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Infection with respiratory syncytial virus (RSV) frequently causes inflammation and obstruction of the small
airways, leading to severe pulmonary disease in infants. We show here that the RSV fusion (F) protein, an integral
membrane protein of the viral envelope, is a strong elicitor of apoptosis. Inducible expression of F protein in
polarized epithelial cells triggered caspase-dependent cell death, resulting in rigorous extrusion of apoptotic cells
from the cell monolayer and transient loss of epithelial integrity. A monoclonal antibody directed against F protein
inhibited apoptosis and was also effective if administered to A549 lung epithelial cells postinfection. F protein
expression in epithelial cells caused phosphorylation of tumor suppressor p53 at serine 15, activation of p53
transcriptional activity, and conformational activation of proapoptotic Bax. Stable expression of dominant-negative
p53 or p53 knockdown by RNA interference inhibited the apoptosis of RSV-infected A549 cells. HEp-2 tumor cells
with low levels of p53 were not sensitive to RSV-triggered apoptosis. We propose a new model of RSV disease with
the F protein as an initiator of epithelial cell shedding, airway obstruction, secondary necrosis, and consequent
inflammation. This makes the RSV F protein a key target for the development of effective postinfection therapies.

Respiratory syncytial virus (RSV) is the leading viral agent
of lower respiratory tract disease in premature and young chil-
dren but has been also recognized as an important pathogen
for the elderly (23, 82), transplant recipients (3), and individ-
uals suffering from cystic fibrosis (28, 85). Extrapulmonary
manifestations of severe RSV infection have been reported as
well (22). Immunity to RSV is incomplete and of short dura-
tion, allowing reinfections to occur throughout life (34). There
is also evidence from experimentally infected mice that RSV is
not always completely cleared from the lung and can persist in
the respiratory tract (72). Infection with RSV may predispose
children for asthma and airway hyper-responsiveness later in
life (54, 74, 87).

RSV frequently induces severe respiratory disease associ-
ated with inflammation and obstruction of the small airways
leading to dyspnea, wheezing, hypoxemia, and sometimes
death (59). Important parameters leading to airway obstruc-
tion are smooth muscle contraction, edema formation, hyper-
secretion of mucus, and intense peribronchial infiltration of
lymphocytes. In addition, RSV infection causes sloughing of
ciliated epithelial cells, resulting in compromised pulmonary
clearance and consequent secondary infections. Histological
sections from RSV-infected patients revealed that the small
bronchioles are often obstructed with plugs composed of mu-
cus, fibrin, and desquamated epithelial cells (1, 42). The pe-

ripheral airways are disproportionately narrow prior to age five
and are especially subject to obstruction (32, 41).

The fusion (F) protein of RSV is a trimeric transmembrane
glycoprotein that mediates binding of RSV to cellular recep-
tors and induces pH-independent fusion between the viral
envelope and the cellular plasma membrane. The glycoprotein
is also responsible for fusion of infected with adjacent cells,
resulting in the formation of large multinucleated syncytia.
Syncytium formation is associated with activation of RhoA, a
small GTPase of the Ras superfamily (30, 64). Recent findings
suggest that F protein induces proinflammatory cytokines, and
this response is dependent on expression of pattern recogni-
tion receptors CD14 and TLR4 (51). Another intriguing fea-
ture of the F glycoprotein is the ability to inhibit mitogen-
triggered T-cell proliferation by contact, a property that may
contribute to immunosuppression (70).

The RSV F protein is an important antigen that induces
virus-neutralizing antibodies, but for reasons that are not com-
pletely understood the antibody titers appear to be too low to
provide sufficient protection (75). Despite many efforts, a li-
censed RSV vaccine is not yet available. Passive immunization
with a humanized monoclonal antibody (palivizumab; Synagis)
is the only approved prophylactic RSV therapy today for chil-
dren at high risk. A therapy for acute RSV-induced bronchi-
olitis and disease is currently not available (63).

In this study, we demonstrate that RSV F expression causes
p53-dependent programmed cell death leading to the loss of
epithelial integrity and exfoliation of apoptotic cells from po-
larized epithelial monolayers. Based on these findings we hy-
pothesize that the F protein plays an important role in airway
obstruction and RSV-induced pathogenesis.

(This study was performed by J.E.-M. and M.L. in partial
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fulfillment of the requirements for the Dr. rer. nat. degree at
the University of Hannover, Hannover, Germany, 2008.)

MATERIALS AND METHODS

Cells and viruses. Madin-Darby canine kidney (MDCK) cells (type II) and
HEp-2 cells were propagated in minimal essential medium containing 10% fetal
calf serum (FCS). A549 cells were cultured with Dulbecco modified Eagle me-
dium and 10% FCS. 16HBE14o immortalized human bronchial epithelial cells
(37) were maintained in a mixture of Dulbecco modified Eagle medium and Ham
F-12 medium supplemented with 10% FCS. The human RSV strains Long and
A2 were gifts from Hans-Jürgen Streckert (University of Bochum, Bochum,
Germany) and Geraldine Taylor (Institute of Animal Health, Compton, United
Kingdom), respectively. The viruses were propagated on 16HBE14o cells and
titrated as described previously (90).

Plasmids and inhibitors. The firefly luciferase reporter gene constructs p53-
Luc, AP-1-Luc, TARE-Luc, and NF-�B-Luc were purchased from Stratagene.
The plasmid p125-Luc with the firefly luciferase gene placed under control of an
interferon-stimulated responsive element (86) was provided by Takashi Fujita
(Department of Tumor Cell Biology, Metropolitan Institute of Medical Science,
Tokyo, Japan). The plasmid pIRESneo-(p53-DN) encoding a dominant-negative
p53 (R273H) was provided by Matthias Dobbelstein (Department of Molecular
Oncology, University of Göttingen, Göttingen, Germany). The plasmid psiRNA-
p53 driving the expression of p53-specific small hairpin RNA under control of
the 7SK promoter and the control psiRNA-LucGL3 plasmid were purchased
from InvivoGen.

All inhibitors were purchased from Merck Biosciences and were stored at
�20°C as 1,000-fold-concentrated stock solutions in dimethyl sulfoxide.

Generation of stable transgenic cell lines. Codon-optimized open reading
frames coding for F proteins of human RSV (Long strain; GenBank/EMBL
accession number EF566942) (79), bovine RSV (49) (strain Stormond; accession
number AM746678), and Sendai virus (strain Fushimi; accession number
AM746621) were synthesized by GeneArt GmbH. Cloning of canine gp40/
podoplanin cDNA was reported previously (91). The open reading frames were
cloned into the pEGFP-N1 plasmid (Clontech) to generate chimeric proteins
with the enhanced green fluorescent protein (GFP) at the respective C terminus.
The chimeric genes were subcloned into the pGeneC expression vector (Invitro-
gen) and transfected into MDCK cells along with the pSwitch plasmid (Invitro-
gen). The transfected cells were grown for 14 days in selection medium contain-
ing hygromycin B (500 �g/ml) and zeocin (1 mg/ml). Cell clones were isolated by
limiting dilution and analyzed for mifepristone-induced F-GFP expression by
fluorescence microscopy and Western blotting. MDCK(hF-GFP) and A549 cells
expressing dominant-negative p53 were generated by transfection of pIRESneo-
(p53-DN) and selection with G418 sulfate (1 and 0.75 mg/ml, respectively).
Control cells were transfected with nonrecombinant pIRESneo vector. A knock-
down of p53 in A549 cells was achieved after transfection of the plasmid
psiRNA-p53 and selection with zeocin (1 mg/ml). Zeocin-resistant cells were
cloned by limiting dilution and analyzed by indirect immunofluorescence using
an affinity-purified polyclonal antibody raised against full-length p53 of human
origin (Santa Cruz Biotechnology). Cell clones showing the lowest p53 expres-
sion level were selected and used for infection studies. As a control, A549 cells
were stably transfected with the psiRNA-LucGL3 vector expressing a random-
ized hairpin RNA.

