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Abstract

Studies of SARS coronavirus (SARS-CoV)—the causative agent of severe acute respiratory syndrome (SARS)—have been ham-

pered by its high transmission rate and the pathogenicity of this virus. To permit analysis of the host range and entry mechanism of

SARS-CoV, we incorporated the humanized SARS-CoV spike (S) glycoprotein into HIV particles to generate a highly infectious

SARS-CoV pseudotyped virus. The infection on Vero E6—a permissive cell line to SARS-CoV—could be neutralized by sera from

convalescent SARS patients, and the entry was a pH-dependent process. With these highly infectious SARS-CoV pseudotypes, sev-

eral cell lines derived from various tissues were revealed as susceptible to SARS-CoV, which were highly corresponding to the ex-

pression pattern of virus�s receptor angiotensin-converting enzyme 2 (ACE2). In addition, we also demonstrated angiotensin 1

converting enzyme (ACE)—the homologue of ACE2 could not function as a receptor for SARS-CoV.

� 2004 Elsevier Inc. All rights reserved.
Severe acute respiratory syndrome (SARS) was a life-

threatening disease caused by SARS-CoV [1–3]. It has

caused more than 700 deaths recorded by the World

HealthOrganization (WHO), and new cases have been re-

cently reported from East and Southeast Asia. Unfortu-

nately, studies on SARS-CoV were limited because of

the highly infectious nature of this virus. Among the re-
cently reported new cases, several patients were suspected

to have been infected in SARS-CoV research laborato-

ries. Therefore, a safe approach is needed for investigative

research where a wild-type SARS-CoV has to be used.

Pseudotyped viruses with heterogenic glycoproteins

incorporated into retroviral particles were proved to

be a safe viral entry model, which only go through a sin-

gle-cycle infection and acquired the host range of the
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parent viruses where the glycoproteins were derived

[4–6], thus they could facilitate the research on viral en-

try mechanism, cell tropism, neutralization antibody

analysis, and receptor identification [7–10].

In this report, we expressed SARS spike protein from

a synthetic codon-optimized gene, which could dramat-

ically increase S protein expression compared with na-
tive S gene. The S protein could incorporate into HIV

cores to generate pseudotyped virus with high infectivity

on Vero E6 cells. The infection could be neutralized by

sera from convalescent SARS patients, and the entry

process was pH-dependent. With these SARS-CoV

pseudotypes, we analyzed the cell tropism of SARS-

CoV and its correlation with its receptor ACE2 expres-

sion [11,12]. We found that various tissue-derived cell
lines were susceptible to the pseudotype infection, and

the infectivity was correlated with the ACE2 expression.

We also demonstrated that ACE—the homologue of

ACE2 could not function as a receptor for SARS-CoV.
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Materials and methods

Synthetic S gene and plasmid constructions. The cDNA of the

SARS-CoV (strain BJ01, GenBank Accession No. AY278488) was a

gift from Dr. Li Ruan (China CDC, Beijing). The SARS-CoV S gene

was amplified by PCR using the following primers: 5 0-CGGGATCCA

ACGAACATGTTTATTTTCTTATTATTTC-3 0 and 5 0-CGGAATT

CGTTTATGTGTAATGTAATTTGACACCC-30. The fragment was

cloned into pcDNA3.1 (+) vector to generate the plasmid pS. In order

to create a codon optimized S gene, 60 overlapping primers were

synthesized and assembled by overlapping PCR. Pyrobest DNA

polymerase (Takara, Japan) was used in all PCRs. In the first forward

primer, tissue plasminogen activator (Tpa) signal sequence

(MDAMKRGLCCVLLLCGAVFVSA) was introduced to replace the

original signal peptide of the S gene (MFIFLLFLTLTSG). The chi-

meric wild-type S with Tpa was named TS, the synthetic S gene with

Tpa was named TSh. Sequences were determined by sequencing and

cloned into a pcDNA3.1 (+) vector to generate pTS and pTSh.

