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Replication of viruses in species other than their natural hosts is frequently limited by entry and postentry
barriers. The coronavirus that causes severe acute respiratory syndrome (SARS-CoV) utilizes the receptor
angiotensin-converting enzyme 2 (ACE2) to infect cells. Here we compare human, mouse, and rat ACE2
molecules for their ability to serve as receptors for SARS-CoV. We found that, compared to human ACE2,
murine ACE2 less efficiently bound the S1 domain of SARS-CoV and supported less-efficient S protein-
mediated infection. Rat ACE2 was even less efficient, at near background levels for both activities. Murine 3T3
cells expressing human ACE2 supported SARS-CoV replication, whereas replication was less than 10% as
efficient in the same cells expressing murine ACE2. These data imply that a mouse transgenically expressing

human ACE2 may be a useful animal model of SARS.

The severe acute respiratory syndrome coronavirus (SARS-
CoV) has been identified as the etiological agent of SARS, an
acute pulmonary syndrome resulting in progressive respiratory
failure and death in close to 10% of reported cases (2, 4, 10,
11). The SARS-CoV S protein, like that of other coronavi-
ruses, mediates infection of receptor-expressing target cells (5,
8). It was recently demonstrated that angiotensin-converting
enzyme 2 (ACE2) is a functional receptor for SARS-CoV and
shown that a 193-amino-acid receptor-binding domain of the S
protein is sufficient to bind ACE2 with high affinity (13, 20). A
soluble form of ACE2, anti-ACE2 antibodies, and an antibody
recognizing the ACE2-binding domain of the S protein each
efficiently blocked SARS-CoV replication or infection by S
protein-pseudotyped retrovirus (13, 18). Moreover, the tissue
distribution of ACE2 in the lungs, kidney, and gastrointestinal
tract (7, 9) is consistent with the isolation of virus from each of
these tissues in infected humans and animals (2, 10-12). Col-
lectively, these studies suggest that ACE2 is the primary phys-
iologically relevant receptor for SARS-CoV.

SARS-CoV likely originated from one or more animal
sources, and the virus can infect a number of species but does
not appear to cause disease except in some primates, domestic
cats, and ferrets (4, 6, 14, 17, 19). The virus has been shown to
replicate in the respiratory tracts of mice challenged with
SARS-CoV, but despite high challenge titers, the virus was
cleared in all cases within 7 days (17). However, these mice
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raised neutralizing antibodies that were sufficient to prevent
reinfection or infection of naive mice following passive transfer
of immune sera. These studies, as well as recent work demon-
strating antibody-mediated protection in DNA-vaccinated
mice (21), raise the possibility that a subunit vaccine may be
sufficient for control of the virus. However, the lack of disease
in mice makes them an imperfect model for evaluation of
SARS vaccines and therapeutics.

Rodents are of particular interest in the study of SARS, not
only because they can provide convenient animal models of
human disease but also because both mice and rats have es-
tablished roles in the dissemination of other viruses that infect
humans. Rats in particular have been proposed to be vectors
for SARS-CoV (15). Here we examine the ability of mouse and
rat ACE2 to bind the SARS-CoV S protein and to mediate
infection by an S protein-pseudotyped retrovirus. We also in-
vestigate the ability of SARS-CoV to replicate in murine cells.
We show that mouse ACE2 is substantially less efficient than
human ACE2 in supporting SARS-CoV infection but that mu-
rine cells otherwise allow for efficient replication of SARS-
CoV. We also show that rat ACE?2 is substantially less efficient
than even the mouse receptor at binding SARS-CoV S protein
or supporting S protein-mediated infection. These data imply
that a mouse transgenically expressing human ACE2 could be
useful in evaluating candidates for SARS vaccines and thera-
peutics and for studying the unusual severity of SARS.

It was previously shown that the S1 region of the SARS-CoV
S protein, expressed as a fusion protein with the Fc domain of
human immunoglobulin G1 (IgG1) (S1-Ig), efficiently binds
human ACE2 expressed on the surface of 293T cells (13, 20).
In a similar assay, plasmids expressing human or rodent ACE2
molecules N-terminally tagged with 10 amino acids recognized
by the anti-Myc antibody 9E10 were transfected into 293T
cells. The cells were transfected with 10 (Fig. 1A) or 5 (Fig. 1B)
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FIG. 1. SARS-CoV S1 domain binds rodent ACE2 less efficiently than human ACE2. (A) 293T cells transfected with 10 pg of plasmid encoding
N-terminally Myc-tagged ACE2 of the indicated species were stained with the anti-Myc-tag antibody 9E10 (heavy line), with S1-Ig (a fusion of the
SARS-CoV S1 domain with the Fc domain of human IgG1 [shaded area]), or with secondary antibody alone (light line), and analyzed by flow
cytometry. (B) Same as for panel A, except that 5 pug of plasmid was used for transfection. (C) 293T cells transfected with plasmids encoding
C-terminally tagged ACE2 of the indicated species were metabolically labeled with [**S]cysteine and [**S]methionine and lysed as previously
described (20). Cell lysates were immunoprecipitated with either the antitag antibody 1D4 or S1-Ig and analyzed by sodium dodecyl sulfate-

