines connect cysteines that are conserved
between the SARS-CoV S1 domain and the consensus sequence generated from the group 1 (green), group 2 (red) and IBV S1

sequences (pblue).

near future. Cellular proteins that are essential for virus
replication should also not be overlooked as possible
targets — new technologies such as double-stranded
small interfering RNAs (siRNAs) have considerable
future potential, but as yet, are still riddled with practical
difficulties. At present, researchers are working on the
development of efficacious delivery systems for siRNAs.
And following the successful conclusion of this research,
they will still need to prove their potential in animal
models of infection.

Antibodies that are able to neutralize viral infection
are also likely to be an effective way to prevent and cure
this disease. Passive immunotherapy using sera from
convalescent patients was initially proposed as treat-
ment for disease. Given the excellent track record
of human monoclonal antibodies in the treatment of
cancer and infectious diseases, this should prove a
fruitful area for therapeutic development. Indeed,
monoclonal antibodies obtained from immortalized
B lymphocytes of SARS convalescent patients have
been shown to neutralize virus infection in vitro and to
prevent virus replication in a mouse model of SARS-
CoV infection (A. Lanzavecchia and R.R., unpublished
observations).

Of course, a safe and effective vaccine would be the
ideal solution, because not only would it prevent the
disease in vaccinated people but a vaccine would also
curtail the spread of the virus. Although only a short
period of time passed since SARS-CoV was identified
as the infectious agent that was responsible for the
epidemic, candidate vaccines based on killed virus are
already available. Their efficacy still needs to be shown,
but our laboratory (and possibly others) are in the
process of testing vaccines on the basis of inactivated
SARS virus in pre-clinical models. In addition to the tra-
ditional approach, a number of newer technologies are
being used. These include subunit vaccines containing
recombinant spike protein expressed in mammalian
cells or yeast, either alone or in combination with
other SARS-CoV antigens. Alternatively, these anti-
gens could be delivered by DNA immunization by

non-replicating viruses, or viral vectors that are based
on adenovirus, canarypox, modified vaccinia virus
Ankara (MVA) or alphavirus. In particular, the devlop-
ment of non-replicating coronavirus-like particles that
mimic the structure of native virions could prove
promising in the search for a successful vaccine as they
display a large repertoire of antigenic sites and discon-
tinuous epitopes. However, each of these approaches,
including passive immunotherapy, need to be carefully
evaluated as some vaccines that have been developed
against feline coronavirus actually exacerbated the dis-
ease when vaccinated animals were challenged with the
wild-type virus™.

Killed-virus vaccines that are ready to be tested in
Phase I clinical trials are likely to be available soon.
Under normal circumstances, a vaccine takes 68 years
of clinical development after entering Phase I clinical
trials. These timelines could be shortened consider-
ably should the disease burden and a state of medical
emergency induce the regulatory agencies to ‘fast track’
the approval process.

In conclusion, the development of therapeutic
strategies against this new coronavirus seems to be pos-
sible with the available technologies and is not an
unreachable goal to the same level as HIV or hepatitis C
virus. Given enough time and economic pressure,
antiviral drugs, human monoclonal antibodies, vaccines
and siRNAs that are active against SARS-CoV are all
likely to become available. The remaining question is
whether we will have the time to develop effective ther-
apies before another epidemic emerges in the human
population. Should SARS return this winter, we will
still need to rely primarily on quarantine measures to
contain the disease. Equally important is the develop-
ment of technologies that allow the rapid and simple
diagnosis of SARS.

Just as worrying, however, is a scenario in which the
virus does not re-emerge for a couple of years, causing
the economic incentive for companies to invest in SARS
to disappear, so none of the above measures will have
been developed and implemented.
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