Conditional antigen expression in polarized MDCK cells. MDCK cells were
grown on 0.4-�m-pore-size, 6.5- or 24-mm-diameter Transwell polycarbonate
filter supports (Costar) with daily changes of the cell culture medium. The
transepithelial electrical resistance (TER) between the apical and the basolateral
chamber was measured by using an ohmmeter (Millicell-ERS; Millipore). On
day 3 or 4 after cell seeding the cells had usually formed a tight monolayer
showing significant TER (�100 � cm2). Transgene expression was induced by
incubating the cells with mifepristone (10�9 M) for a maximum of 24 h. Inhib-
itors were added to the cells in some experiments as indicated and were renewed
along with fresh medium on daily intervals. Floating cells in the cell culture
supernatant were counted by using a Neubauer chamber.

Immunofluorescence and flow cytometry analysis. Transgenic MDCK cells
were grown on either 6.5-mm-diameter porous polycarbonate filters for 3 to 4
days or 12-mm-diameter coverslips for 24 h before antigen expression was in-
duced. The cells were fixed with 3% paraformaldehyde for 20 min and perme-
abilized with either 0.2% Triton X-100 for 5 min or cold (�20°C) methanol-
acetone (1:2 [vol/vol]) for 1 min. Fixed cells were incubated for 60 min with either
monoclonal antibody anti-�-catenin (clone 15B8, 1:500; Sigma), rabbit anti-Bax
NH2-terminus serum (N-20, 1:200; Santa Cruz Biotechnology) or rabbit anti-
phospho-p53 (Ser15) serum (1:200; New England Biolabs), and antigens were

visualized with either rhodamine-conjugated goat anti-mouse immunoglobulin G
(1:500; Molecular Probes) or rhodamine-conjugated goat anti-rabbit immuno-
globulin G (1:500; Dianova). In some experiments, nuclei were counterstained by
incubating the cells for 15 min at 37°C with 0.1 �g of DAPI (4�,6�-diamidino-2-
phenylindole; Sigma)/ml in methanol. Confocal laser scanning microscopy was
performed by using a Leica LSM 2 microscope. Conventional epifluorescence
was performed by using a Zeiss Axiovert 2 microscope.

For flow cytometry analysis, MDCK cells were grown on 24-mm-diameter
polycarbonate filters for 3 to 4 days. At 24, 48, or 72 h postinduction of hF-GFP
or SeV-F-GFP expression, the cells were detached from the filter supports using
trypsin-EDTA solution, and GFP-positive cells were detected by using a Beck-
man-Coulter Epics XL cytometer equipped with Expo 32 ADC software. For
detection of RSV infection by flow cytometry, A549 cells grown in six-well dishes
were inoculated for 5 h at 37°C with human RSV (A2 or Long strain) using 3
PFU/cell. At 24 h postinfection, the cells were treated with accutase for 5 min at
37°C, collected by centrifugation, and incubated for 60 min at 4°C with a fluo-
rescein isothiocyanate-conjugated bovine hyperimmune serum (1:100) that rec-
ognizes bovine, as well as human, RSV strains. In some experiments Synagis (5
�g/ml) was added to the cells at 8 h postinfection.

Cell surface labeling and immunoprecipitation. Transgenic cells were grown
on 24-mm-diameter polycarbonate filter supports for 3 days before expression
of hF-GFP or bF-GFP was induced. At 12, 24, 48, and 72 h postinduction the
cells were labeled at the apical or basolateral domain with sulfo-NHS-LC-
biotin (Pierce), and RSV F protein was isolated from the cell lysates by
immunoprecipitation with monoclonal antibody RSV3216 (Serotec) as de-
scribed previously (89). The immunoprecipitates were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis, transferred to nitrocellu-
lose membranes by semidry blotting, and incubated overnight with blocking
reagent (Roche). After the membrane was incubated for 60 min with a
biotinylated streptavidin-peroxidase complex (1:1,000; GE Healthcare), an-
tigens were visualized by enhanced chemiluminescence (Super-Signal;
Pierce). The light emission was recorded with a supercooled charge-coupled
device camera (Chemi-Doc System; Bio-Rad) and quantified by using a
densitometry software program (Quantity One; Bio-Rad).

Caspase assay. A549 cells and transgenic MDCK cells were seeded in 24-well
plates (2 	 105 cells/well) and cultured for 24 h. A549 cells were infected with a
multiplicity of infection (MOI) of 3 PFU/cell for 5 h at 37°C. MDCK cells
received mifepristone (10�9 M) to induce hF-GFP expression. After incubation
for 40 h in the presence or absence of indicated inhibitors, adherent cells were
treated with trypsin, pooled with floating cells, pelleted by centrifugation, and
resuspended in phosphate-buffered saline (PBS). To a 50-�l cell suspension
containing 2 	 104 cells 50 �l of Caspase-Glo-3/7 reagent (Promega) was added,
followed by incubation for 30 min at room temperature. The luminescence was
measured by using a GeniusPro microplate reader (Tecan).

LDH assay. At 24 h after seeding of MDCK cells in 24-well plates (2 	 105

cells/well), the expression of hF-GFP was induced for 48 h. The release of lactate
dehydrogenase (LDH) into the cell culture supernatant was determined by using
the CytoTox-One homogenous membrane integrity assay (Promega) according
to the manufacturer’s instructions.

TUNEL assay. MDCK cells were grown on 12-mm-diameter coverslips for
24 h before the expression of hF-GFP or gp40-GFP was induced for 40 h. The
cells were fixed with 4% paraformaldehyde for 1 h, permeabilized for 2 min on
ice with 0.1% Triton X-100 in 0.1% sodium citrate, and incubated for 60 min at
37°C in the dark with 50 �l of TUNEL (terminal deoxynucleotidyltransferase-
mediated dUTP-biotin nick end labeling) reaction mixture containing tetra-
methylrhodamine-dUTP and terminal deoynucleotidyl transferase (Roche Diag-
nostics). The samples were washed with distilled water and embedded in Mowiol
prior to fluorescence microscopy.