Cell lines. 293T cells were used as packaging cell lines for preparing

the pseudotyped virus. Huh7 was a gift from Dr. Stanley M. Lemon

(The University of Texas Medical Branch, USA). Human cell lines

(Bel7402, T84, Colo320, SW480, SPC-A1, A549, Glc-82, and Hep-2), a

monkey cell line (Vero E6), and a mouse cell line (CHO) were obtained

from Wuhan Institute of Virology (Wuhan, China). To establish the

ACE or ACE2 expressing cell lines, the cDNA of human ACE (gift

from Dr. Pierre Corvol) or ACE2 was transduced into NIH/3T3 or

HeLa cells by retroviral vector pMX, and the expression of ACE or

ACE2 was detected by FACS using anti-ACE or anti-ACE2 poly-

clonal antibody (R&D systems, Minneapolis).

FACS analysis of S protein expression. S expression constructs were

transfected into 293T by the calcium phosphate precipitation method.

The cells were harvested 48h after transfection and incubated with the

sera for 1h. These cells were then incubated with FITC-conjugated

goat anti-human IgG (Sigma, St. Louis) for 30min. After 3 washes, the

cells were subjected to analysis using a Moflo cytometer (DAKO Cy-

tomation, Denmark).

Western blot. Viral pellets and lysates of the transfected 293T cells

were then subjected to 8% SDS–PAGE, which was followed by

transfer to a nitrocellulose membrane (Amersham–Pharmacia, Ger-

many) and incubated with sera (1:200 dilution) from rabbits immu-

nized with the N-terminal domain (14–670) of the S protein; and an

alkaline phosphatase-labeled goat anti-rabbit IgG (Santa Cruz Bio-

technology, California) was used as the secondary antibody.

Pseudotyped virus infection assays. The SARS-CoV pseudotyped

virus HIV/SARS was produced by a similar method which was de-

scribed previously [8]. Briefly, 10lg pNL4.3.Luc. R�E�pro� [13] and

10lg pTSh were co-transfected into 293T cells in 10cm dishes. Su-

pernatants were harvested 48h later and used in infection assays. The

pseudotyped virus was purified by ultracentrifugation through a 20%

sucrose cushion at 50,000g for 90min, resuspended in 100ll PBS, and
normalized by p24 ELISA using a Vironostika HIV-1 Antigen Mic-

roELISA Kit (Biomerieux bv, Boxtel, The Netherlands). The super-

natant containing 5ng pseudotyped virus (p24) was used to infect cells

in 24-well plates (4–8 · 104cells/well). The cells were lysed at 48h post-

infection. Twenty microliters of lysate was tested for luciferase activity

by the addition of 50ll of luciferase substrate and measured for 10s in

a Wallac Multilabel 1450 Counter (Perkin–Elmer, Singapore). For

neutralization tests, diluted SARS patient�s sera were mixed with equal

volumes of pseudotyped virus supernatants. After incubation at 37 �C
for 30min, 100ll mixtures were added to Vero E6 cells in 96-well

plates. The cells were lysed at 48h post-infection and tested for lucif-

erase activity as described above.

Cell fusion assay. COS-7 cells were transduced with S gene (TS or

TSh) by retroviral vector pBabe-puro and selected in culture medium

containing 5lg/ml puromycin for one week. The puromycin resistant

cells were checked for S protein expression and named TS-COS and
TSh-COS, respectively. These cells were mixed with Vero E6 cells at a

ratio of 1:1 and co-cultured for 8h, and the syncytium was examined

under microscope.

RT-PCR. The total RNA of target cells was isolated with a Trizol

reagent (Life Technologies, Rockville, MD). The expression of ACE2

was analyzed with the following primers: forward 5 0-GCACTCAC

GATTGTTGGGACT-30; reverse 5 0-ATTAGCCACTCGCACATCC

TC-3 0. The expression of mouse ACE2 was analyzed with the fol-

lowing primers: forward 5 0-GCATTGACAATTGTTGGAACA-3 0;

reverse 5 0-ATCACTCACTCGTACATCTTC-3 0. The expression of

human ACE was analyzed with the following primers: forward 5 0-CG

GCTCAATGGCTATGTAGATGC-3 0; reverse 5 0-TCCCTCAAGGC

CACAGGTAAGTC-3 0.

