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Abstract

Severe acute respiratory syndrome (SARS) is caused by a novel coronavirus termed SARS-CoV. No antiviral treatment has been estab-
lished so far. Interferons are cytokines which induce the synthesis of several antivirally active proteins in the cell. In this study, we demon-
strated that multiplication of SARS-CoV in cell culture can be strongly inhibited by pretreatment with interferon-beta. Interferon-alpha and
interferon-gamma, by contrast, were less effective. The human MxA protein is one of the most prominent proteins induced by interferon-beta.
Nevertheless, no interference with SARS-CoV replication was observed in Vero cells stably expressing MxA. Therefore, other interferon-induced
proteins must be responsible for the strong inhibitory effect of interferon-beta against SARS-CoV.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Severe acute respiratory syndrome (SARS) is an infec-
tious disease which has recently emerged in China and
rapidly spread to other countries (Chan et al., 2003). To
date, 8098 cases with 774 deaths are reported (WHO,
2003). Intensive research has led to the identification of
a positive-stranded RNA virus, termed SARS-coronavirus
(SARS-CoV), as the etiologic agent (Drosten et al., 2003;
Fouchier et al., 2003; Ksiazek et al., 2003; Kuiken et al.,
2003; Peiris et al., 2003).

Virus infection of mammalian cells prompts the innate
immune system to establish a first line of defense. Interfer-
ons (IFNs) play a key role in these events, since they activate
the innate immune system and help to shape adaptive im-
munity (Stark et al., 1998). Two types of IFNs are involved

Abbreviations: IFN, interferon; PFU, plaque forming units; PKR,
protein kinase R; SARS, severe acute respiratory syndrome; SARS-CoV,
SARS-associated coronavirus
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in establishing an antiviral state. Type I IFN (IFN-�/�) is
synthesized by most cell types as a direct response to virus
infection, whereas type II IFN (IFN-�) is produced by im-
mune cells after contact with antigen-presenting cells. Both
type I and type II IFNs induce the synthesis of distinct
but partially overlapping sets of mRNAs which encode pro-
teins with antiviral, antiproliferative, and immunomodula-
tory properties (de Veer et al., 2001). Among the type I
IFN-induced proteins, the main antiviral factors are the Mx
proteins (Haller and Kochs, 2002), the 2′-5′-oligoadenylate
synthetase (2′-5′-OAS)/RNaseL system (Silverman, 1994),
and the protein kinase R (PKR; (Williams, 1999). Mx pro-
teins are large GTPases that inhibit the multiplication of sev-
eral RNA viruses, including representative members of the
Bunyaviridae, Paramyxoviridae, Rhabdoviridae, Orthomyx-
oviridae, andTogaviridae (Haller and Kochs, 2002). Mx pro-
teins inhibit virus replication at early stages of infection by
affecting transcription and/or replication of the viral genome
(Haller and Kochs, 2002).

In this study, we investigated the potential of different
IFNs to inhibit replication of SARS-CoV in cell culture and
determined whether the human MxA protein contributes to
the antiviral effect of type I IFNs.
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2. Methods

2.1. Cells and viruses

African green monkey kidney (Vero) cells were grown in
Dulbecco’s modified Eagle’s medium containing 10% fetal
calf serum. Vero cell clones VA3, VA9, and VA12 which
are permanently transfected with MxA expression plasmids
(Frese et al., 1995) were grown in the same medium plus
2 mg of G418 per ml. The FFM-1 isolate of SARS-CoV was
kindly provided by Stephan Becker, University of Marburg,
Germany.

2.2. Interferons

Human IFN-� A/D (BglII), pegylated IFN-�, IFN-�, and
IFN-� were purchased from PBL Biomedical Laborato-
ries, Griffith Micro Science, Schering and Sigma, respecti-
vely.

2.3. Plaque assays

Virus plaque assays were performed as described previ-
ously (Frese et al., 1995). Briefly, Vero cell monolayers were
infected with dilutions of supernatants from infected cells,
overlaid with soft agar, and allow to form plaques for 72 h.
Then the agar overlay was removed and cells were stained
with a solution of 1% crystal violet, 3,6% formaldehyde, 1%
methanol, and 20% ethanol.

