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1. INTRODUCTION 
 

human respiratory diseases has been greatly emphasized with the identification of the 
SARS-CoV, and relevant model systems are needed to elucidate the underlying 
molecular mechanisms governing coronavirus pathogenesis and virulence in the human 
lung. SARS-CoV infection is an attractive model for HCoV infection as it produces 
severe disease in the human lung, replicates efficiently in vitro, a molecular clone is 
available to identify the genetic determinants governing pathogenesis and virulence, and 
a variety of animal models are under development.1-5 Here, we test the ability of SARS-
CoV to infect an in vitro model of human airway epithelium (HAE) that recapitulates the 
morphological and physiological features of the human airway in vivo to determine 
whether infection and spread of SARS-CoV throughout the ciliated conducting airway 
may be a valid model for understanding the pathogenesis of SARS-CoV lung disease. 

 
 

2. RESULTS AND DISCUSSION 
 
To directly observe the extent and kinetics of SARS-CoV infection of HAE in real 

time, we constructed a recombinant, green fluorescent protein expressing SARS-CoV 
(SARS-CoV GFP). To generate recombinant SARS-CoV GFP, the F plasmid was 
mutated to replace ORF7a/b with the GFP cDNA as described previously.6 Following 
transfection of Vero E6 cells, GFP-positive cells were detected within 24 hours. Plaque 
purified virus replicated efficiently and produced CPE in several cell lines, replicating to 
titers of 1x107 pfu/mL, similar titers were detected with wild-type strains Urbani and the 
infectious clone construct, icSARS-CoV. ORF 7a/7b deletion and replacement with GFP 
was not detrimental to SARS-CoV replication, as the wild-type strains Urbani and 
icSARS-CoV and the SARS-CoV GFP recombinant synthesized equivalent levels of  
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IN HUMAN AIRWAY EPITHELIAL CULTURES 

The importance of human coronaviruses (HCoV) as pathogens that produce severe 
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Viral titers (pfu/mL) 50 hours pi  
Virus strain 

 Apical Basolateral 
Urbani 2.3 x 106 6 x 104 
icSARS-CoV 6 x 106 4.8 x 104 
SARS-CoV GFP 7.5 x 105 1.8 x 104 

 

Table 1. SARS-CoV replication in HAE at 48 hours postinfection. 

 
 
subgenomic RNA (data not shown). The replacement of ORF7a/7b caused the expected 
shifts in size of subgenomic RNAs 2 through 7 (data not shown). The deletion of 
ORF7a/7b did not obviously affect efficient SARS-CoV replication in tissue culture, 
similar to observations with transmissible gastroenteritis virus (TGEV) and mouse 
hepatitis virus (MHV) GFP viruses,7-10 thus providing a fluorescent marker of virus 
infection with replication at wild-type virus levels. 

To determine whether SARS-CoV GFP could infect human airway epithelial cells 
(HAE), we prepared cultures of human tracheobronchial ciliated epithelium. As a model 
of virus entry into the lumen of the airways we inoculated the apical surface of these 
cultures with SARS-CoV GFP (106 pfu) and assessed GFP fluorescence 48 hours later. 
HAE were efficiently infected by SARS-CoV GFP with a significant proportion of the 
cells expressing the marker transgene (Fig. 1 A). These data demonstrate that the human 
airway epithelium that lines the conducting proximal airways is susceptible to infection 
by SARS-CoV GFP. 

To determine whether shedding of progeny Urbani, icSARS-CoV, or SARS-CoV 
GFP from HAE was polarized, apical washes and basolateral media were sampled at 48 
hours postinfection and viral titers assessed by plaque assay on Vero E6 cells. The peak 
titers shed from the apical surface exceeded 106 pfu/mL, demonstrating a high level of 
replication similar to that observed in Vero E6 cell monolayers (Table 1). In contrast, 
viral titers in the basolateral compartments were low with peak titers of 104 pfu/mL 
(Table 1). Because SARS-CoV replicates to similar titers in permissive cell-lines, these 
data indicate that SARS-CoV replicates well in HAE providing a new model of the 
human lung for the study of HCoV replication and pathogenesis. 

