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The severe acute respiratory syndrome-associated coronavirus (SARS-CoV) causes severe pneumonia with
a fatal outcome in approximately 10% of patients. SARS-CoV is not closely related to other coronaviruses but
shares a similar genome organization. Entry of coronaviruses into target cells is mediated by the viral S protein. We functionally analyzed SARS-CoV S using pseudotyped lentiviral particles (pseudotypes). The SARSCoV S protein was found to be expressed at the cell surface upon transient transfection. Coexpression of
SARS-CoV S with human immunodeficiency virus-based reporter constructs yielded viruses that were infectious for a range of cell lines. Most notably, viral pseudotypes harboring SARS-CoV S infected hepatoma cell
lines but not T- and B-cell lines. Infection of the hepatoma cell line Huh-7 was also observed with replicationcompetent SARS-CoV, indicating that hepatocytes might be targeted by SARS-CoV in vivo. Inhibition of
vacuolar acidification impaired infection by SARS-CoV S-bearing pseudotypes, indicating that S-mediated
entry requires low pH. Finally, infection by SARS-CoV S pseudotypes but not by vesicular stomatitis virus G
pseudotypes was efficiently inhibited by a rabbit serum raised against SARS-CoV particles and by sera from
SARS patients, demonstrating that SARS-CoV S is a target for neutralizing antibodies and that such antibodies are generated in SARS-CoV-infected patients. Our results show that viral pseudotyping can be employed
for the analysis of SARS-CoV S function. Moreover, we provide evidence that SARS-CoV infection might not
be limited to lung tissue and can be inhibited by the humoral immune response in infected patients.
deviations between the two classifications were observed. Although SARS-CoV exhibits a similar genome structure, it is
only distantly related to known CoVs and constitutes the first
member of either a new phylogenetic group (41, 57) or a new
subgroup of group 2 CoVs (61). Thus, the approximately
29,750 nucleotides comprising the positive-strand RNA SARSCoV genome encode the structural proteins spike (S), envelope (E), membrane (M), and nucleocapsid (N) (41, 57), which
are highly conserved among CoVs. The S, M, and E gene
products are inserted into the viral envelope, and coexpression
of M and E has been shown to be sufficient to drive budding of
virus-like particles (67). However, further studies suggest that
either M or E might be sufficient to mediate release of progeny
virions (34, 40). CoVs usually bud into an intermediate compartment of the endoplasmic reticulum and the Golgi complex,
followed by the release of virus particles from the infected cell
by exocytosis (30, 66).
Generally, CoV infection of target cells is mediated by the S
proteins, which exhibit characteristics of class I fusion proteins
(3). They are trimeric type I integral membrane proteins, organized into subdomains necessary for receptor engagement
(S1) and membrane fusion (S2) (20). S has been shown to be
incorporated into virions by interactions with M (45, 51, 52). In
infected cells and in S-transfected cells, S can be transported to
the cell surface, where it mediates fusion with adjoining cells,
resulting in the formation of syncytia (2, 11, 39). CoV S pro-

In the fourth quarter of 2002, a novel severe, acute pneumonia emerged in Guangdong province, China. The disease,
termed severe acute respiratory syndrome (SARS) by the
World Health Organization, experienced a global spread, with
Asian countries being most severely affected. In May 2003, a
novel coronavirus (CoV) was discovered in SARS patients (16,
31, 53) and shown to be the cause of the disease (19, 32). Due
to coordinated containment measures like quarantine of patients and travel restrictions (22, 73), the spread of SARS was
stopped by July 2003. By then, over 8,000 patients had developed SARS and more than 700 had died from the disease (72).
It has been speculated that SARS might be a seasonal disease
(49), and evidence has been presented that the SARS-associated CoV (SARS-CoV) might replicate in an animal reservoir
(23). It is therefore conceivable that SARS-CoV might be
reintroduced into the human population (49), a possibility that
calls for the development of antiviral agents and vaccines in
order to prevent future epidemics.
Based on antigenic cross-reactivity CoVs were initially subdivided into three groups. These results were largely confirmed
upon subsequent phylogenetic analysis (35, 58); however, some
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Matthias Niedrig,3 and Stefan Pöhlmann1,2*
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teins facilitate entry into target cells by interacting with specific
receptors on the cell surface. Thus, mouse hepatitis viruses engage carcinoembryonic antigen-cell adhesion molecules, human and feline CoVs bind to aminopeptidase N, and bovine
CoVs recognize 9-O-acetylated sialic acids (20). The S protein
was shown to be the sole determinant of the host range of
CoVs, since the exchange of the ectodomain of S is sufficient to
transfer target cell specificity (33).