polyacrylamide gel electrophoresis.

pg of plasmid (in order to vary receptor expression for subse-
quent experiments) and analyzed by flow cytometry for their
ability to bind 9E10 (a marker of receptor cell surface expres-
sion) or S1-Ig. As shown in Fig. 1A and B, human, mouse, and
rat ACE2 were expressed efficiently as indicated by 9E10 bind-
ing, with mouse and rat ACE2 expression slightly but consis-
tently higher than that of human receptor. Nonetheless, S1-Ig
bound human ACE2 substantially more efficiently than it
bound murine ACE2. Binding of S1-Ig to rat ACE2 was only
slightly greater than binding of secondary antibody alone. No
signal above that seen with secondary antibody alone was ob-
served for mock-transfected 293T cells (data not shown).
These initial observations were confirmed by immunopre-

cipitation of ACE2 from different species (Fig. 1C). 293T cells
were transfected with plasmids expressing human, mouse, or
rat ACE2, each expressing a nine-residue C-terminal tag rec-
ognized by the antirhodopsin antibody 1D4 (3). Cells were
metabolically labeled with [>*S]cysteine and [**S]methionine
and subsequently lysed. Cell lysates were immunoprecipitated
with protein A and either 1D4 or S1-Ig and analyzed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis. As shown
in Fig. 1C, each ACE2 variant was readily precipitated by 1D4.
As expected, human ACE2 was also precipitated by S1-Ig.
However, only a faint band could be detected from lysates of
mouse ACE2-transfected cells precipitated with S1-Ig. S1-Ig
did not detectably bind rat ACE2. The amount of murine
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ACE2 precipitated by S1-Ig, which is relatively small compared
with the amount recognized by S1-Ig on the surface of cells, is
likely due to the more stringent wash conditions in the former
assay. These results indicate that murine ACE2 binds less
efficiently to the S1 domain of SARS-CoV than does human
ACE?2 and that rat ACE2 binds even less efficiently. Consistent
with this observation, 293T cells expressing human receptor
formed syncytia with S protein-expressing cells more efficiently
than cells expressing mouse receptor do (Fig. 2). Few or no
syncytia were observed in mixtures containing cells expressing
rat ACE2, consistent with the substantially lower affinity of this
receptor for S protein.

Previous studies have shown that retroviruses pseudotyped
with the S protein of SARS-CoV efficiently infect ACE2-ex-
pressing cells, including transfected 293T cells and Vero E6
cells (16, 20). We incubated an aliquot of the cells analyzed by
flow cytometry (Fig. 1A and B) with a simian immunodefi-
ciency virus (SIV) (1) lacking a functional env gene, expressing
green fluorescent protein (GFP), and pseudotyped with SARS-
CoV S protein. As shown in Fig. 3A to C, S protein-
pseudotyped SIV-GFP efficiently infected 293T cells trans-
fected with human ACE2 but less efficiently infected mouse
ACE2-transfected cells, despite higher expression of the mu-
rine receptor. Some infection above the background level seen
in mock-transfected cells was also observed in cells transfected
with rat ACE2. It was observed that differences between the
ability of mouse and human receptors to support S protein-
mediated infection were consistently greater in cells expressing
smaller amounts of receptor (compare Fig. 3A and B), a con-
dition more reflective of expression on cells and tissues that
naturally express ACE2 (13).

