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Respiratory syncytial virus (RSV) is one of the major causes of respiratory infections in children, and it is the main pathogen
causing bronchiolitis in infants. The binding and entry mechanism by which RSV infects respiratory epithelial cells has not yet
been determined. In this study, the earliest stages of RSV infection in normal human bronchial epithelial cells were probed by
tracking virions with fluorescent lipophilic dyes in their membranes. Virions colocalized with cholesterol-containing plasma
membrane microdomains, identified by their ability to bind cholera toxin subunit B. Consistent with an important role for cho-
lesterol in RSV infection, cholesterol depletion profoundly inhibited RSV infection, while cholesterol repletion reversed this in-
hibition. Merger of the outer leaflets of the viral envelope and the cell membrane appeared to be triggered at these sites. Using
small-molecule inhibitors, RSV infection was found to be sensitive to Pak1 inhibition, suggesting the requirement of a subse-
quent step of cytoskeletal reorganization that could involve plasma membrane rearrangements or endocytosis. It appears that
RSV entry depends on its ability to dock to cholesterol-rich microdomains (lipid rafts) in the plasma membrane where hemifu-
sion events begin, assisted by a Pak1-dependent process.

Respiratory syncytial virus (RSV) is one of the most prevalent
respiratory pathogens targeting all age groups. RSV has been

found to cause 2.4% of community-acquired pneumonias (20).
However, infants (�18 months) and the elderly suffer from the
most severe RSV disease compromising the lower respiratory tract
(i.e., bronchiolitis and pneumonia) (75). By 2 years of age, 90% of
children show serological evidence of having been infected by RSV
(2, 75). Complete immunity is not developed, allowing new infec-
tions throughout life. Although cleverly designed candidate vac-
cines for RSV have been developed, none is currently approved.
Passive immunoprophylaxis has rendered tremendous benefits
for children at risk for suffering severe RSV disease. Unfortu-
nately, the cost of this treatment limits its use as a prophylactic in
the general ward in developing countries (23, 37). The develop-
ment of new antivirals requires a thorough understanding of the
earliest molecular events of RSV infection, particularly attach-
ment and fusion, that deliver the virus genome into the target cell.

Iduronic acid-enriched heparan sulfate proteoglycans
(HSPGs) present on HEp-2 cell membranes have been reported to
mediate virus attachment (28, 30). However, it appears that this
receptor is not the one used by the virus in attaching to human
airway epithelial cells, since several reports have concluded that
HSPGs are not localized on the ciliated apical side of fully differ-
entiated bronchial epithelial cells cultured at the air-liquid inter-
face or tracheal tissue sections (29, 44, 90, 91). In addition, the
RSV envelope protein F, which triggers envelope fusion with the
target cell membrane, may also independently attach virions to
cells, though such attachment seemed less dependent on HSPGs
than G protein-mediated attachment to HEp-2 cells (82). The F
and G proteins have been reported to form a complex on the
virion envelope (50). The structure of a soluble F protein, the

transmembrane and cytosolic tail domains of which were both
replaced with a hexahistidine tag, appeared spherical by electron
microscopic analysis and was not aggregated, consistent with a
native pretriggered trimer; but after exposure to low-molarity
buffer, it acquired a “hatpin” shape that aggregated as rosettes
characteristic of the posttriggered form (8). During the matura-
tion process of the F protein, a furin-like protease cleaves the F0
precursor at two sites releasing a short peptide of 27 amino acids
and resulting in the formation of two subunits stabilized by two
disulfide bridges (F2-F1) (15, 25, 79). This cleavage is necessary to
make the F protein fusogenic. Although the crystal structure for
the prefusion conformation of RSV F protein has not yet been
solved, the prefusion structure of the parainfluenza virus type 5
(PIV5) F protein has been (89) and is likely to be a representative
of the paramyxovirus F structure. Each subunit of the trimeric
PIV5 prefusion structure contributes to the globular head, which
is attached to a stalk formed by the C-terminal heptad repeat
(HRB) region. The fusion peptides of each subunit at the N ter-
mini of the heptad repeat A (HRA) regions are sequestered be-
tween the adjacent subunits (89).