Based on sequence comparison, the SARS-CoV S domain
organization resembles that of other CoV S proteins, and
SARS-CoV S is also predicted to be a class I fusion protein (41,
57). The angiotensin-converting enzyme 2 (ACE2) has been
reported to function as a receptor for SARS-CoV (38). Indeed,
ACE2 mRNA expression has been detected in lung and kidney
tissues (24), and SARS-CoV S engagement of ACE2 might
account for the infection of lung tissue in SARS patients (31,
32, 46) and the successful isolation of SARS-CoV S on macaque kidney cells (16, 31, 53); however, no detailed information on SARS-CoV tropism and its correlation with ACE2
expression is available so far.
The SARS-CoV S protein harbors 23 potential N-linked
glycosylation sites (41, 57) which might limit recognition by the
humoral immune response. SARS-CoV-infected individuals
usually develop an antibody response against the virus (16, 31,
53), but it is unclear whether S-specific neutralizing antibodies
are generated and whether the humoral immune response
plays a key role in clearing SARS-CoV infection. The analysis
of SARS-CoV S function should therefore provide valuable
insights into SARS pathogenesis and might open possibilities
for therapeutic intervention and vaccine development.
We used pseudotyped lentiviral particles (pseudotypes) bearing the SARS-CoV S protein to study viral tropism and determinants of S-mediated infection. Pseudotypes bearing the SARSCoV S protein were able to enter cell lines of kidney and liver
origin, and the latter were highly permissive to infection by
replication-competent SARS-CoV, suggesting that SARS-CoV
might target liver tissue in vivo. Pseudotype infection of cells
was pH dependent, indicating that SARS-CoV particles might
be endocytosed upon attachment to the surface of target cells
and fuse with the membrane of endocytic vesicles. SARS-CoV
S-mediated infection could be inhibited by rabbit sera from
animals immunized with purified SARS-CoV and importantly
by sera from SARS patients, demonstrating that S is a target
for neutralizing antibodies.

plemented with 10% fetal calf serum; medium for Huh-7 cells was additionally
supplemented with a 1% amino acid cocktail (Invitrogen Corp.).
Human immunodeficiency virus (HIV) pseudotypes were generated by cotransfection of 293T cells with the indicated envelope expression plasmids in
combination with the pNL4-3-Luc-R⫺E⫺ (9, 25) or the pNL4-3-GFP (56) plasmid as described previously (60). The culture supernatants were harvested 48 h
after transfection, passed through 0.4-m-pore-size filters, aliquoted, and stored
at ⫺80°C. For infection with pseudotypes carrying luciferase or green fluorescent
protein (GFP) as a reporter gene, cells were seeded onto 96-well plates at
densities ranging from 8 ⫻ 103 up to 1.2 ⫻ 104 and incubated with equal volumes
of viral supernatants normalized for HIV capsid (p24) content by enzyme-linked
immunosorbent assay (ELISA) (Murex; Abbott Diagnostics, Abbott Park, Ill.).
For the determination of cell tropism, virus particles were concentrated on the
cells by centrifugation for 2 h at 800 ⫻ g (50). Generally, the medium was
replaced after 12 h, and luciferase activity was determined 72 h after transduction
with a commercially available kit as recommended by the manufacturer (Promega, Madison, Wis.). For inhibition of lysosomal acidification, 293T or Huh-7
cells were preincubated for 30 min at 37°C with ammonium chloride or bafilomycin A at final concentrations of 1 to 15 mM and 20 to 100 nM, respectively.
Thereafter, the indicated pseudotyped viruses, normalized for luciferase activity,
were added for 6 h followed by complete renewal of the culture medium. Finally,
for neutralization of SARS-CoV S-bearing pseudotypes by immune sera, equal
volumes of viral supernatants, normalized for comparable luciferase activity
upon infection in the absence of serum, were preincubated with serial dilutions
of serum for 30 min and incubated with target cells for 7 h. Thereafter, the
infection medium was removed, the cells were maintained in fresh medium for
72 h, and luciferase activity was determined as described above.
Antibodies, Western blotting, and fluorescence-activated cell sorting (FACS)
analysis. For production of SARS-CoV antigen, the supernatant of Vero cells
infected with SARS-CoV (strain Frankfurt) was harvested 24 h after infection
and cleared of cell debris by centrifugation. The SARS-CoV particles were
further purified from the supernatant by ultracentrifugation for 4 h through a
sucrose cushion. The pellet was resuspended, completely inactivated by heat
treatment (1 h at 56°C) and gamma irradiation (30 kGy), and used to immunize
rabbits to generate a polyclonal SARS-CoV antiserum. Sera from patients infected with SARS-CoV were purified from whole-blood samples. Anti-human
and anti-rabbit horseradish peroxidase- or fluorescein-conjugated secondary antibodies were obtained from Dianova (Hamburg, Germany).