Annexin V staining. A549 cells were grown in six-well plates (7 	 105 cells/
well) and inoculated with RSV for 5 h using an MOI of 3 PFU/cell. At the
indicated times, adherent cells were suspended by trypsin treatment and pooled
with the cells that were floating in the cell culture supernatant. The cells were
washed twice with cold PBS and resuspended in annexin binding puffer (Beck-
man-Coulter) to obtain a concentration of 106 cells/ml. To 100 �l of the cell
suspension 10 �l of annexin V-phycoerythrin (PE) conjugate (Beckman-Coulter)
was added, followed by incubation for 60 min at 4°C protected from light. The
cells were pelleted by centrifugation, resuspended in PBS, and analyzed by flow
cytometry (see above).

DNA laddering. Genomic DNA was extracted from 105 MDCK cells 40 h after
induction of either hF-GFP or gp40-GFP expression by using a DNeasy tissue kit
(Qiagen). The extracted DNA was separated by agarose gel electrophoresis and
visualized by ethidium bromide staining.
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Gene reporter assays. A549 or MDCK cells were seeded into 24-well cell
culture plates (2 	 105 cells/well) and transfected with 1 �g of the respective
luciferase reporter plasmid and 2 �l of Lipofectamine 2000 transfection reagent
(Invitrogen). At 20 h posttransfection, A549 cells were infected with RSV A2 (3
PFU/cell) for 5 h, and MDCK cells received mifepristone (10�9 M) to induce
hF-GFP expression. At 24 h, the cells were treated with trypsin, pelleted by
centrifugation, and resuspended in PBS. Cell lysis buffer (100 �l; Promega) was
added to 2 	 104 cells, and insoluble material was removed by centrifugation. To
20 �l of the clarified supernatant 80 �l of luciferase substrate was added (Lu-
ciferase Assay System; Promega), and luminescence was recorded by using a
GeniusPro microplate reader.

RESULTS

Inhibition of RSV-induced apoptosis by F protein-specific
antibody. As shown previously, A549 human lung epithelial
cells undergo programmed cell death after infection with RSV
(4, 50, 61). To study the effect of antibodies against the F
protein on RSV-induced apoptosis, A549 cells were infected
with RSV (A2 strain) using an MOI of 3 PFU/cell to ensure
that more than 90% of the cells were infected (Fig. 1A). Al-

FIG. 1. Synagis inhibits apoptosis and shedding of RSV-infected A549 human lung epithelial cells. A549 cells were infected for 5 h with RSV
A2 using 3 PFU/cell. (A) Flow cytometry analysis of A549 cells 24 h postinfection using an fluorescein isothiocyanate-conjugated polyclonal
antiserum directed to RSV. The light gray and dark gray graphs represent mock-infected and RSV-infected cells, respectively. Cells that received
Synagis (5 �g/ml) 8 h postinfection are represented by the white graph. (B) At the indicated times the cell culture medium was replaced, and the
proportion of floating cells in the cell culture supernatant was determined. (C) Adherent and floating cells were pooled at the indicated times, and
the percentage of cells that reacted with annexin V-PE was determined. (D) Synagis (5 �g/ml) and z-VAD (25 �M) were added to the cells 8 h
postinfection. Adherent and floating cells were pooled 48 h postinfection and stained with annexin V. (E) At the indicated times, adherent and
floating cells were pooled, and caspase-3/7 activity was determined in cell lysates. The relative fold increase in caspase-3/7 activity compared to
mock-infected cells is shown. (F) At 8 h postinfection either Synagis (5 �g/ml), z-VAD pan-caspase inhibitor (25 �M), z-IETD caspase-8 inhibitor
(25 �M), z-LEHD caspase-9 inhibitor, or Y-27632 Rho kinase inhibitor (5 �M) was added to the cells. At 40 h postinfection, caspase-3/7 activity
was determined as described for panel E. The data represent the arithmetic means and standard deviations of three experiments.

3238 ECKARDT-MICHEL ET AL. J. VIROL.

 at B
U

N
D

E
S

F
O

R
S

C
H

U
N

G
S

A
N

S
T

A
LT

 F
U

E
R

 on F
ebruary 10, 2010 

jvi.asm
.org

D
ow

nloaded from
 

http://jvi.asm.org


though no cytopathic effect was seen in mock-infected cells,
some floating cells were already detected in the cell culture
supernatant 24 h postinfection, and this effect became more
dramatic at 48 and 72 h (Fig. 1B). When the pan-caspase
inhibitor z-VAD was added 8 h postinfection, detachment of
cells from the monolayer was almost completely abolished,
indicating that caspase-dependent apoptosis was responsible
for this effect. In apoptotic cells, phosphatidylserine is trans-
located from the inner to the outer leaflet of the plasma mem-
brane, where it can be detected by annexin V conjugates (55).
Mock-infected A549 cells did not react with PE-labeled an-
nexin V (Fig. 1C), and only a small fraction of the cells (
5%)
bound annexin V-PE when analyzed 24 h postinfection. How-
ever, about 20 and 30% of the infected cells were stained with
annexin V-PE at 48 and 72 h postinfection, respectively. In the
presence of the pan-caspase inhibitor z-VAD apoptosis was
suppressed and infected cells did not react with annexin V-PE
(Fig. 1D). In line with these findings, caspase-3/7 activity was
rather low at 24 h postinfection but high at 48 and 72 h (ca. 10-
and 20-fold increases, respectively, Fig. 1E). The addition of
z-VAD reduced caspase-3/7 activity to background levels (Fig.
1F). Specific inhibitors of the initiator caspase-8 (z-IETD) and
caspase-9 (z-LEHD) were equally effective, suggesting that the
extrinsic and intrinsic pathways act in concert during RSV-
induced cell death. An inhibitory effect was also accomplished
by the Rho kinase inhibitor Y-27632, suggesting that RhoA
signaling is involved in RSV-triggered apoptosis. Synagis, a
humanized monoclonal antibody directed against the RSV F
protein that blocks virus entry by interfering with the fusion
activity of the protein, did not inhibit infection when given 8 h
postinfection (Fig. 1A) but significantly protected A549 cells
from apoptosis (Fig. 1B,D). Accordingly, Synagis reduced
caspase-3/7 activity in RSV-infected cells, albeit with lower
efficacy than z-VAD (Fig. 1F). Similar results were obtained
with the Long strain of RSV (data not shown). These data
suggest that the F protein plays an important role in RSV-
induced apoptosis.

RSV F expression affects epithelial integrity. To study the
impact of RSV F protein expression on polarized epithelial
cells in the absence of virus replication and other RSV pro-
teins, we generated stable MDCK cell lines that expressed
either the human or the bovine RSV F protein in a regulated
manner. GFP was linked to the viral glycoproteins at their
cytoplasmic domains to ease detection. The cells were grown
on porous filter supports for 3 to 4 days to allow formation of
a polarized epithelial monolayer before RSV F protein expres-
sion was induced. Confocal laser scanning microscopy revealed
that the human RSV F protein (hF-GFP) was predominantly
transported to the apical plasma membrane, whereas �-cate-
nin, a cellular protein, was exclusively found at the basolateral
plasma membrane, indicating that the cells were still polarized
at 12 and 24 h postinduction. However, when hF-GFP was
expressed for more than 24 h, the strictly polarized distribution
of the protein was significantly affected (Fig. 2A, upper panel).
The typical columnar morphology of the epithelial cells
changed to an irregular and flattened shape, and several cells
were found to be extruded from the apical site of the mono-
layer (indicated by arrows). An even more pronounced cyto-
pathic effect was mediated by the bovine RSV F protein (Fig.
2A, central panel), whereas MDCK cells did not reveal any

morphological changes for the whole time of analysis when a
cellular glycoprotein fused to GFP (gp40-GFP) was expressed
under the same conditions (Fig. 2A, lower panel). Like RSV F
protein, gp40 is a type I membrane protein that is targeted to
the apical plasma membrane domain of polarized MDCK cells
(91).

