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Abstract

Coronaviruses may cause respiratory, enteric and central nervous system diseases in many species, including humans. Until recently, the
relatively low burden of disease in humans caused by few of these viruses hampered development of coronavirus specific therapeutics. However,
the emergence of severe acute respiratory syndrome coronavirus (SARS-CoV) has prompted the discovery of such drugs. Subsequent studies in
animal models demonstrated the efficacy of SARS-CoV specific monoclonal antibodies, pegylated-interferon-� and siRNAs against SARS-CoV.
Furthermore, several antivirals shown to be effective against other viruses were tested in vitro. Because of availability and shown efficacy, the use
of interferons may be considered should SARS-CoV or a related coronavirus (re)-emerge. The more recent design of wide-spectrum inhibitors
targeting the coronavirus main proteases may lead to the discovery of new antivirals against multiple coronavirus induced diseases.
© 2006 Elsevier B.V. All rights reserved.
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. Introduction

Coronaviruses are positive stranded RNA viruses named
fter their “corona” like morphological appearance (Weiss and
avas-Martin, 2005). Their genome is the largest RNA genome
o date and packaged together with the nucleocapsid protein,
everal membrane proteins (M, E and sometimes a hemagglu-
inin esterase protein) and the spike protein. Translation of the
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eplicase gene produces two large poly-proteins with diverse
nzymatic activities needed for efficient replication. A phylo-
enetic analysis of the replicase gene, using a distantly related
orovirus as an outgroup, demonstrated that three groups of
oronaviruses can be distinguished and that despite a number of
nique features, severe acute respiratory syndrome coronavirus
SARS-CoV) is most closely related to group 2 coronaviruses
Snijder et al., 2003). Viruses that belong to group1 include

ransmissible gastroenteritis virus of pigs, feline infectious
eritonitis virus of cats and the human coronaviruses 229E
nd HCoV-NL63 (Fig. 1). In group 2, viruses such as murine
epatitis virus, bovine coronavirus, human coronavirus OC43,
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Fig. 1. Phylogenetic tree based on deduced amino acid sequences of the coro-
navirus replicase ORF1b gene for bovine coronavirus (BCoV), human coron-
avirus 22E (HuCoV-OC43), mouse hepatitis virus (MHV), SARS-CoV, infec-
tious bronchitis virus (IBV), transmissible gastroenteritis virus (TGEV), feline
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nfectious peritonitis virus (FIPV), porcine epidemic diarrhea virus (PEDV),
uman coronavirus 229E (HuCoV-229E), human coronavirus NL63 (HuCoV-
L63) and Berne Torovirus (used as an outgroup).

KU1 and SARS-CoV are classified. Group 3 constitutes
nly avian coronaviruses, such as infectious bronchitis virus
nd turkey coronavirus. Each of the three groups of viruses
lassified thus far encodes a set of unique small proteins with
nknown functions. Coronaviruses cause acute and chronic res-
iratory, enteric and or central nervous system diseases in many
pecies, including humans (Weiss and Navas-Martin, 2005).
ntil recently, the need to develop antiviral drugs was limited
ecause human coronaviruses like 229E and OC43 only cause a
ild disease in humans. The burden of disease for HCoV-NL63

nd HKU1 are not known at present. However, the emergence of
ARS changed this picture. In this review we discuss the latest
evelopments in antiviral drug testing specifically with regard

o SARS-CoV and whenever applicable we broaden the scope to
ther coronaviruses. A range of compounds may interfere with
he lifecycle of SARS-CoV as shown in Fig. 2 and discussed
elow.

ig. 2. Schematic overview of the SARS-CoV lifecycle and inhibitors of viral
eplication.

d
a
q
a
d
S
d
h
o
m
u
c
t
s
t
t
i

3

t
h

tiviral Research 71 (2006) 397–403

. SARS

The 2002–2003 SARS outbreak affected more than 8000
ndividuals worldwide and caused 774 fatalities (Poon et al.,
004). The lung pathology of fatal SARS showed bronchial
pithelial denudation, diffuse alveolar damage and type-2 pneu-
ocyte hyperplasia. In patients who died late in the course of

he disease, also syncytial cells were seen in the alveoli. Subse-
uently, three laboratories independently reported the isolation
f a novel coronavirus from clinical specimens of SARS patients
Drosten et al., 2003; Peiris et al., 2003; Ksiazek et al., 2003).
he virus was visualized by electron microscopy and identifica-