For Western blotting, transfected 293T cells were lysed in RIPA lysis buffer
(0.1% sodium dodecyl sulfate [SDS], 1% NP-40, 1% deoxycholate, 0.05 M Tris
[pH 7.3], 0.15 M NaCl, 0.15 M phenylmethylsulfonyl fluoride), diluted in SDS
Laemmli buffer, and boiled at 94°C for 10 min. Samples were electrophoresed in
SDS–10% polyacrylamide gels, and the proteins were transferred onto nitrocellulose membranes (Schleicher & Schuell, Dassel, Germany). Western blotting
and chemiluminescence detection were performed according to the manufacturer’s protocol (ECL Western detection kit; Amersham Pharmacia Biotech Europe, Freiburg, Germany).
For FACS analysis, the transfected 293T cells were incubated with anti-SARSCoV antisera of human or rabbit origin in a total volume of 100 l of FACS
buffer. The reaction mixtures were incubated at 4°C for 30 min, followed by a
washing step; thereafter, bound antibody was detected by adding 0.5 g of an
appropriate fluorescein-coupled secondary antibody (Dianova). Antibody binding was allowed to proceed for 30 min at 4°C, and then the cells were washed and
SARS-S surface expression was quantitated by FACS analysis.
Indirect immunofluorescence analysis. For infection with pseudotypes carrying GFP as a reporter gene, Huh-7 cells were plated onto 96-well plates at 104
cells per well and incubated with pseudotyped virus particles normalized for p24
content by ELISA (Murex; Abbott Diagnostics). After 72 h, cells were fixed with
4% paraformaldehyde for 15 min at room temperature, washed with phosphatebuffered saline, and monitored for GFP expression with a Zeiss Axiovert-200
microscope (Zeiss, Jena, Germany). All images were recorded with a Nikon
COOLPIX-995 digital camera (Nikon GmbH, Düsseldorf, Germany) with identical aperture, exposure time, and white balance and processed by using the
Adobe Photoshop package (Universal Imaging Corp., Brandywine, Pa.; Adobe
Systems Inc.). Each experiment was performed in quadruplicate, repeated at
least three times, and evaluated by two investigators. Alternatively, Huh-7 and
Vero cells cultured on 15-mm-diameter sterile glass slides in 12-well dishes were
infected with 25 l of supernatant of SARS-CoV (Hong Kong and Frankfurt
strains). Mock-infected cells were used as a negative control. After 24 h, cells
were fixed and subjected to indirect immunofluorescence with a human antiSARS antiserum followed by incubation with an anti-human fluorescein isothiocyanate-labeled antibody. Staining was analyzed by using a Zeiss LSM 510
confocal laser scanning microscope.

MATERIALS AND METHODS
Plasmid construction and in vitro mutagenesis. A eukaryotic expression vector for the SARS-CoV S envelope protein was constructed by reverse transcription-PCR of the SARS-CoV RNA genome (strain Frankfurt) with use of the
SuperScript One step RT-PCR kit (Invitrogen Corp., San Diego, Calif.) and
oligonucleotides SARS-S-3stop (TTATGTGTAATGTAATTTGACACCCC)
and SARS-S-5 (CACCATGTTTATTTTCTTATTATTCTT). The resulting fragment was subcloned into pcDNA3.1/HisTopo (Invitrogen Corp.); the SARSCoV leader sequence was thereafter introduced by PCR mutagenesis. In parallel
the SARS-CoV S cDNA including the leader sequence was inserted into the
pCAGGS vector (24). Expression plasmids encoding the envelope proteins of
murine leukemia virus (MLV) and vesicular stomatitis virus (VSV G) have been
described previously (60). The DNA sequence of all PCR-amplified sequences
was confirmed by automated sequence analysis (ABI, Weiterstadt, Germany).
Cell culture, transfection, infection, and reporter assays. The lymphatic cell
lines C8166 and BL41 were cultured in RPMI 1640 medium supplemented with
10% fetal calf serum. 293T, Vero, HEp-2, and HepG2 cells were maintained in
Dulbecco’s minimal essential medium (Gibco/BRL, Eggenstein, Germany) sup-
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RESULTS
We functionally analyzed the S protein of SARS-CoV using
viral pseudotyping, a well-established technology which allows
the characterization of viral glycoproteins (GPs) upon incorporation into heterologous viral particles. Lentiviral particles
pseudotyped with SARS-CoV S were generated by cotransfection of S expression plasmids with HIV reporter genomes
harboring a defective env gene. Cell tropism, determinants of
infection, and neutralization of the SARS-CoV S-harboring
pseudotypes was investigated.