To confirm the immunofluorescence data, we took advan-
tage of a membrane-impermeable biotinylation reagent to se-
lectively label the cell surface proteins of filter-grown MDCK
cells at either the apical or the basolateral domain. A charac-
teristic pattern of apical and basolateral proteins was detected
in whole-cell lysates 12 and 24 h after induction of hF-GFP
expression confirming that the cells were polarized (Fig. 2B,
lower panel, 12 and 24 h). However, prolonged expression of
hF-GFP (48 and 72 h) abrogated the asymmetric distribution
of cell surface proteins, indicating that cell polarity was signif-
icantly affected at this time. In addition, the pattern of biotin-
ylated proteins looked different at 48 h compared to 12 or 24 h.
This phenomenon may be attributed to apoptosis (see below),
leading to proteolysis of cell surface proteins and/or changes in
the protein pattern of the cell surface. Immunoprecipitation of
biotin-labeled hF-GFP revealed that the protein was predom-
inantly located at the apical membrane 12 and 24 h after
induction (Fig. 2B, upper panel), whereas a significant portion
of the protein (37%) was found at the basolateral membrane
48 h postinduction. Less F antigen was detected at 72 h, prob-
ably due to the loss of epithelial cells (see below). Likewise, the
bovine RSV F protein (bF-GFP) was predominantly expressed
at the apical plasma membrane but, in contrast to hF-GFP, a
significant amount of bF-GFP could be also detected at the
basolateral membrane early after induction. At 72 h, similar
levels of bF-GFP were biotinylated at the apical and basolat-
eral membranes, indicating that cellular polarity was com-
pletely lost (Fig. 2B, second panel).

The most striking consequence of RSV F protein expression
in polarized MDCK monolayers was the loss of epithelial cells.
Already 24 h postinduction of hF-GFP expression, numerous
floating cells were detected in the apical cell culture superna-
tant and this effect increased until 72 h (Fig. 3A). Cell detach-
ment was more prominent with MDCK cells expressing bF-
GFP, indicating that the bovine RSV F protein is more toxic
than the human RSV F protein. No significant cell loss was
observed when gp40-GFP was expressed in MDCK cells. The
pan-caspase inhibitor z-VAD (25 �M) significantly reduced
the shedding of hF-GFP-expressing cells (Fig. 3B), indicating
that this phenomenon is based on F protein-induced apoptosis.
Cytoprotection was also achieved when Synagis was added to
either the apical or the basolateral chamber of filter-grown
cells. The antibody was effective in a concentration-dependent
manner; however, concentrations above 5 �g/ml did not fur-
ther reduce apoptosis (data not shown). A control antibody
directed to transforming growth factor � had no protective
effect (data not shown).

F protein-induced apoptosis and shedding of epithelial cells
was expected to reduce the proportion of F-GFP-expressing
cells in the monolayer. To test this idea, the filter-grown cells
were treated with trypsin at different times after the induction
of F-GFP expression and analyzed by flow cytometry. We ob-
served that the proportion of cells positive for hF-GFP de-
clined in the monolayer from 72% at 24 h to 36% at 72 h
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postinduction (Fig. 3C). In contrast, the proportion of MDCK
cells expressing the F protein of Sendai virus with GFP linked
to the cytoplasmic domain (SeV-F-GFP) stayed at 85% for the
whole time. This viral fusion protein was used as a control
because it does not act in an autonomous way like RSV F
protein but requires support by the homologous viral attach-
ment protein. RSV F protein-induced cell loss did not result in
destruction of the epithelial monolayer. Rather, cells that did
not express hF-GFP replaced the extruded cells and restored
the monolayer in this way (Fig. 3D).

RSV infection was shown to induce increased epithelial per-
meability in monolayers of human primary bronchial epithelial

cells via induction of the vascular endothelial growth factor, an
effect which was inhibited by Synagis (45). Like bronchial ep-
ithelial cells, MDCK monolayers set up a measurable TER
when grown on porous filter supports for 3 to 4 days (Fig. 3E).
This typical parameter of polarized epithelial cells did not
change when the cells were induced to express gp40-GFP (not
shown) or were grown without induction of an heterologous
protein. However, when expression of hF-GFP was induced
the TER significantly increased within the first 24 h and then
dropped below the initial TER values. At 4 days postinduction
of hF-GFP expression, TER was collapsed but subsequently
recovered. Interestingly, neither z-VAD nor Synagis had an

FIG. 2. Conditional expression and localization of GFP-tagged RSV F protein in polarized epithelial MDCK cells. Transgenic MDCK cells
were grown on porous filter supports for 3 days prior to the induction of either bF-GFP, hF-GFP, or gp40-GFP. (A) At the indicated times
postinduction, cells were stained with a monoclonal antibody directed to �-catenin (red fluorescence) and analyzed by confocal laser scanning
microscopy (GFP fluorescence in green). XZ scans of the cells are shown. (B) At the indicated times postinduction of bF-GFP or hF-GFP
expression, cell surface proteins of either the apical (ap) or basolateral (ba) plasma membrane were labeled with sulfo-NHS-biotin. F-GFP was
immunoprecipitated from cell lysates and analyzed by Western blotting using streptavidin-peroxidase for the detection of biotinylated F-GFP. The
amounts of F-GFP were determined by densitometry and the percentages of apical or basolateral F-GFP of total F-GFP (apical plus basolateral
F-GFP) were calculated. As a control for biotinylation efficacy, total cell lysates of biotinylated MDCK-(hF-GFP) cells were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis, transferred to a nitrocellulose membrane, and probed with streptavidin-peroxidase complex
(lower panel).
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effect on the immediate rise of the TER after hF-GFP expres-
sion but protected the monolayer from the TER loss afterward.
Together, our findings show that expression of RSV F protein
in polarized epithelial cells affects cellular polarity, disturbs
integrity of the monolayer, and leads to sloughing of epithelial
cells in the absence of virus replication.