ion of the virus was accomplished through sequencing of differ-
nt fragments of the replicase gene, obtained by random-priming
T-PCR and coronavirus consensus primers. Most importantly,
ARS-CoV was detected in lung biopsies and bronchoalveolar

avage of SARS patients using virus culture, RT-PCR, and elec-
ron microscopy, whereas viral antigen was detected in alveolar
pithelial cells and macrophages by immunohistology (Nicholls
t al., 2006). To further establish SARS-CoV as the cause of the
isease, Koch’s postulates were fulfilled by reproduction of the
isease in a relevant animal model. Infection of cynomolgous
acaques with SARS-CoV led to disease that was pathologi-

ally similar to that seen in human patients with SARS, with
pithelial necrosis, serosanguinous alveolar exudates, hyaline
embranes, type-2 pneumocyte hyperplasia, diffuse alveolar

amage and the presence of syncytia (Fouchier et al., 2003;
uiken et al., 2003). These experiments also led to the develop-
ent of an animal model to test the efficacy of candidate vaccines

nd antivirals.
SARS was characterised by a rapidly progressive atypical

neumonia refractory to conventional antibiotic therapy. Next
fforts to treat SARS patients mainly were based on the use
f ribavirin and corticosteroids. Ribavirin, which targets IMP
ehydrogenase, has been known a long time as a broad-spectrum
ntiviral agent. However, it is efficacy in SARS patients remains
uestionable and in vitro studies also did not show significant
ntiviral activity (Cinatl et al., 2003a). More recent studies
emonstrated that ribavirin even enhanced the infectivity of
ARS-CoV in mice (Barnard et al., 2006). Collectively these
ata do not support the use of ribavirin for treating SARS in
umans. The use of steroids in SARS patients was mainly based
n the observation that a clinical deterioration was observed in
ost patients late during the disease when SARS-CoV became

ndetectable. In most cases the concomitant use of other drugs
onfounded the results and the fact that most studies did not con-
ain a control group made it quite difficult to determine whether
teroids exerted a beneficial effect. Although efforts were made
o control the infection through use of antivirals and corticos-
eroids, isolation and quarantine measures eventually proved
nstrumental in control of the epidemic at that time.

. Inhibition of SARS-CoV entry
Antibodies to the SARS-CoV spike protein have been shown
o block entry (Sui et al., 2004). In SARS patients that recover,
igh levels of spike glycoprotein-specific antibody responses are
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bserved, suggesting that antibody responses play a role in deter-
ining the ultimate disease outcome of SARS-CoV-infected

atients (Zhang et al., 2006). Although attempts have been made
o test the efficacy of serum preparations from seroconvalescent
ARS patients in the acute phase of SARS, no conclusive evi-
ence has been obtained regarding their efficacy (Wong et al.,
003; Cheng et al., 2005), although convalescent immunoglob-
lines exerted antiviral activity when given to macaques prior
ARS-CoV challenge (Haagmans et al., unpublished observa-

ions).
The SARS-CoV spike protein binds to angiotensin-con-

erting enzyme 2 (ACE2), which acts as the functional receptor
or SARS-CoV (Li et al., 2003) and soluble forms of ACE2 and
CE2 antibodies block this interaction and inhibit SARS-CoV

nfection. The S1 region within the spike protein and more
pecifically a 193-amino acid fragment of the S protein (corre-
ponding to residues 318–510) has been identified as the region
hich interacts with ACE2 (Wong et al., 2004). Monoclonal

ntibodies directed against the S1 domain of the SARS-CoV
pike protein were shown to block association with ACE2 (Sui
t al., 2004). Because other epitopes may be hidden as a result
f extensive glycosylation, Balzarini (2005) hypothesized that
rugs directed against these carbohydrate components may
elect for mutant virus strains that progressively gain deletions
n these glycosylation sites uncovering previously hidden
pitopes, resulting in increased immunological neutralization.