S is expressed at the surface of transiently transfected 293T
cells. The generation of retroviral pseudotypes bearing SARSCoV S requires that S is expressed on the cell surface to allow
nonspecific incorporation into the membrane of budding viral
particles. In order to examine whether the SARS-CoV S protein can be expressed on the cell surface, we transiently transfected 293T cells with pcDNA3 and pCAGGS vectors containing the SARS-CoV S gene. The pcDNA3 plasmid is a
commonly used expression vector harboring a cytomegalovirus
promoter. Expression of S in pCAGGS is driven by a combination of the cytomegalovirus enhancer and the chicken ␤-actin promoter; however, the S transcript produced by this construct contains an intron (48). In order to detect S expression,
a rabbit serum generated by immunization with purified
SARS-CoV particles was employed. In agreement with published reports (74) a specific band of approximately 170 to 180
kDa was detected by Western blotting in lysates from cells
transfected with the pCAGGS-based S expression construct
(Fig. 1A, lane 3). No specific signal was detected in controltransfected cells and in cells transfected with S inserted into
pcDNA3 (lane 2), suggesting that the presence of an intron in
the S transcript enhances expression. Additionally, the presence of SARS-CoV S on the surface of transfected cells was
quantified by FACS. Expression of S was readily detected in

S-pCAGGS-transfected cells but not in S-pcDNA3-transfected
or control cells (Fig. 1B and data not shown), indicating that S
can be transported to the cell surface after transient expression.
The SARS-CoV S protein mediates entry into liver- and
kidney-derived cell lines. Culture supernatants containing
pseudotyped particles bearing the SARS-CoV S protein or
control particles lacking a GP were p24 normalized and used
for infection of a panel of cell lines. Pseudotypes carrying VSV
G served as a positive control. All cell lines were efficiently
infected by VSV G pseudotypes (luciferase activity, ⱖ1.00E ⫹
06), while infection by control pseudotypes, obtained after
cotransfection of pcDNA3 or pCAGGS, was inefficient (luciferase activity, ⬍2.00E ⫹ 03) (Fig. 2A and data not shown).
Pseudotypes bearing the SARS-CoV S GP infected the hepatoma cell lines HepG2 and Huh-7 as well as the kidney-derived
cell line 293T with high efficiency (luciferase activity, ⬎1.00E
⫹ 05). Robust infection was also detected with the HeLaderived cell line HEp-2. In contrast, SARS-CoV S-mediated
infection of the lymphocytic cell lines C8166 and BL41 was
equal to or below that observed with control particles bearing
no GP (Fig. 2A), suggesting that these cell lines do express very
low amounts of receptor(s) or no receptor(s) for SARS-CoV S.
Entry of SARS-CoV S-bearing pseudotypes into Vero cells,
which have been used for the initial isolation of SARS-CoV
(16, 31), was repeatedly more efficient than entry of control
viruses; however, infectious entry was about a hundred- to a
thousandfold less efficient than entry into 293T or Huh-7 cells.
Infection experiments with p24-normalized virus stocks and
Huh-7 cells as targets confirmed that pseudotypes generated by
cotransfection of S were at least 100-fold more infectious than
were control particles and about 10- to 100-fold less infectious
than particles bearing the amphotropic MLV and the pantropic VSV GP (Fig. 2B). Also, pseudotypes bearing the wildtype S protein or an S variant with a V5/His antigenic tag
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FIG. 1. Transient expression of the SARS-CoV S protein. (A) Western blot analysis of SARS-CoV S expression. 293T cells were transfected
either with the empty eukaryotic expression vector pCAGGS (lane 1) or the SARS-CoV S expression constructs pcDNA3-S (lane 2) or pCAGGS-S
(lane 3). After lysis in RIPA buffer, the extracts were separated by SDS–10% polyacrylamide gel electrophoresis and detected in Western blot
analyses with a polyclonal rabbit serum directed against SARS-CoV particles. Numbers at left are molecular masses in kilodaltons. (B) Surface
expression of SARS-CoV S protein. 293T cells were transfected with the empty expression plasmid pCAGGS or the pCAGGS-S construct.
Thereafter, cells were prepared for FACS analysis and incubated with the polyclonal rabbit serum in order to detect the S protein. Results of one
experiment representative of three are shown.
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added to the C terminus of S exhibited comparable infectivity,
indicating that the antigenic tag does not affect function (Fig.
2B). Finally we assessed the infectivity of the pseudotypes with
an HIV reporter construct harboring GFP. Huh-7 cells were
incubated with p24-normalized virus stocks, and infected
cells were detected by fluorescence microscopy. In agreement
with data obtained with luciferase reporter viruses, VSV G-mediated infection was efficient since a substantial portion of
target cells expressed GFP (Fig. 2C, panels a and d). Cells
expressing GFP were also readily detected upon SARS-CoV
S-mediated infection (panels b and e); however, clearly fewer
cells were GFP positive than were target cells transduced with
VSV G-bearing pseudotypes. Infection with control particles
did not result in significant transduction (panels c and f).