RSV F promotes apoptosis. To test for the induction of
characteristic markers of apoptosis, hF-GFP expression was

induced in MDCK cells, and genomic DNA was extracted from
floating and adherent cells. The DNA from floating cells re-
vealed the characteristic apoptotic DNA ladder when analyzed
by gel electrophoresis (Fig. 4A, lane 3). In contrast, DNA from
the adherent fraction of induced cells appeared intact (lane 2),
indicating that cells were extruded from the cell monolayer
before late apoptotic events became apparent. MDCK cells
that were induced to express gp40-GFP did not show any DNA

FIG. 3. Impact of RSV F expression on epithelial integrity. MDCK cells were cultured on porous filter supports for 3 days prior to optional
induction of gp40-GFP, hF-GFP, and bF-GFP, respectively. (A) The proportion of floating cells in the apical supernatant of MDCK monolayers
was determined at the indicated times. The medium was completely replaced every 24 h. (B) The effect of Synagis and pan-caspase inhibitor z-VAD
on MDCK cell shedding was determined after induction of hF-GFP expression. Synagis was added to either the apical (ap), basolateral (ba), or
to both apical and basolateral (ap�ba) medium of the filter-grown cells. (C) The proportion of GFP-positive cells in MDCK cell monolayers was
determined by flow cytometry 24, 48, and 72 h after induction of either hF-GFP or SeV-F-GFP. (D) Restoration of the MDCK monolayer.
Filter-grown MDCK cells were fixed at the indicated times after the induction of hF-GFP expression and processed for immunofluorescence
analysis of �-catenin. Conventional epifluorescence was performed for detection of hF-GFP (green) and �-catenin (red). (E) Impact of hF-GFP
expression on MDCK TER. Transgenic MDCK cells were seeded on porous filter supports, and hF-GFP expression was induced on day 4
(indicated by the arrow). The TER was recorded at daily intervals (solid symbols for induced cells, open symbols for noninduced cells).
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FIG. 4. Analysis of hF-GFP-expressing MDCK cells for apoptotic markers. (A) MDCK cells were induced to express either hF-GFP or gp40-GFP
for 48 h or were left uninduced. Genomic DNA was extracted from the adherent (a) and the floating (f) cell fractions of hF-GFP-expressing cells. Cells
expressing gp40-GFP did not show any cell loss, and therefore DNA was only extracted from adherent cells. Extracted DNA was separated by gel
electrophoresis and visualized by UV light transillumination after ethidium bromide staining. (B) MDCK cells were grown on coverslips for 24 h before
hF-GFP expression was induced for 40 h or not induced. The cells were analyzed by fluorescence microscopy after DAPI (blue) or TUNEL (red) staining.
GFP fluorescence is shown in green. Note that a large syncytium that was extruded from the monolayer is shown in the lower panels. (C) Expression of
hF-GFP was induced for 48 h in the presence or absence of Synagis (5 �g/ml). Adherent and floating cells were pooled and stained with TUNEL reagent.
The percentages of positive cells are shown. (D) A549 cells (5 	 105 cells) were infected with RSV A2 using an MOI of 3 PFU/cell, and hF-GFP
expression was induced in MDCK cells (5 	 105 cells) using different concentrations of mifepristone (10�9 M, 2.5 	 10�10 M, and 0.6 	 10�11 M). After
24 h, the surface proteins of A549 and MDCK cells were labeled with sulfo-NHS-LC-biotin, and F protein was immunoprecipitated from the cell lysates.
Biotinylated F protein was detected by Western blotting using streptavidin-peroxidase as probe. The levels of F antigen were quantified by densitometry
and are expressed as percentages of the amount of F antigen induced by 10�9 M mifepristone. (E) The expression of hF-GFP was induced with different
concentrations of mifepristone (see above). Adherent and floating cells were collected 48 h postinduction and stained with TUNEL reagent. The
percentages of cells that reacted with the reagent are shown. (F) The caspase-3/7 activity was determined in MDCK cell lysates 48 h after induction of
hF-GFP expression using different mifepristone concentrations (see above). (G) The caspase-3/7 activity was determined in cell lysates 24, 48, and 72 h
after induction of hF-GFP with 10�9 M mifepristone. (H) MDCK cells were induced to express either gp40-GFP or hF-GFP for 40 h in the presence
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fragmentation. When the cells were analyzed by immunofluo-
rescence 48 h after the induction of F protein expression, the
appearance of syncytia with multiple nuclei in their center was
observed (Fig. 4B). Most of these polykaryons contained intact
nuclei, as indicated by DNA staining with DAPI, and were
negative in the TUNEL assay. However, syncytia that had
already detached from the monolayer showed DNA fragmen-
tation and membrane blebbing and were positive in the
TUNEL assay (lower panel). At 48 h postinduction of F pro-
tein expression, ca. 28% of the total cell population were
stained by the TUNEL reagent (Fig. 4C). However, in the
presence of Synagis the proportion of TUNEL-positive cells
was reduced to 7%. Regularly, mifepristone at 10�9 M was
used to induce F protein expression in MDCK cells. By this
means, F protein expression levels were achieved that were
nearly as high as in RSV-infected A549 cells (Fig. 4D). When
less mifepristone was used, the expression levels of F protein
declined (Fig. 4D) and fewer TUNEL-positive cells were ob-
served (Fig. 4E), indicating that the amount of F protein cor-
relates with the induction of apoptosis.

The effector caspase-3 plays a central role in apoptosis by
mediating cleavage and breakdown of several cellular compo-
nents related to DNA repair and regulation. Caspase-3/7 ac-
tivity increased more than 20-fold in MDCK cells when hF-
GFP expression was induced (Fig. 4F). This increase in
caspase-3/7 activity correlated with the amount of F protein
expressed (compare Fig. 4F to Fig. 4D). When the caspase-3/7
activity was determined 24 h after hF-GFP induction, no sig-
nificant increase in activity compared to noninduced cells was
detectable (Fig. 4G). However, at days 2 and 3 a dramatic
increase in caspase-3/7 activity was observed. The pan-caspase
inhibitor z-VAD (25 �M) completely abolished caspase-3/7
activity (Fig. 4H). Inhibitors of caspase-8 and caspase-9 (25
�M) were also effective, suggesting that both initiator caspases
are components of a cascade leading to activation of caspase-
3/7. Synagis significantly reduced but did not completely abol-
ish caspase-3/7 activation. The antibody had no effect on stau-
rosporine-induced caspase-3/7 activation and cell death (data
not shown). Significant inhibition of caspase-3/7 activation was
also achieved with both the Rho kinase inhibitor Y-27632 (5
�M) and the p38 mitogen-activated protein kinase (MAPK)
inhibitor SB203580 (5 �M), whereas an inhibitor of I�B kinase
IMD-0354 (1 �M) had no cytoprotective effect. A higher
caspase-3/7 activity was associated with shed cells than with
adherent cells (data not shown), indicating that apoptosis be-
came fully apparent only after cells had been extruded from
the cell monolayer. A significant increase in LDH activity was
detected in the supernatant of MDCK cells 48 h after the
induction of hF-GFP expression (Fig. 4I). This effect was com-
pletely abolished by pan-caspase inhibitor z-VAD, indicating
that the cells were subject to secondary necrosis.