The protective efficacy of SARS-CoV neutralizing antibod-
es was demonstrated convincingly in several animal models.

ice efficiently controlled SARS-CoV infection upon passive
ransfer of serum from mice that recovered from SARS-CoV
nfection (Subbarao et al., 2004). The concept that antibodies
rotect against SARS has been further explored through the
eneration of human monoclonal antibodies against SARS-
oV. Prophylactic administration of a monoclonal antibody
t 10 mg/kg reduced replication of SARS coronavirus in the
ungs of infected ferrets by 3 logs, completely prevented the
evelopment of SARS coronavirus-induced macroscopic lung
athology, and abolished shedding of virus in pharyngeal secre-
ions (ter Meulen et al., 2004). Other monoclonal antibodies
ere evaluated for their efficacy in mouse- and hamster-
odels (Sui et al., 2005; Roberts et al., 2006). When given

rophylactically to mice at doses therapeutically achievable in
umans, viral replication was reduced by more than 4 orders of
agnitude to below assay limits. Post exposure treatment also

lleviated the viral burden and associated pathological findings
n a golden Syrian hamster model of SARS-CoV infection.
fter hamsters were treated with the antibody their viral burden
as reduced by 102.4 to 103.9 50% tissue-culture infectious
oses per gram of tissue, and the severity of associated
athological findings, including interstitial pneumonitis and
onsolidation, was also remarkably reduced (Roberts et al.,
006).

Traggiai et al. (2004) developed an efficient method to make

uman monoclonal SARS-CoV neutralizing antibodies from
emory B cells. These results further proved the feasibility

f immunoprophylaxis using human monoclonal Abs and pro-
ided evidence that vaccines able to elicit neutralizing antibodies
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s
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re likely to be effective against SARS. However, as has been
emonstrated for feline coronavirus, antibodies directed against
he coronavirus spike protein sometimes enhance infection.

acrophages are able to take up feline coronavirus-antibody
omplexes more efficiently causing the virus to replicate to
igher titers. Passive and active immunization against feline
oronavirus thus may enhance feline coronavirus infection in
ivo and cause early death (Vennema et al., 1990). The ques-
ion remains whether such a scenario also holds for SARS-CoV.
lthough enhanced entry of certain SARS-CoV pseudotyped
iruses in Vero cells was observed in the presence of antibodies
irected against the spike protein (Yang et al., 2005a), its rel-
vance in vivo still awaits further investigation. Thus, caution
as to be taken into account by developing strategies to block
ARS-CoV entry by antibodies.

. Inhibition of SARS-CoV fusion

After engagement with ACE2, SARS-CoV fuses with host
ell membranes by a fusion mechanism similar to that exerted
y class I fusion proteins. The conformational changes of the
wo heptad regions located in the S2 region, HR-1 and HR-
, cause the formation of an oligomeric structure, leading to
usion between the viral and target-cell membranes. Therefore,
locking the HR1–HR2 interaction may reveal novel strategies
o inhibit entry of SARS-CoV. Indeed, synthetic peptides derived
rom the HR2 region that bind with high affinity to a peptide from
he HR1 region interfere with conformational changes leading
o the 6-helix bundle formation and subsequently block SARS-
oV infection (Zhu et al., 2004; Liu et al., 2004; Bosch et al.,
004; Ni et al., 2005). However, their relatively low efficacy
ay hamper their development as SARS-CoV antivirals at this
oment.
More recent observations have demonstrated that besides

onformational changes in the HR1 and HR2 interaction, lyso-
omal cysteine proteases are required for productive infection.
ARS-CoV but not HCoV-NL63 utilizes cathepsin L to infect
CE2-expressing cells. Inhibitors of cathepsin L, like calpain

nhibitor III or VI block SARS-CoV infection (Simmons et al.,
005; Huang et al., 2006). At this moment the exact mechanism
f action of these enzymes is not clear.

. Inhibition of SARS-CoV replication by interferons

After SARS-CoV has entered the cell and has fused with the
ellular membranes, the positive stranded coronavirus genome
s released and viral replication is initiated. However, the sub-
equent formation of double stranded RNA intermediates is a
trong trigger of innate immune responses. Through interaction
ith toll-like receptors, production of type 1 interferons (IFNs)

s initiated to limit viral replication. Interestingly, several studies
ave demonstrated that IFN production by SARS-CoV infected
ells may be limited; macrophages as well as 293 cells infected

ith SARS-CoV do not show induction of IFN-beta gene expres-

ion (Cheung et al., 2005; Spiegel et al., 2005). Therefore,
ARS-CoV most likely encodes viral proteins that interfere with
ne of the signaling cascades leading to the production of type
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IFNs in these cells. On the other hand, SARS-CoV remains
ensitive to the action of exogenous IFNs. Several studies noted
hat IFNs inhibited the replication of SARS-CoV in cell cul-
ure in vitro, IFN-� being more potent than either IFN-� or -�
Cinatl et al., 2003a; Haagmans et al., 2004; Hensley et al., 2004;
troher et al., 2004). IFN-� in conjunction with IFN-� synergis-

ically inhibit the replication of SARS-CoV (Sainz et al., 2004).
imilarly, IFNs inhibit replication of other animal and human
oronaviruses (Turner et al., 1986; Smith et al., 1987; Pei et al.,
001).