Finally, we examined the ability of SARS-CoV to replicate
in murine cells transfected with human or murine ACE2. As
shown in Fig. 4A, both murine and human ACE2 were effi-
ciently expressed on murine 3T3 cells, as indicated by recog-
nition by the antitag antibody 9E10. Transfected 3T3 cells were
incubated with 1.3 X 10* 50% tissue culture infective doses of
SARS-CoV, and both viral titers and RNA copies were mea-
sured at peak levels (day 2 for virus, day 4 for RNA). Consis-
tent with infection by S protein-pseudotyped retrovirus, SARS-
CoV replication was substantially more efficient in human
ACE2-expressing cells than in cells expressing murine receptor
(Fig. 4B). Viral titers, determined based on the cytopathicity
observed in Vero E6 cells in two separate experiments, were
more than 10 times as high in human ACE2-expressing 313
cells as in cells expressing murine ACE?2 at higher levels. Viral
RNA levels, measured by semiquantitative PCR, were approx-
imately 10-fold higher in human ACE2-expressing cells. Both
viral titers and RNA levels were below the limits of detection
of these assays in mock-transfected cells (control). These data
suggest that transgenic expression of human ACE2 in the lungs
and other ACE2-expressing tissues of mice will permit more
efficient replication of SARS-CoV in these mice.

ACE2 is a functional receptor for SARS-CoV, and many
data are consistent with a physiological role for ACE2 in the
replication of virus in the infected host (13). Here we show
in several biochemical and functional assays that the ACE2
molecules of mice and rats are substantially less efficient
than human ACE?2 in binding the SARS-CoV S protein and
in supporting infection with S protein-pseudotyped viruses
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FIG. 2. Rodent ACE2 mediates less-efficient syncytial formation
with S protein-expressing cells than human ACE2. 293T cells trans-
fected with plasmids encoding ACE2 of the indicated species or with
vector alone (control) were mixed at a 1:1 ratio with 293T cells trans-
fected with a plasmid encoding a codon-optimized form of a SARS-
CoV § protein. Multinucleated syncytia were observed 48 h after the
cells were mixed. The experiment shown is representative of three
experiments with similar results.
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FIG. 3. Infection with S protein-pseudotyped retrovirus is less efficient in cells expressing rodent ACE2 than in those expressing human ACE2.
(A) An aliquot of cells analyzed as shown in Fig. 1B was incubated with S protein-pseudotyped SIV-GFP. After 48 h, the cells were harvested and
analyzed by flow cytometry for GFP expression. GFP levels indicating infection (dark gray) are compared with anti-Myc antibody (light gray) and
S1-Ig (medium gray) recognition in the same cells. (B) Same experiment as shown in panel A except that cells analyzed as shown in Fig. 1A were
infected with SIV-GFP. (C) Typical image of GFP expression of cells transfected and infected as shown in panel B. The figure is representative

of two similar experiments with similar results.

and replication of SARS-CoV. These data are consistent
with the rapid clearance of virus in challenged mice and the
absence of reports of successful infection in rats (6, 17). We
also demonstrate that SARS-CoV can replicate in murine
3T3 cells if these cells express human or mouse ACE2;
again, the human receptor is markedly more efficient than
the mouse form.

Although straightforward, these observations imply several
conclusions useful for future studies of SARS-CoV. First, dif-
ferences between rodent and human receptors will be useful in
the mapping of the S protein-binding region of ACE2. In
particular, chimeras and point mutation variants of rat and

human receptors, which are 83% identical in their respective
mature ectodomains, can readily be used to identify residues
critical to the inability of the rat receptor to support efficient
infection. Second, these studies imply that the low efficiency of
the mouse receptor limits SARS-CoV replication efficiency
and therefore the usefulness of wild-type mice in evaluating
vaccines and therapies. Mice transgenically expressing human
ACE2 will likely permit greater viral replication and may ex-
hibit SARS-like symptoms. Finally, our data imply that signif-
icant adaptation of SARS-CoV to human receptor must have
occurred if either mice or rats served as reservoirs or vectors
for zoonotic transmission of the virus.
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FIG. 4. Replication of SARS-CoV in murine cells is enhanced by
human receptor. (A) Murine 3T3 cells were transfected with plasmid
encoding Myc-tagged variants of human or mouse ACE2 as indicated,
or with vector alone (control), and analyzed by flow cytometry using
the anti-Myc-tag antibody 9E10 (light gray bars) or S1-Ig (medium
gray bars). (B) An aliquot of the cells analyzed as shown in panel A was
incubated with SARS-CoV for 4 days. Peak viral titers (medium gray)
were determined by measuring the cytopathicity in Vero E6 cells
incubated with cell supernatants as previously described (13). Viral
RNA levels (dark gray) were determined by semiquantitative reverse
transcription-PCR of cell supernatants, as previously described (13).
Viral titers and RNA levels of control cells were below 100 50% tissue
culture infective doses (TCIDs,) per ml and 100 copies per ml, the
limits of detection in both assays. The figure shows an experiment
representative of two experiments with similar results.
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