Transcription factor p53 is involved in RSV F-triggered
apoptosis. To elucidate whether RSV F-triggered apoptosis
requires transcriptional activity, luciferase reporter constructs
with promoter elements responding to five different transcrip-
tion factors were used to transfect MDCK cells. Changes in
transcriptional activity were analyzed as a function of condi-
tional hF-GFP expression. This approach revealed that only
p53 was activated when hF-GFP expression was induced (Fig.
5A). In contrast, no changes in p53 transcriptional activity were
detected after conditional expression of gp40-GFP. Activation
of p53-dependent transcription was completely abolished if the
MDCK cells had been stably transfected with a dominant-
negative p53 (Fig. 5B; p53-DN). The antibody Synagis, the
Rho kinase inhibitor Y-27632, and the p38 MAPK inhibitor
SB203580 also efficiently reduced p53-dependent reporter ex-
pression.

A number of protein kinases can phosphorylate p53 at spe-
cific sites, resulting in stabilization and/or activation of this
transcription factor. The overall homology between canine and
human p53 is relatively high, but there are also important
differences. For example, canine p53 lacks serines at positions
9 and 46, and the phosphorylation of the latter in human p53
has been shown to be important for the induction of apoptosis
(60). Other phosphorylation sites (serines 6, 37, and 392) are
flanked by nonconserved amino acid residues so that phospho-
specific antibodies directed to human p53 were not expected to
react with the corresponding canine counterparts. However,
serine-15 and flanking sequences are highly conserved in both
canine and human p53. When a monoclonal antibody reacting
with phosphorylated serine-15 of human p53 was used for
immunofluorescence analysis of MDCK cells, we observed a
strong nuclear signal after induction of hF-GFP (Fig. 5C). The
same antibody did not stain the nuclei of MDCK cells after the
induction of gp40-GFP expression.

Bax is a p53-regulated proapoptotic protein of the bcl-2
family. Upon activation it undergoes a conformational change
and translocates from the cytosol to mitochondria. Bax medi-
ates permeabilization of mitochondrial membranes, resulting
in the release of apoptogenic proteins such as cytochrome c
(73). Using the conformation-dependent antibody N-20 di-
rected against the NH2 terminus of Bax (19), activated Bax was
detected in MDCK cells only if RSV F protein expression was
induced (Fig. 5D). The cells displayed a punctate and some-
times vermicular immunostaining pattern indicative of Bax as-
sociation with mitochondria. All of these findings indicate that
the RSV F protein triggers activation of the transcription fac-
tor p53, which in turn results in upregulation and/or activation
of p53-regulated proapoptotic proteins such as Bax.

To address the question whether p53 activation is responsi-
ble for RSV F-induced apoptosis, dominant-negative p53
was stably expressed in MDCK-hF-GFP cells. In these cells,

or absence of the indicated inhibitors (z-VAD, z-IETD, and z-LEHD at 25 �M; Synagis at 5 �g/ml; Y-27632 at 5 �M; SB203580 at 5 �M; or
IMD-0354 at 1 �M), and the caspase-3/7 activity was determined in cell lysates. (I) The release of LDH activity was determined 40 h postinduction
of hF-GFP in the absence or presence of pan-caspase inhibitor z-VAD (25 �M). The measurement results shown in panels G, H, and I are
expressed as the relative fold increase of enzyme activity compared to noninduced cells. Arithmetic means and standard deviations of three
experiments are shown.
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caspase-3/7 activity (Fig. 6A) and cell shedding (Fig. 6B) were
significantly lower than in control cells that had been stably
transfected with the control vector. Next, we analyzed whether
p53 plays a role in apoptosis of A549 cells after infection with
RSV. To address this, we generated stable A549 cell clones

expressing either p53-DN or p53-specific small hairpin RNA
(siRNA-p53). The cells were infected with RSV A2 (3 PFU/
cell), and the caspase-3/7 activity was determined 40 h postin-
fection (Fig. 6C). Infection of A549 cells that had been stably
transfected with the control plasmids, either pIRESneo or

FIG. 5. Activation of p53 transcriptional activity. (A) Transcription factor profiling in MDCK cells expressing hF-GFP. MDCK cells were
transfected with luciferase reporter constructs placed under the control of the indicated transcription factors. The luciferase activity was measured
in cell lysates 24 h after hF-GFP expression was either induced or not induced. (B) Effect of inhibitors on hF-GFP-triggered p53 activation. MDCK
cells with or without stable p53-DN expression were transfected with a p53-controlled luciferase reporter construct. The luciferase activity was
determined 24 h after the expression of hF-GFP was induced (or not induced) in the presence or absence of either Synagis (5 �g/ml), Y-27632
(5 �M), or SB203580 (5 �M). (C) Detection of phosphorylated serine-15 of p53. MDCK cells were fixed 40 h after the induction of hF-GFP or
gp40-GFP expression and stained for phosphorylated serine-15 of p53, p53(S15-P). Nuclei were counterstained with DAPI. (D) Detection of
activated Bax in F-induced polykaryons. MDCK cells were fixed 40 h after the expression of hF-GFP was either not induced (upper panel) or
induced (lower panel) and stained with antibody N-20 recognizing activated Bax. The lower panel shows a section of the cells at higher
magnification. (E) The proportion of adherent cells showing Bax translocation was determined (n � 300). Arithmetic means and standard
deviations from three experiments are shown.
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psiRNA-Luc, showed increased caspase-3/7 activities com-
pared to mock-infected cells. In contrast, A549 cells stably
transfected with either p53-DN or siRNA-p53 revealed signif-
icantly reduced caspase-3/7 activities after infection with RSV.

The human cancer cell line HEp-2 is positive for the human
papillomavirus E6 oncogene, which causes ubiquitination and
degradation of p53 (81). Although more than 90% of HEp-2
cells became infected with RSV when an MOI of 3 PFU per
cell was used (data not shown), only a small increase in
caspase-3/7 activity was detected, a finding which is in accor-
dance with published data (50). These findings provide good
evidence that p53 is involved in RSV F-induced apoptosis in
A549 and MDCK cells.

DISCUSSION

RSV F protein-induced apoptosis. Previous studies provided
evidence that primary human airway epithelial cells (50), as well
as the human lung epithelial cell line A549 (4, 50, 61), undergo
programmed cell death after infection with RSV. We followed up
these studies and showed that RSV-mediated apoptosis of epi-
thelial cells was significantly reduced if Synagis, a humanized
monoclonal antibody directed to RSV F, was given postinfection.
In addition, individual expression of F protein triggered apoptosis
in polarized MDCK cells, which were largely protected from cell
death in the presence of Synagis. The protective effect of Synagis
might be attributed to the ability of this antibody to interfere with

the fusion activity of the viral protein. However, it cannot be
excluded that Synagis also affects the binding of F protein to an
unknown cellular receptor which triggers signaling transduction
pathways, leading to programmed cell death. Even though the
mechanism of F protein-mediated cytotoxicity have to be dis-
sected in future, it is evident from the present study that the F
protein is a major apoptosis-inducing protein of RSV. As a first
attempt to identify other proapoptotic RSV proteins, we gener-
ated stably transfected MDCK cell clones expressing the BRSV
SH protein in a regulated manner. In addition, MDCK cells
constitutively expressing the BRSV G protein were generated.
However, in neither case did these viral glycoproteins induce
apoptosis on their own (unpublished results). This does not rule
out that other viral factors may contribute to RSV-mediated cell
death.