Following transmission electron microscopy of HAE 48 hours postinfection with 
Urbani, icSARS-CoV, or SARS-CoV GFP, only ciliated cells of the HAE contained 
classic coronavirus cytoplasmic vesicles filled with viral particles (Fig. 1 B). In addition, 
large numbers of viral particles were seen within the spaces between the microvilli/cilia 
shafts as well as in the airway surface liquid microenvironment that surrounds the ciliated 
cells suggesting mechanisms for the release of large quantities of SARS-CoV into the 
lumen of the conducting airway during viral replication. SARS-CoV entry, replication, 
and release occur primarily in the ciliated cells of the HAE. 

To determine if SARS-CoV infects ciliated cells via an interaction with hACE2 we 
performed an antibody blockade experiment using antisera directed against hACE2, a 
method that has previously been shown to block the interaction of SARS-CoV with 
hACE2 in Vero E6 cells.11 HAE were pre-incubated with polyclonal or monoclonal 
antisera against hACE2 (R&D Systems), or a control antibody that binds to the apical 
surface of HAE (anti-tethered mucin MUC1, b27.29) for 2 hours prior to inoculation 
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Preinfection treatment Viral titers 30 hours pi (pfu/mL) 
No antisera 1.4 x 106 
Control antisera (anti-MUC1) 2.1 x 106 
Monoclonal ACE2 3.3 x 106 
Polyclonal ACE2 1.5 x 104 
Polyclonal ACE2 + monoclonal ACE2 7.3 x 103 

 
Table 2. SARS-CoV replication in HAE is blocked by ACE2 specific antisera. 

 
 
with SARS-CoV GFP (106 pfu/culture). Apical surface sampling was performed from 2 
to 36 hours post infection, viral growth kinetics assessed by plaque assay and 
representative titers at 36 hours post infection are shown. No inhibition of infection was 
observed with a control antibody that binds to a highly abundant epitope on the apical 
surface of HAE (MUC1).12 In the absence of antisera or in the presence of control 
antisera, SARS-CoV GFP replicated to titers of 107 pfu/mL, similar to titers detected with 
the wild-type strains Urbani and icSARS-CoV (Table 2). In contrast, in the presence of 
hACE2 polyclonal antisera alone or in combination with monoclonal antisera, viral titers 
were reduced by at least 2 logs. Monoclonal antisera against hACE2 failed to effect viral 
growth confirming that this antibody was not sufficient to block SARS-CoV entry into 
ciliated cells. These data suggest that hACE2 is the predominant receptor mediating 
SARS-CoV entry into ciliated cells in HAE. 

We have generated a recombinant clone of the Urbani strain of SARS-CoV that 
expresses the green fluorescent protein (SARS-CoV GFP) to monitor infection in real 
time. In HAE SARS-CoV exclusively infects ciliated airway epithelial cells resulting in 
progeny virus being shed onto the airway lumen. In addition, infection of ciliated airway 
epithelial cells occurred via an interaction with hACE2 and correlated with the airway 
distribution of hACE2 on the apical surface of ciliated cells. Although progeny virus was 
initially shed into the lumenal compartment of the epithelium, at later times post-
infection virus was also shed into basolateral compartments. These data support the 
hypothesis that the conducting airways in the upper respiratory tract might represent the 
primary site of SARS-CoV replication with subsequent spread to lower compartments by 
ciliary action and to other organs via viremic spread by disruption of tight junctions. 
Since ciliated airway epithelial cells possess unique physiological and innate defense 
functions in the human lung (e.g., mucociliary clearance), it is important to identify the 
ciliated cell tropism of SARS-CoV and the pathological consequences of infection of 
these cells. 
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Figure 1. SARS-CoV infection in human airway epithelial cells. A. GFP expression at 48 hours postinfection in 
SARS-CoV GFP infected HAE. B. Transmission electron micrograph of SARS-CoV infected HAE at 48 hours 
postinfection. Arrows denote virus at the cell surface adjacent to microvilli and above the infected cell at the  
air-liquid interface. 
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