Treatment with NH4Cl. Huh7 cells in 24-well plates were pretreated

for 1h with serum-free DMEM containing NH4Cl at various con-

centrations (0–30mM), at 37�C. HIV/SARS, HIV/AMLV or HIV/

VSV-G pseudoviruses were added onto Huh7 cells in the presence of

NH4Cl at various concentrations. After 12h incubation, the superna-

tant was replaced with DMEM containing 10% FBS. The luciferase

activity was determined at 48h post-infection as described above.
Results and discussion

The expression of the S protein using a codon-optimized S

gene.

The spike (S) glycoprotein of the coronavirus is the

major envelope protein that plays a key role in viral en-

try. It not only binds to the cellular receptor but also ini-

tiates membrane fusion [14–17]. To develop the

pseudotyped virus system for studying SARS-CoV en-

try, we initially transfected pTS containing the native

S gene into 293T cells, but found that the expression

of the S protein in transfected cells was too weak to be
detected either by FACS or Western blot (Figs. 1A

and B). The poor expression from the native S gene

might be due to codon bias, since the native S gene

had a codon usage that differed substantially from those

of human genes (Fig. 1C). We therefore synthesized a

humanized S gene (TSh) in which native codons were re-

placed with the degenerate codons used most frequently

in human genes. When the pTSh was transfected into
293T cells, the S protein could be easily detected by

FACS analysis (Fig. 1A). Western blot analysis of ly-

sates from the pTSh transfected 293T cells showed two

major protein bands that reacted with anti-S sera: a

180kDa protein corresponding to the previously

described size for the mature S protein on SARS-CoV

virions [18] and a 130kDa protein consistent with the

calculated molecular weight of the nonglycosylated pre-
cursors of the S protein (Fig. 1B).

Infectious SARS-CoV pseudotyped virus can be assem-

bled in vitro

We then produced the pseudotyped virus HIV/SARS

by co-transfecting 293T cells with pTSh and pNL4.3.



Fig. 1. The expression of S protein from a codon-optimized S gene.

(A) 293T cells were transfected with pTS, pTSh or pcDNA3.1 (+). The

expression of S protein was analyzed by FACS. Transfected cells were

stained with sera from SARS patients (hatched shape) or normal sera

(open shape). (B) Lysates of transfected 293T cells were analyzed by

Western blot using anti-S protein rabbit sera. (C) Codon usage of

SARS S glycoprotein (S) and human genes (H). The percentage of each

codon in degenerate codons is listed and the most prevalent codon has

been shown in bold.
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Luc.R�E�pro� [8]. As controls, pTS or pVSV-G was

co-transfected with pNL4.3.Luc.R�E�pro� into 293T

cells. The supernatant was collected and the virus

particles were concentrated by ultra centrifugation and

then normalized by p24 ELISA. These viral particles

were subjected to immunoblots using rabbit polyclonal

antisera raised against the S protein. The results showed

that a 180kDa band of the mature S protein was detect-
ed in virus particles generated from pTSh, indicating

that the S glycoprotein expressed in 293T cells could

incorporate into pseudotyped particles (Fig. 2A). The

absence of detectable S protein in virus particles

generated from pTS further confirmed that the codon

optimization of native S gene could improve the

expression of S glycoprotein.
To test if the pseudotyped virus was infectious and

displayed the same host range as SARS-CoV, we infect-

ed Vero E6, MDCK, and NIH/3T3 cells with HIV/

SARS. Our data showed that Vero E6 and MDCK were

susceptible to HIV/SARS infection (Fig. 2B). This is

consistent with the infection pattern of the wild-type
SARS-CoV [3,19]. To determine whether the infectivity

of HIV/SARS can be mediated by S protein and was

SARS-CoV specific, we incubated the pseudotyped virus

with sera from convalescent SARS patients before add-

ing them onto Vero E6 cells for infection. We showed

that convalescent SARS patients� sera had a high neu-

tralizing activity on SARS-CoV pseudotypes, while they

failed to neutralize pseudotypes with VSV G glycopro-
tein (Fig. 2C). This result indicated that the entry pro-

cess of SARS-CoV was mediated by S protein and this

mechanism is similar to those of murine hepatitis virus

and transmissible gastroenteritis coronavirus [16,17].