The hepatoma cell line Huh-7 is susceptible to SARS-CoV
infection. Next, we addressed the question whether efficient
pseudotype infection of hepatoma cells correlates with SARSCoV infection of these cells. For this, Huh-7 cells were incubated either with supernatants containing SARS-CoV of the

Frankfurt strain or with control supernatant. After 24 h the
cells were stained with human anti-SARS-CoV antiserum and
analyzed by confocal microscopy. As shown in Fig. 3, staining
of a substantial portion of Huh-7 cells infected with SARSCoV was readily detected; however, no staining of cells infected with control supernatant was observed (Fig. 3 and data
not shown). A similar result was obtained with SARS-CoV of
the Hong Kong strain and with Vero cells, which are known to
be susceptible to SARS-CoV (data not shown). Consequently,
the hepatic cell tropism of SARS-CoV S-bearing lentiviral
pseudotypes is reflected by live SARS-CoV particles, indicating that these cells could also be targeted in infected individuals.
Entry of pseudotypes bearing S into the kidney-derived cell
line 293T and the hepatoma cell line Huh-7 is pH dependent.
Enveloped viruses usually use two strategies to overcome the
energy barrier associated with fusing the viral and the cellular
membranes, an essential step in the infection process. First, the
engagement of cell surface receptors by the viral GP can trig-
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FIG. 2. Tropism and infectivity of SARS-S-bearing lentiviral pseudotypes. (A) Cellular tropism of SARS-CoV S pseudotypes. SARS-CoV
S-mediated infection of a panel of common cell lines was assessed. For infection, 3 ng of p24-normalized pseudotypes carrying either the pantropic
VSV G as positive control, no GP (pcDNA3) as negative control, or the SARS-CoV S GP was added to the cells followed by a 2-h centrifugation
at 800 ⫻ g in order to concentrate the infectious material on the cells. After 72 h, cells were lysed and luciferase activity was determined in the
cell extracts. Results of a representative experiment performed in quadruplicate are shown. Comparable results were obtained in at least three
different experiments with independent virus stocks. (B) Relative infectivity of pseudotypes bearing VSV G, MLV GP, and SARS-CoV S. Huh-7
cells were infected with culture supernatants containing 1 ng of viral antigen, and luciferase activity was measured 3 days after infection. Results
of a representative experiment carried out in quadruplicate are shown; comparable results were obtained in an independent experiment. (C)
Efficiency of transduction of Huh-7 cells with p24-normalized GFP reporter viruses. Huh-7 cells were spin infected for 2 h with 25 ng of
pseudotypes bearing VSV G or SARS-CoV S or control pseudotypes lacking an envelope protein (pcDNA3). After 72 h, cells were fixed and
analyzed by immunofluorescence. Results of a representative experiment carried out in quadruplicate are shown. The results were confirmed in
two independent experiments.
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ger conformational changes in the GP which lead to membrane
fusion (13). Second, viruses can be endocytosed, and the low
pH value in endocytic vesicles stimulates conformational
changes in the GP required for fusion (26). Thus, entry mediated by the MLV and HIV GPs is known to be pH independent, while entry mediated by VSV G is pH dependent (42,
43). We investigated the impact of pH on SARS-CoV S-mediated infection by using ammonium chloride and bafilomycin
A1, well-characterized inhibitors of vacuolar acidification (59).
The indicated target cells were preincubated with rising concentrations of ammonium chloride or bafilomycin A1 and infected by pseudotypes harboring either VSV G, MLV GP, or
SARS-CoV S (Fig. 4 and data not shown). The viral input was
standardized for comparable luciferase production upon infection of target cells in the absence of inhibitor. Preincubation of
293T cells (left panel) with ammonium chloride did not reduce
entry of MLV GP pseudotypes, while infection by pseudotypes
harboring VSV G and S was reduced in a dose-dependent
manner, reaching a maximum inhibition of at least 90%. Comparable results were obtained with Huh-7 cells (right panel)
and when bafilomycin A was used as an inhibitor; however,
bafilomycin A treatment also diminished MLV GP-mediated
entry into Huh-7 cells, likely due to toxic side effects (Fig. 4 and
data not shown). Thus, treatment with lysosomotropic agents
inhibits S-mediated infection, arguing for a role of pH in Sdriven membrane fusion.