Viruses causing lysis of their target cell are most effectively
nhibited by IFNs through their antiviral activity in non-infected
ells. Therefore, IFNs have their highest utility in the prophy-
axis or early post-exposure management of SARS. Pegylated
FN-� has been shown to effectively reduce viral replication
nd excretion, viral antigen expression by type 1 pneumo-
ytes and the pulmonary damage in cynomolgous macaques that
ere infected experimentally with SARS-CoV (Haagmans et al.,
004). Evidence of a protective effect of IFN-alpha also has been
btained in a preliminary study during the SARS outbreak with
nterferon alfacon-1 in combination with corticosteroids (Loutfy
t al., 2003). Because IFNs are commercially available for the
reatment of hepatitis B and C, these drugs could be considered
or treatment of SARS should it re-emerge.

. Inhibition of SARS-CoV replication by RNA
nterference

Because RNA interference (RNAi) provides effective antivi-
al defence in plants and other organisms, several studies have
ocused on harnessing RNAi to inhibit viral infection (Leonard
nd Schaffer, 2006). To explore the possibility of interrupting
ARS-coronavirus replication with siRNAs, specific siRNAs

argeting the spike gene in SARS coronavirus have been synthe-
ised. These siRNAs effectively and specifically inhibited gene
xpression of the spike protein in SARS-coronavirus-infected
ells (Zhang et al., 2004). Another study assessed the in vitro
fficiacy of six siRNA molecules targeting different sites of
he replicase 1A region of the SARS-coronavirus genome (He
t al., 2003) Judged by morphological changes, three of the
olecules markedly inhibited the cytopathic effects caused by

iral infection and replication. The three siRNAs also inhibited
he infection and replication of different strains of SARS coron-
virus, indicating that siRNAs targeting the replicase 1A region
ay be an option for future clinical use.
Potent siRNA inhibitors of SARS-CoV in vitro, targeting the

ARS-CoV genome at S protein- and nsp12-coding regions,
ere further evaluated for their efficacy in a rhesus macaque
ARS model (Li et al., 2005), and found to provide relief from
ARS-CoV infection-induced fever, diminish SARS-CoV lev-
ls and reduce acute diffuse alveolar damage.

. Inhibition of SARS-CoV replication by targeting

iral proteases

The pivotal roles played by coronavirus main proteases in
ontrolling viral replication and transcription through extensive
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rocessing of replicase polyproteins, together with the absence
f closely related cellular homologues, identified these proteins
s a potentially important target for antiviral drug design (Anand
t al., 2003). The SARS-CoV encoded main protease cleaves the
eplicase polyproteins at 11 conserved sites, in order to generate
he functional proteins necessary for virus replication. The crys-
al structures of the SARS-CoV main protease complexed with
arious substrate analogues have been determined (Yang et al.,
003). Recently, Yang et al. (2005b) reported the discovery of
highly conserved region based on four crystal structures and
ne homology model of main protease representing all three
enetic clusters of the genus Coronavirus. Furthermore they
evealed a uniform inhibition mechanism from the structures of
ain protease-inhibitor complexes from SARS-CoV and TGEV.
structure-assisted optimization program yielded compounds

ith fast in vitro inactivation of multiple CoV main proteases,
otent antiviral activity, and extremely low cellular toxicity in
ell-based assays. Further modification could rapidly lead to
he discovery of a single agent with clinical potential against
xisting and possible future emerging CoV-associated diseases.
lso some other main protease inhibitors were shown to inhibit
ARS-CoV replication in vitro. Cinanserin, niclosamide anilide
nd a Phe–Phe dipeptide inhibitor were found to inhibit the main
rotease and inhibited virus replication in Vero cells (Shie et al.,
005; Chen et al., 2005).