The key role of the S protein in viral entry was further

confirmed by cell fusion assay. We transduced pTS or

pTSh into COS-7 cells to establish COS-TS and COS-

TSh cell lines. When these cells were co-cultured with
Vero E6 cells, large amounts of syncytia were observed

in Vero E6 plus COS-TSh, but not in Vero E6 plus

COS-7 or Vero E6 plus COS-TS (Fig. 2D). The entry

mechanism of SARS-CoV pseudotyped virus in our re-

sults was similar to those recently demonstrated by Gra-

ham Simmons et al. [20], who increased the expression

of S protein by utilizing a chicken b-actin promoter

and generated HIV(SARS-S) pseudovirions. In our ex-
periment, codon optimization dramatically increased

the expression of S protein and led to high titer HIV/

SARS production. Moreover, the luciferase reporter

gene used in our experiment provided a convenient

and high throughput assay.

Cell tropism of SARS-CoV and its correlation with ACE2

expression

The establishment of the pseudotyped virus HIV/

SARS provided us a convenient and safe method for

studying the viral tropism, which would help to reveal

potential SARS-CoV target tissues besides the lung.

Using this virus, we assessed the infectivity of SARS-

CoV using a panel of cell lines. Among the tested cell

lines, Huh7 (human liver cell line) and Vero E6 exhibited
the highest susceptibility to HIV/SARS. Two other hu-

man liver cell lines (HepG2 and Bel7402), one lung cell

line (Glc82), and two colon intestine cell lines (T84

and Colo320) could also be infected by HIV/SARS to

various degrees. A canine kidney-derived cell line

(MDCK) also exhibited susceptibility to HIV/SARS.

However, HeLa, A549, H7402, L02, Hep-2, SW480,

NIH/3T3, COS-7, RD, and CHO cells were not infected
by HIV/SARS. As a control, all cell lines were readily in-

fected by HIV/VSV-G (Fig. 3A).



Fig. 2. Generation of HIV/SARS pseudotyped virus. (A) The purified pseudotyped viruses were analyzed by Western blot using anti-S rabbit sera.

(B) Several cell lines were infected with the HIV/SARS. The means of luciferase activity of HIV/env- (gray), HIV/TSh (striped), and HIV/VSV-G

(black) are shown. (C) Neutralization assays of the HIV/SARS infection: HIV/SARS + patient�s serum (HIV/SARS + PS, black square), HIV/VSV-

G + patient�s serum (HIV/VSV-G + PS, black triangle), and HIV/SARS + normal serum (HIV/SARS + NS, white circle). All the data are expressed

as percentages of infectivity of control (without sera). (D) Syncytia formation occurred in co-cultured Vero E6 and TSh-COS cells. TS-COS cells and

non-transduced COS-7 cells co-cultured with Vero E6 cells were used as controls.

Fig. 3. Analysis of cell tropism and its correlation with the expression pattern of ACE2. (A) Various cell lines were infected with HIV/SARS (black).

Pseudotypes with no envelope protein (striped) or with VSV-G (white) were used as negative and positive controls. All infections were performed in

triplicate. The error bar stands for SD. (B) Analysis of the ACE2 expression in these cells by RT-PCR. Total RNA from these cells was amplified

with primers specific for ACE2 or b-actin as a control (bottom).
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We then analyzed the expression of ACE2 in these

cells in order to establish a correlation between ACE2

expression and HIV/SARS susceptibility. Our data
showed that ACE2 expressed in all susceptible cell lines

except MDCK; however, the ACE2 did not express in

non-permissive cells such as HeLa and NIH/3T3. The
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MDCK cell line was canine-derived and we were not

sure whether our PCR primers were suitable because

the ACE2 sequence in canines was unavailable. The ex-

pression level of ACE2 was relatively high in Vero E6

and Huh7 cells and was weaker in Bel7402, HepG2,

T84, Colo320, and Glc82 (Fig. 3B). These data estab-
lished a strong correlation between ACE2 expression

and the cell susceptibility to the HIV/SARS.