RSV F protein was found to induce syncytium formation in
MDCK monolayers, and these polykaryons were ultimately
destined for apoptosis. In addition, we showed that F protein-
induced apoptosis is based on activation of the transcription
factor and tumor suppressor p53, which could be significantly
reduced by inhibiting either p38 MAPK or Rho kinase. F-
induced apoptosis was brought down by a factor of 2 when
dominant-negative p53 was expressed. The dominant-negative
mutation R273H affects the DNA binding and transcriptional
activities of p53. However, p53 has been reported to exert
transcription-independent proapoptotic functions (36, 48).

FIG. 6. Importance of p53 for RSV F-triggered apoptosis. (A) MDCK cells were stably transfected with empty pIRESneo plasmid or
recombinant plasmid driving the expression of dominant-negative p53 (p53-DN). Caspase-3/7 activity was determined 40 h after induction of
hF-GFP, and measurement results were expressed as the relative fold increase of enzyme activity compared to noninduced cells. (B) The
proportion of cells shed into the cell culture supernatant was determined at the indicated times after induction of hF-GFP. The medium was
completely replaced every 24 h. Arithmetic means and standard deviations of three experiments are shown. (C) HEp2 cells and A549 cells stably
transfected with the indicated plasmids were infected with human RSV (A2) using 3 PFU/cell. The relative fold increase of caspase-3/7 activity was
determined 40 h postinfection. Arithmetic means and standard deviations of three experiments are shown.

VOL. 82, 2008 RSV F PROTEIN-INDUCED APOPTOSIS 3245

 at B
U

N
D

E
S

F
O

R
S

C
H

U
N

G
S

A
N

S
T

A
LT

 F
U

E
R

 on F
ebruary 10, 2010 

jvi.asm
.org

D
ow

nloaded from
 

http://jvi.asm.org


Therefore, it is not expected that p53-DN can totally block
p53-dependent apoptosis. In accordance with this view, down-
regulation of p53 by either shRNA or E6 transformation was
more efficient than p53-DN in reducing F-induced apoptosis.

In some aspects RSV F protein-mediated cell death is rem-
iniscent of syncytial apoptosis induced by the human immuno-
deficiency virus type 1 (HIV-1) glycoprotein Env (24, 67, 76).
Fusion of HIV-1 Env-expressing cells with cells expressing
both the CD4 receptor and the CXCR4 coreceptor results in
syncytia which undergo apoptosis after fusion of their nuclei
(karyogamy). Nuclear fusion is believed to result from an abor-
tive entry into the prophase of mitosis stimulated by the tran-
sient activation of the cyclin-dependent kinase 1(Cdk1), which
leads to permeabilization of the nuclear envelope and nuclear
accumulation of mammalian target of rapamycin (mTOR)
(11). Subsequent phosphorylation and activation of p53 by
mTOR and p38 MAPK leads to p53-dependent transcription
of proapoptotic proteins such as PUMA and Bax and activa-
tion of the mitochondrial pathway of apoptosis.

It has been previously shown that RhoA signaling is impor-
tant for RSV-induced syncytium formation and that Rho ki-
nase is an important effector in this context (30). Likewise,
expression of dominant-negative RhoA has been shown to
inhibit HIV-1 envelope fusion with target cell membranes (18).
Thus, it is likely that Rho kinase inhibitor Y-27632 was effec-
tive in lessening apoptosis by interfering with F protein-medi-
ated syncytium formation. However, Y-27632 may also inhibit
other activities of Rho kinase that may be important for F-
induced apoptosis. For example, it was shown that RhoA/Rho
kinase upregulates Bax to activate a mitochondrial pathway of
apoptosis in cardiomyocytes (17). Furthermore, Y-27632 in-
hibits actin- and myosin-dependent extrusion of preapoptotic
cells from epithelial monolayers (69). In this way, Y-27632 may
interfere with the full outcome of apoptosis. Rho signaling is
also known to be involved in cell cycle progress by suppressing
CDK inhibitory protein p21waf/cip and activating cyclins, re-
spectively (52). In syncytia, however, activation of these path-
ways may lead to an abortive entry into mitosis and subsequent
apoptosis or mitotic catastrophe (12). It is noteworthy in this
context that RSV infection results in the activation of epider-
mal growth factor receptor and extracellular-related kinases
(57, 58, 65).

The fusion activity of RSV F may not only mediate apoptosis
through the formation of syncytia. Viral fusion proteins can
also mediate a transient lipid transfer between the outer leaf-
lets of two membranes, a process known as hemifusion. For
HIV-1 Env it has been demonstrated that hemifusion is suffi-
cient to trigger apoptosis of target cells (6, 29). Future studies
will show whether this mechanism is also true for RSV F
protein. In contrast to soluble HIV-1 Env, which induces ap-
optosis in a number of cell types (67), soluble RSV F protein
lacking the transmembrane and cytoplasmic domains did not
induce any cytotoxic effects in stably transfected MDCK cells,
indicating that association of RSV F protein with the plasma
membrane is required for the induction of apoptosis (M. Lorek
and G. Zimmer, unpublished results).

Regulation of apoptosis. Early apoptosis is probably detri-
mental for efficient virus replication. Therefore, it is not sur-
prising that RSV makes use of multiple strategies to delay
apoptosis (5, 21, 26, 50, 53, 58, 80). Interestingly, RSV was

recently shown to decrease transcription factor p53 to prolong
cell survival (33). This is in line with our observation that
apoptosis is reduced in A549 cells that express either domi-
nant-negative p53 or p53-specific small hairpin RNA. An ad-
ditional mechanism that prevents early apoptosis may be at-
tributed to the polarized distribution of the RSV F protein in
epithelial cells. The apical transport appears to be an intrinsic
property of the F protein and meets the requirements for
apical RSV budding (7, 68), but it also guarantees that F
protein does not come into contact with the lateral membrane
of adjacent cells so that cell-cell fusion and consequent apop-
tosis is avoided. In accordance with this idea, we found that
filter-grown MDCK cells that had established a polarized
monolayer were more resistant to F-induced apoptosis than
MDCK cells that were not fully polarized because they were
grown on cell culture dishes (unpublished results). This con-
cept would also explain why the bovine RSV F protein re-
vealed a higher proapoptotic activity than the human RSV F
protein. The latter one was strictly targeted to the apical
plasma membrane, while a small fraction of the bovine RSV F
protein was also localized at the basolateral domain early after
induction. It has been recently suggested that the transmem-
brane domain is an important determinant for apical transport
of the F protein (8). Indeed, the primary sequences of the
predicted transmembrane domains reveal some differences be-
tween the human and bovine RSV F protein. For example,
cysteine 550 in the human RSV F protein is replaced by serine
in the bovine RSV F protein (strain Stormond). Cysteine 550
of the human RSV F protein was shown to be subject to
acylation (2), but the importance of this posttranslational mod-
ification for apical transport is not known. The association of
the F protein with lipid rafts might be also relevant for apical
transport of the protein (71). It has been recently reported that
neither the cytoplasmic domain, the membrane anchor, nor
fatty acid modification of F protein is important for its associ-
ation with lipid rafts, suggesting that the ectodomain may be
involved (25). However, data provided by others suggested that
the cytoplasmic domain might be involved in lipid raft associ-
ation (62). Future studies using chimeric proteins must show
which domain of the F protein is actually involved in polarized
transport and induction of apoptosis. Despite its predominant
apical localization, the human RSV F protein ultimately trig-
gered apoptosis of polarized MDCK cells. It is possible that the
F protein eventually affects cell polarity by activating RhoA
(31), a regulator of epithelial barrier function (9, 43).