The lopinavir/ritonavir combination was first considered a
otentially useful treatment after in vitro studies showed it had
ntiviral activity against SARS-CoV. Chan et al. (2003) com-
ared outcomes in people who received lopinavir/ritonavir as
nitial treatment, and as rescue therapy, with matched controls;
ll patients were given ribavirin and steroids according to a stan-
ardised protocol. The addition of lopinavir/ritonavir as initial
reatment was associated with a statistically significant reduc-
ion in the overall death rate and intubation rate compared with

atched controls. Chu et al. (2004) also assessed treatment with
opinavir/ritonavir compared with historic controls; all patients
ere also treated with ribavirin and steroids in a similar protocol

o that of Chan and colleagues. Adverse events (development of
cute respiratory distress syndrome [ARDS] or death within 21
ays) were significantly lower in the lopinavir/ritonavir group
han in the historic controls. In addition, a significant reduction in
he need for rescue pulsed steroids for severe respiratory deteri-
ration and significantly lower nosocomial infections were also
oted in those treated with lopinavir/ritonavir, compared with
ontrols. By multivariate analysis, it was demonstrated that the
ack of treatment with lopinavir/ritonavir, age 60 years old or
reater, and positive hepatitis B carrier status were independent
redictors of an adverse outcome including death or the develop-
ent of ARDS requiring intensive care within 21 days of onset of

llness. Based on these studies, lopinavir/ritonavir appears to be a
romising anti-SARS-CoV agent. Other protease inhibitors have
een studied in vitro for potential antiviral effects in SARS. For
xample, Yamamoto et al. (2004) screened a set of compounds

hat included antiviral drugs already widely used, and found that
elfinavir strongly inhibited SARS-CoV replication. In addition,
alpain inhibitor VI (Val-Leu-CHO) and calpain inhibitor III (Z-
al-Phe-Ala-CHO) inhibited SARS-CoV (Barnard et al., 2004),



/ An

s
t

8
c

c
G
l
a
C
n
i
C
o
S
N
a
b
N
(

f
a
k

i
(
k
p
i
q
o
c

C
p
p

R

A

B

B

B

B

B

C

C

C

C

C

C

C

D

F

H

H

H

H

B.L. Haagmans, A.D.M.E. Osterhaus

uggesting that other protease inhibitors may also be useful in
he treatment of SARS.

. Inhibition of SARS-CoV replication by other
ompounds

A large number of compounds that inhibit SARS-CoV repli-
ation with unknown mechanism of action have been identified.
lycyrrhizin, which consists of one molecule glycyrrhetinic acid

inked to two molecules of glucuronic acid, is known to exert
ntiviral activity against a range of viruses. It also inhibits SARS-
oV replication, although relatively high concentrations are
eeded (Cinatl et al., 2003b). The mechanism of glycyrrhizin-
nduced inhibition of viral replication – and specifically SARS-
oV replication – is unclear, but possibly involves inhibition
f replication through an antiviral effect of nitric oxide (NO).
ARS-CoV replication is inhibited when DETA NONOate – a
O donor compound – is added to the culture medium (Cinatl et

l., 2003b). Inhibition of SARS-CoV infection in vitro has also
een reported for a nitric oxide generating compound, S-nitroso-
-acetylpenicillamine (SNAP), but only at high concentrations

Keyaerts et al., 2004b).
A wide variety of pyridine N-oxide derivatives have been

ound to be inhibitory against feline coronavirus (FIPV strain)
nd human SARS-CoV (Frankfurt strain-1) in CRFK and simian
idney (Vero) cell cultures, respectively (Balzarini et al., 2006).

Bananin shown to inhibit both the ATPase and helicase activ-
ty of the SARS-CoV inhibits SARS-CoV replication in vitro
Tanner et al., 2005). The 4-aminoquinoline chloroquine, best
nown for its antimalarial effects, has been recommended for its
otential use, preferably in combination with other antivirals,
n the treatment of SARS (Keyaerts et al., 2004a). Chloro-
uine inhibits SARS-CoV replication in Vero cells at an EC50
f 8.8 �M which approximates the plasma concentrations of
hloroquine reached during treatment of acute malaria.

Finally, Wu et al. (2004) tested >10,000 agents against SARS-
oV in Vero cells and selected approximately 50 active com-
ounds. Valinomycin, a peptidic insecticide which acts as a
otassium ion transporter, was the most potent inhibitor.
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