An antiserum raised against purified SARS-CoV neutralizes
infection by SARS-CoV S-bearing pseudotypes. If SARS-CoV
S is a target for neutralizing antibodies, vaccines based on
native S might hold potential. Therefore, we tested the neutralization capacity of a rabbit serum raised against purified
SARS-CoV particles. Since presumably intact virus particles
were used as immunogen, one would expect the generation of
conformation-dependent S-specific antibodies which might inhibit S function. Pseudotypes harboring SARS-CoV S or VSV
G were normalized for comparable infection of target cells in
the absence of serum, preincubated with different dilutions of
either anti-SARS-CoV or a control rabbit serum, and used for
infection of Huh-7 cells. Preincubation with anti-SARS-CoV
serum but not with the control serum specifically reduced Smediated infection by more than 90%, while infection driven
by MLV GP or VSV G remained largely unaffected (Fig. 5 and
data not shown). Thus, infection by SARS-CoV S-harboring

pseudotypes can be inhibited by an anti-SARS-CoV immune
serum, indicating that S can be targeted by the humoral immune response and confirming that infection by SARS-CoV S
pseudotypes is driven by S.
SARS patients generate S-specific neutralizing antibodies.
The S protein is known to be a major target of the humoral and
cellular immune response in CoV infection (8, 63, 70), and a
protective effect of S-specific neutralizing antibodies has been
documented (5, 44). For that reason, we asked if sera from
SARS patients recognize SARS-CoV S protein and neutralize
infection by SARS-CoV S-bearing pseudotypes. The presence
of S-specific antibodies in serum from a convalescent SARS
patient was analyzed by FACS. Specific staining was observed
with S-expressing cells, indicating that S-specific antibodies are
generated in SARS patients (Fig. 6A). Next we examined if
sera from SARS patients can neutralize S-driven infection. The
neutralization assay was carried out as described above. Sera
from two SARS patients potently inhibited SARS-CoV S-mediated infection at dilutions of 1:50 and 1:75, whereas no ap-

FIG. 4. Influence of inhibitors of acidification on SARS-CoV infection. Target cells were preincubated for 30 min with the indicated
concentrations of ammonium chloride. Subsequently the cells were
infected with pseudotypes carrying VSV G, MLV GP, or SARS-CoV
S protein, which had been normalized for comparable luciferase activity upon infection of target cells in the absence of inhibitor. After
6 h, virus and inhibitor were removed from the cells, and fresh medium
was added. Luciferase activity was determined in cell extracts after 72 h.
The averages of three independent experiments performed in quadruplicate are shown. Error bars indicate standard errors of the means.
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FIG. 3. Infection of hepatoma cells by replication-competent SARS-CoV. Huh-7 cells were mock infected (a) or infected with SARS-CoV
(Frankfurt strain) (b and c) and stained with human anti SARS-CoV antiserum 24 h after infection. The cells were analyzed with a confocal laser
scanning microscope (Zeiss LSM 510) at magnifications of ⫻10 (a and b) and ⫻63 (c).
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types by SARS patient sera (Fig. 6B). Thus, SARS-CoV S is
targeted by neutralizing antibodies generated by SARS patients, indicating that the humoral immune response might
play a role in the clearance of the infection.
DISCUSSION

preciable inhibition of VSV G-driven infection was observed
(Fig. 6B). Moreover, neither SARS-CoV S- nor VSV G-mediated entry was efficiently inhibited by human sera from healthy
donors, confirming a specific inhibition of SARS-CoV pseudo-

FIG. 6. Inhibition of SARS-CoV S-mediated infection by sera from SARS patients. (A) Detection of cell-surface-expressed SARS-CoV S
protein by SARS patient serum. The SARS-CoV S protein was transiently expressed in 293T cells as described in the legend to Fig. 1. The cells
were stained with serum from a convalescent SARS patient, and staining was analyzed by FACS. Results of a representative experiment are shown;
similar results were obtained in an independent experiment. (B) Neutralization of S-bearing pseudotypes by sera from SARS patients. Pseudotypes
bearing the VSV G or SARS-CoV S protein, which had been normalized to equal luciferase activity upon infection of target cells in the absence
of serum, were preincubated for 30 min with serial dilutions of sera from convalescent SARS patients or control serum from a healthy donor. The
virus-antibody mixture was incubated with Huh-7 cells for 7 h followed by complete removal of the culture medium. After 72 h, luciferase activity
was determined in cell extracts. Each experiment was performed in triplicate; results of one out of two experiments are shown.
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FIG. 5. Neutralization of SARS-CoV S-mediated infection by polyclonal rabbit serum raised against purified SARS-CoV. Pseudotypes
bearing VSV G, MLV GP, or SARS-CoV S protein, which had been
normalized to equal luciferase activity upon infection of target cells in
the absence of immune serum, were incubated for 30 min with the
indicated dilutions of the polyclonal rabbit serum. Thereafter, the
virus-antibody mixture was added to Huh-7 cells for 7 h followed by
complete removal of the culture medium. Luciferase activity was determined in cell extracts after 72 h. Results of a representative experiment carried out in triplicate are shown. Similar results were obtained
in two independent experiments.