While early apoptosis is probably harmful, RSV may benefit
from apoptosis late in the replication cycle. Infected cells nor-
mally release only low numbers of progeny RSV into the su-
pernatant. However, RSV may stay for some time in the airway
lumen while associated with extruded apoptotic cells. Cough
may then result in sputum of infectious cellular material and
transmission of RSV to other persons. In addition, RSV may
be shielded from immune recognition and attack in the airway
lumen. Finally, transient loss of epithelial barrier function may
allow RSV to spread into extrapulmonary organs as recently
suggested (22).

Obstructive bronchitis. Necropsy studies revealed that RSV
infection causes sloughing of epithelial cells which aggregate
and form plugs along with mucin, fibrin, and inflammatory cells
(1, 42, 66). These plugs likely contribute to obstruction of the
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small airways, a major complication after infection of prema-
ture and young children with RSV. Experimental RSV infec-
tion of fetal human tracheas in organ culture showed that the
virus infected a population of ciliated epithelial cells and that
infection was associated with syncytium formation and cell
degeneration (40). Likewise, in a model of well-differentiated
human airway epithelial cells, RSV infection was reported to
have profound effects on ciliated cells, leading to ciliostasis and
sloughing of cells (83). Our finding that the RSV F protein
triggers apoptosis and shedding of epithelial cells might pro-
vide a possible explanation for these previous observations.
Furthermore, RSV-induced apoptosis may also contribute to
airway inflammation, which is frequently observed after RSV
infection (59). Under physiological conditions apoptotic cells
are rapidly removed from the respiratory tract by phagocytic
cells; however, massive apoptosis due to RSV infection might
overextend this clearance mechanism, giving way to secondary
necrosis with consequent inflammation of the respiratory tract
(84). The release of nucleotides from necrotic cells may be also
responsible for the inhibition of alveolar fluid clearance by a
mechanism involving P2Y receptors (16). Thus, direct damage
to the respiratory epithelium by RSV F protein might be a first
trigger of a causal chain leading to pathogenesis and disease
(Fig. 7).

It was previously shown that epithelial cells destined for
apoptosis signal their neighbors to extrude them by an actin-
and myosin-dependent mechanism (69). Accordingly, we ob-
served that F-induced syncytia were rapidly extruded from the
epithelial monolayer even before late markers of apoptosis
became apparent. The extruded cells were replaced by other
cells with the consequence that the epithelial monolayer ap-
peared healthy and intact (see Fig. 3D). This mechanism, ex-
trusion of apoptotic cells and subsequent repair of the mono-
layer, might explain why others were unable to detect obvious
cytopathic effects when infecting primary airway epithelial cells
with recombinant RSV (88). Infected cells were observed for
�3 months in this model of well-differentiated human airway

epithelial cells. However, it is not known whether these cells
had been infected at the outset and maintained throughout the
entire period or whether there was turnover of cells and rein-
fection of newly differentiated ciliated cells (88).

Consequences for the treatment of RSV-induced disease.
Monoclonal antibodies such as palivizumab (Synagis) that in-
terfere with fusion activity of RSV F are already in clinical use
for the prophylactic treatment of children at high risk for RSV
disease (10). The present study shows that Synagis can signif-
icantly reduce F-triggered apoptosis and shedding of polarized
epithelial cells. Both apical and basolateral application of the
antibody proved to be effective, though the F protein was
found to reside predominantly at the apical membrane. The
neonatal FcRn receptor has been identified in a number of
secretory epithelia, including those of the kidney (47) and lung
(77). It can be speculated that receptor-mediated transcytosis
of Synagis from the basolateral to the apical pole of the cells
allowed the antibody to bind to apical F protein. Alternatively,
the antibody got access to the antigen after F-induced RhoA
activation (31, 64) and RhoA-dependent modulation of epi-
thelial barrier function. Even high concentrations of the anti-
body did not completely prevent F-mediated cytotoxic effects.
This residual cytotoxicity might be mediated by F protein in
intracellular compartments, where it is not accessible for Syn-
agis. Interestingly, endoplasmic reticulum-specific stress-acti-
vated caspase-12 has been implicated in the apoptosis of RSV-
infected A549 cells (4). It is therefore possible that F protein
expression causes an endoplasmic reticulum stress response
(39) that also contributes to F-triggered apoptosis.

Postinfection administration of neutralizing anti-F antibod-
ies in animal models showed that RSV titers were significantly
reduced, whereas beneficial effects on airway obstruction and
clinical course of the disease were not achieved (38, 56).
Hence, therapeutic antibodies that are given when the disease
is already apparent cannot reverse apoptosis that had already
occurred. Small-molecule inhibitors of viral fusion proteins
represent a novel strategy to combat virus infection and spread
(14). Definitely, fusion inhibitors might be useful to reduce the
direct RSV F protein-mediated cytotoxic effects; however, the
limitations discussed for neutralizing antibodies probably are
also true for these compounds. Since apoptosis plays an im-
portant role in a number of lung diseases such as asthma,
chronic obstructive bronchitis, respiratory distress syndrome,
and pulmonary fibrosis, a therapeutic approach based on mod-
ulators of apoptosis is currently being discussed (20). Our
findings suggest that a similar approach might be useful for the
treatment of RSV-induced obstructive bronchitis.

Vaccines based on formalin-inactivated RSV failed to pro-
tect children from RSV infection and disease but rather were
associated with immunopathological effects (13, 27, 44, 46).
Therefore, numerous attempts have been made to generate
live attenuated RSV vaccines in the last couple of years (15).
However, it turned out that most vaccine candidates were
either overattenuated or still too pathogenic for use in chil-
dren. The F protein may provide an explanation for these
difficulties. On the one hand, fusion activity is essential for
RSV replication; on the other hand, fusion activity contributes
to RSV pathogenesis by triggering apoptosis and sloughing of
epithelial cells. Hence, the attenuation of RSV might be only
achieved at the expense of effective virus replication and im-

FIG. 7. Proposed role of F protein in RSV pathogenesis. The F
protein activates p53 and induces caspase-dependent apoptosis, which
leads to the extrusion of epithelial cells and consequent obstruction of
the airways. Possible therapies may be based on pharmaceuticals tar-
geting F protein or downstream effectors such caspase-3/7.
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munogenicity. Vector vaccines expressing fusion-incompetent
RSV F protein might be superior to live attenuated RSV.
However, we may encounter similar problems as before if
these vector vaccines are based on enveloped viruses with a
pH-independent fusion activity (35, 78), in particular if they
are used for mucosal immunization.
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