3. Results and discussion

3.1. Inhibitory effects of interferons

We investigated the inhibitory effect of type I and II
IFNs on SARS-CoV multiplication in cell culture. We used
universal IFN-� A/D (BglII), pegylated human IFN-�, hu-
man IFN-�, and human IFN-�. These cytokines are known
to inhibit the replication of several pathogenic viruses in
cell culture or in patients (Samuel, 2001). For all follow-
ing experiments, Vero cells were chosen because they are
unable to synthesize IFN but are fully responsive to IFN
treatment (Diaz et al., 1988). Therefore, any additional ef-
fects of virus-induced IFN that would bias the results can
be excluded. Cells were pretreated with the IFNs, infected
with SARS-CoV, and virus in the supernatant was deter-
mined after overnight incubation.Fig. 1 shows that ad-
ministration of IFN-� and IFN-� led to a 10-fold inhibi-
tion of virus growth. IFN-� was even more potent since it
resulted in a 1000-fold reduction of virus titers. We also
tested tumor necrosis factor�, but found no inhibitory ef-
fect (data not shown). These data are in agreement with
a recent report byCinatl et al. (2003)and demonstrate
that IFN-� is the most effective antiviral cytokine against
SARS-CoV.

Fig. 1. Effect of IFNs on growth of SARS-CoV. VeroCH cells were
pretreated with 1000 units each of the IFNs as indicated and infected
with 0.1 PFU of SARS-CoV per cell. At 24 h post-infection, virus in the
supernatant was determined by plaque assay. Mean values and standard
deviations of three independent experiments are shown.

3.2. Virus replication in MxA-expressing cells

Mx is one of the main IFN-�/�-induced proteins which
are antivirally active. Previous gene array analyses have re-
vealed that the mRNA for the human MxA protein is in-
duced 31-fold by IFN-�, 21-fold by IFN-�, and not at all
by IFN-� (Der et al., 1998). Due to the similarity of the an-
tiviral effect of the different IFNs (seeFig. 1) and the pat-
tern of MxA expression, it was suspected that MxA might
be the responsible factor (Cinatl et al., 2003). Therefore, we

Fig. 2. Growth of SARS-CoV in MxA-expressing cells. (A) Viral titers.
Vero cell lines expressing MxA (VA3, VA9, VA12) and control cells
(Vero, VN36) were infected with SARS-CoV at a multiplicity of infec-
tion of 1, and viral titers in the supernatants were determined at 48 h
post-infection. Mean values and standard deviations of three independent
experiments are shown. The same batches of MxA-expressing cells po-
tently suppress growth of Thogoto-orthomyxovirus, as published previ-
ously (Frese et al., 1995). (B) Plaque formation. Monolayers of 106 Vero
cells (left) and MxA-expressing VA9 cells (right) were infected with 20
PFU of SARS-CoV and overlaid with soft agar.
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tested growth of SARS-CoV in Vero cell lines which sta-
bly express MxA (Frese et al., 1995). These cells are widely
used to demonstrate the antiviral effect of MxA against a
range of RNA viruses (Haller and Kochs, 2002). The Vero
cells expressing MxA (VA3, VA9, VA12) and control cells
(VN36, Vero) were infected with the SARS-CoV isolate
FFM-1, and viral titers in the supernatants were determined
at 48 h post-infection. As depicted inFig. 2A, no appar-
ent differences in virus growth were detected. In all cases
titers of approximately 108 infectious particles per ml were
reached. Likewise, when MxA-expressing VA9 and control
Vero cells were directly used in a plaque assay, no differ-
ences in the efficiency of plaque formation or size were ob-
served (Fig. 2B). These results suggest that MxA is not the
critical factor that mediates inhibition of SARS-CoV, de-
spite its high-level induction by IFN-�. Thus, the search for
antiviral effects against SARS-CoV should focus on other
IFN-induced proteins such as PKR or RNase L.
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