A novel CoV has been identified as the cause of SARS (16,
31, 53). In order to understand SARS pathogenesis and to
develop therapies and vaccines, it is necessary to analyze the
function of SARS-CoV proteins important for viral replication. The S protein of CoVs is inserted into the viral envelope
and mediates fusion of the viral and cellular membranes, a
process essential for productive infection (20). Moreover, S is
a determinant of viral pathogenesis (20, 55, 64). We investigated SARS-CoV S function employing lentiviral pseudotypes,
i.e., replication-defective lentiviral particles competent for a
single round of infection mediated by SARS-CoV S. Pseudotypes bearing SARS-CoV S infected kidney- and liver-derived
cell lines with high efficiency, and the latter were also susceptible to infectious SARS-CoV, suggesting that these organs
might be infected by SARS-CoV in vivo. Inhibition of vacuolar
acidification strongly reduced infection by SARS-CoV S-bearing pseudotypes, indicating that low pH is required for Sdriven infectious entry. Infection by SARS-CoV S-harboring
pseudotypes was blocked by SARS patient sera, indicating that
S is targeted by neutralizing antibodies during SARS-CoV
infection. In summary, we describe a high-throughput system
to study SARS-CoV S function. Our results indicate that
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receptor or differential intracellular transport of virus particles,
leading to nonproductive infection. In agreement with the first
hypothesis, ACE2 expression in lymphoid tissues was found to
be limited (24). Consequently, infection of T or B cells might
not contribute to the pronounced lymphopenia observed in
SARS patients (10, 37, 53, 71; D. A. Fisher, T. K. Lim, Y. T.
Lim, K. S. Singh, and P. Tambyah, Letter, Lancet 361:1740,
2003; N. S. Panesar, Letter, Lancet 361:1985, 2003). Nevertheless, evidence for SARS-CoV replication in peripheral blood
mononuclear cells has been reported, and the potential SARSCoV infection of lymphoid cells in vivo requires further analysis. In summary, SARS-CoV S-bearing pseudotypes exhibit a
differential tropism for human cell lines, and the efficient infection of liver- and kidney-derived cell lines may have implications for SARS pathogenesis.
Enveloped viruses employ two strategies to enter target
cells. One involves GP-mediated engagement of receptors on
the cell surface, which triggers fusion of the viral and cellular
membranes (13). Alternatively, receptor engagement can trigger endocytosis followed by transport into an endocytic compartment, where the acid pH triggers the fusion activity in GP
(59). Inhibitors of vacuolar acidification are well-established
tools to assess if fusion by a viral GP is pH dependent (14, 15,
54). Treatment with ammonium chloride or bafilomycin A1, an
inhibitor of vacuolar proton pumps (4, 69), demonstrated that
SARS-CoV S-mediated infection of the kidney-derived cell
line 293T and the hepatoma cell line Huh-7 depends on low
pH. In contrast, low pH was not required for SARS-CoV
S-mediated cell-cell fusion (38, 74); however, it has not been
investigated if low pH can enhance fusion. The discrepancy
between these findings could be attributed to the differences in
the experimental systems used. Thus, overexpression of both S
and the ACE2 receptor, which is required to obtain efficient
cell-cell fusion in conjunction with the large interacting membrane surfaces during cell-cell fusion, might provide an optimized environment in which even inefficient membrane fusion
events could be visualized. In contrast, endogenous expression
of receptor on target cells and the limited interacting membrane surfaces can be important constraints of infectious entry
of viral particles. Moreover, cell-type-specific differences might
play a role. For example, herpes simplex virus GPs are well
known to drive cell-to-cell fusion; nevertheless, entry into some
cell lines has been shown to be pH dependent (47, 62). Assessment of the pH dependence of cellular entry of SARS-CoV
particles is therefore required to define the trigger of S-mediated membrane fusion.
One of the major questions in SARS is how the immune
system manages to control the infection in the majority of
patients, while about 10% develop a severe form of the disease
with a usually lethal outcome. The humoral and cellular immune response in CoV infections is mainly directed against the
viral S protein (8, 63, 70). SARS patients usually also develop
a readily detectable antibody response (16, 31, 53) which is at
least in part directed against S, M, and N (7, 27, 68); however,
its neutralizing ability is largely unknown. In order to gain
insight into that question, we analyzed a rabbit serum raised
against purified SARS-CoV particles. This serum specifically
neutralized SARS-CoV S-mediated infection, demonstrating
that the S protein of SARS-CoV can also be targeted by neutralizing antibodies. Furthermore, sera from convalescent
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SARS-CoV might have a broader tropism than initially appreciated and that the neutralizing antibody response could play
an important role in clearing the infection.