ACE2 is highly expressed in respiratory, cardiovascu-

lar tissues, and in the gastrointestinal systems [21]. Pre-

vious studies have shown that respiratory and

gastrointestinal system were major targets for SARS-

CoV in vivo [1,3,22,23]. The high level of ACE2 expres-

sion can explain the tropism of SARS-CoV in these two
systems. Thus, the tissue-specificity of SARS-CoV infec-

tion may be determined, at least in part, by tissue-depen-

dent expression of ACE2.

ACE cannot function as receptor for SARS-CoV

Recent studies showed that the immune system was

impaired during the course of SARS, including decreas-
es of T lymphocyte in the acute phase and the observa-

tion of virus-like particles in mononuclear macrophage

[24,25]. We analyzed the expression of ACE2 in these

cells by RT-PCR but failed to detect its expression (data
Fig. 4. ACE could not function as a receptor for SARS-CoV. The

cDNA of ACE or ACE2 was transduced into NIH/3T3 or HeLa cells

by retroviral vector pMX. (A) The transduced cells were infected with

HIV/SARS pseudovirus and the luciferase activity was assayed 2 days

post-infection. Non-transduced NIH3T3 and HeLa cells were used as

control. (B) The ACE or ACE2 expressing HeLa cells were incubated

with soluble S protein (hatched shape) or control (open shape), anti-S

sera, and fluorescence-labeled secondary antibody. The binding of S

was analyzed by FACS.
not shown). It was reported that ACE—the homologue

of ACE2, was expressed in T lymphocyte, macrophage,

and dendritic cells [26,27], and this was confirmed by

our RT-PCR results (data not shown). To test whether

ACE could mediate the entry of SARS-CoV as ACE2,

we transduced cDNA of human ACE into NIH/3T3
cells or HeLa cells, the ACE expressing cells could nei-

ther be infected by HIV/SARS (Fig. 4A) nor bind to sol-

uble S protein (Fig. 4B). Our data indicated that the

ACE could not function as a receptor for SARS-CoV

and the impairment of immune system in SARS patients

might be due to other unknown reasons.

SARS-CoV pseudotyped virus entry is pH-dependent

Enveloped viruses enter host cells mainly through

two pathways. One is direct fusion at the plasma mem-

brane that occurs in a neutral environment. The other is

receptor-mediated endocytosis in which low pH within

the endosome is required to trigger membrane fusion.

Inhibitors of vacuolar acidification, such as ammonium

chloride, can prevent virus entry through the latter path-
way [28]. To assess through which pathway HIV/SARS

used to enter the cell, we treated the Huh7 cells with am-

monium chloride before infection. Pseudotyped viruses

HIV/VSV-G and HIV/AMLV demonstrating pH-de-

pendent and independent entry were used as positive

and negative controls, respectively. Infectivity of HIV/

SARS and HIV/VSV-G, but not HIV/AMLV, was sim-

ilarly diminished by ammonium chloride (Fig. 5). Treat-
ment with 30mM ammonium chloride caused complete

inhibition of infection by HIV/SARS (Fig. 5). This re-

sult was consistent with the recent report by Yang

et al. [29]. The pH dependency of infection indicated

that the entry of HIV/SARS into host cells was most

likely mediated by endocytosis.

In this study, we generated a SARS-CoV pseudotyped

virus HIV/SARS using a synthetic codon-optimized
Fig. 5. pH-dependency of HIV/SARS infectivity. Huh7 cells treated

with various concentrations of NH4Cl were infected with HIV/SARS.

The pH-dependent HIV/VSV-G and pH-independent HIV/AMLV

pseudotyped viruses were used as positive and negative controls,

respectively.
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SARS-CoV S gene, and showed that the entry of HIV/

SARSwasmediated by the Sprotein andwas apH-depen-

dent process; we also showed that the entry ofHIV/SARS

into host cells could be blocked by the convalescent sera

from SARS patients. Most importantly, our cell tropism

analysis indicated that multiple tissues besides the lung
might be susceptible to SARS-CoV infection because of

the specific expression of ACE2. Finally, this SARS-

CoV pseudotyped virus we generated in this study can

be used as an efficient and safe system for analyzing the

character of SARS-CoV infection including immune

responses to SARS-CoV infection, development of

neutralizing antibodies, and detailed characterization of

the S protein function.
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