The assembly and release of progeny HIV virions are believed to occur at the plasma membrane in most infected cells;
however, budding into intracellular compartments has also
been documented (1). Therefore, the successful generation of
HIV-based pseudotypes requires that the GP of interest be
expressed at the plasma membrane, where it can be nonspecifically incorporated into viral particles. Expression of SARSCoV S with a standard plasmid (pcDNA3.1) proved unsuccessful; however, this problem was circumvented by employing the
pCAGGS vector for S expression. Upon pCAGGS-driven expression an intron is incorporated upstream of the S transcript.
Under these conditions, SARS-CoV S could be detected on
the cell surface and in the lysates of transfected cells. Enhanced expression due to the presence of an intron has been
reported for other human GPs (6, 28, 29). It has therefore been
suggested that the association of certain RNAs with the cellular splicing machinery is necessary for efficient nuclear export
or RNA stability or to prevent aberrant splicing events (28, 29).
SARS is characterized by a severe pneumonia, and pathological changes in the lung are readily detectable in SARS
patients. Thus, among other manifestations, hemorrhagic inflammation of pulmonary alveoli, proliferation of lung epithelial cells, and an influx of macrophages into alveoli have been
documented (36, 46). Moreover, infected cells have been identified in lung tissue (31, 37, 46). SARS is therefore mainly
recognized as a respiratory disease. However, it has been reported that SARS pathogenesis is not limited to alveolar damage. Notably, several reports indicate that one prominent
pathological change associated with SARS is altered liver function (12, 17, 36, 53, 65). Hereby, the levels of liver-specific
enzymes like alanine aminotransferase were found to be elevated in SARS patients, especially upon the manifestation of
severe disease. But how does SARS-CoV infection impact liver
function? Here, we present evidence that SARS-CoV S mediates efficient entry into hepatoma cell lines and that SARSCoV can productively infect these cells, suggesting that infection of hepatocytes in vivo might contribute to alterations in
liver function. Systematic analysis of liver tissue from SARS
patients is therefore required to investigate if SARS-CoV targets hepatocytes in SARS patients and if infection correlates
with dysregulation of liver metabolism. In situ analysis of infected cells in autopsy tissues from SARS patients indeed demonstrated the presence of viral RNA in hepatocytes near the
central vein, further substantiating the speculation that SARSCoV infects liver cells in vivo (75).
Similarly to the S-mediated entry into hepatoma cell lines,
the efficient infection of kidney-derived cell lines by S-bearing
pseudotypes suggests that pathological changes in the kidney,
which can be associated with SARS (12, 16, 31), might at least
in part be attributed to productive infection of kidney cells.
Indeed, the replication of SARS-CoV in a macaque kidney cell
line in vitro and the successful reisolation of SARS-CoV from
kidney tissue from infected patients (16, 31) suggest that the
virus replicates in these cells in vivo. In contrast, the inability of
SARS-CoV S-bearing pseudotypes to target B- and T-cell lines
indicates that these cells might be resistant to SARS-CoV
infection in vivo, due to either the absence of a functional
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SARS patients inhibited SARS-CoV S- but not VSV G-mediated infection with high efficiency, indicating the production of
S-specific neutralizing antibodies. The humoral immune response might therefore play an important role in controlling
and clearing SARS-CoV infection. Moreover, the S protein in
its native conformation might be a suitable candidate for vaccine approaches. Indeed, immunization of macaques with adenoviruses coding for S, M, and N triggered the production of
neutralizing antibodies, providing at least some indirect proof
that S-based vaccines hold promise (21).
In summary, our results provide novel insights into the range
of target cells susceptible to SARS-CoV S-driven infection in
vitro and argue for a role for low pH in triggering S-driven
membrane fusion during infectious viral entry. Moreover, we
show that SARS patients generate S-specific neutralizing antibodies, arguing for a role of the humoral immune response in
clearing the infection. Pseudotyped viruses proved to be a
suitable tool to study SARS-CoV S function and will be highly
useful for many applications, e.g., high-throughput screening
for inhibitors of SARS-CoV S-mediated entry under standard
biosafety conditions. However, one needs to take into account
that the efficiency of S incorporation into the viral envelope
might differ between pseudotypes and SARS-CoV particles.
Future studies are therefore required to determine how neutralization data with pseudotypes compare to those obtained
with replication-competent SARS-CoV. Moreover, the SARSCoV M and E proteins are likely incorporated into the viral
envelope and might also be targeted by the humoral immune
response. Indeed, antibodies directed against M have been
shown to elicit neutralizing activity in the presence of complement (18). The development of a reporter system allowing the
assessment of S, M, and E function will thus be an important
and challenging task.
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