The stimulus that triggers the RSV F protein is not known, but
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the refolding of the F protein probably follows what is known for
other class I fusion proteins. The apical, spring-loaded portion of
the F1 protein reforms to generate a very long HRA �-helix with
the fusion peptide at its N terminus that reaches out to target the
cell membrane. The fusion peptide inserts into the target mem-
brane, and the F protein folds back on itself, bringing the
C-terminal HRB into an antiparallel assembly with the
N-terminal HRA that is adjacent to the fusion peptide (11, 54, 76),
forming a trimeric hairpin or 6-helix bundle while bringing the
two membranes together. Based on other class I fusion proteins,
this conformational change is required for pore stabilization and
enlargement (11, 57, 58).

Currently, it is unclear where RSV fuses its envelope with the
target cell membrane to deliver its ribonucleoprotein complex to
the cytoplasm. Previous studies suggested that RSV fusion occurs
at the plasma membrane based on the fact that fusion is indepen-
dent of endosomal acidification (33, 63, 69, 78). However,
Kolokoltsov et al. (41) reported that RSV could deliver its genome
after fusing with early endosomes in the clathrin-mediated path-
way. These findings were obtained in HeLa cells by inhibiting virus
entry with small interfering RNAs (siRNAs) against genes impor-
tant for clathrin-mediated endocytosis and dominant negative
versions of clathrin-associated proteins such as Eps-15 (41).

We adopted the approach of Sakai et al. (73) to identify mem-
brane microdomains used for virus docking to primary normal
human bronchial epithelial (NHBE) cells and to track virus fusion
with these cells in real time. The tracking approach is based on the
physics of light diffraction, which allows nanoparticles such as
fluorescently labeled viruses to be visualized in living cells. Similar
strategies have been applied to track influenza virus, dengue virus,
hepatitis C virus (HCV), HIV, and poliovirus entry (4, 5, 12, 40,
61, 72, 73, 87).

Our data show that docking takes place on cholesterol-rich
microdomains that are similar to lipid rafts and that RSV hemifu-
sion events begin in the plasma membrane. We also found that
cholesterol in the cell membrane is essential for RSV to success-
fully infect bronchial epithelial cells and that RSV infection is sen-
sitive to Pak1 inhibition, suggesting that complete fusion may
require plasma membrane rearrangement processes and/or endo-
cytosis, which are dependent on actin polymerization and cyto-
skeletal reorganization.

MATERIALS AND METHODS
NHBE cells culture. NHBE cells at passage 1 were provided by Clonetics
(Cambrex Bio Science, Walkersville, MD), which had obtained the cells
from healthy volunteers after informed consent, and were grown follow-
ing the provided guidelines. Briefly, the cells were grown in BEGM, which
consists of basal medium (BEBM) supplemented with bovine pituitary
extract, insulin, hydrocortisone, human epithelial growth factor, epi-
nephrine, transferrin, retinoic acid, and triiodothyronine, for two pas-
sages before being collected and stored at �135°C in a liquid nitrogen
storage cabinet. For experiments, cells at passages 4 and 5 were used and
grown in BEGM. On the day of experimentation, cells were washed twice
with phosphate-buffered saline (PBS) before BEBM containing either
RSV or the various drugs was added.

Production and purification of respiratory syncytial virus. For these
experiments, we used RSV-A2 and recombinant strains of RSV that ex-
pressed the green fluorescent protein (GFP; rgRSV) and contained differ-
ent combinations of the three RSV envelope proteins (rgRSV-GF, lacking
SH; rgRSV-SF, lacking G; and rgRSV-F, lacking SH and G). All of them
were partially purified by pelleting through a glycerol layer following the

general recommendations of Carpenter et al. (6). HEp-2 cells were seeded
into T-175 flasks in Opti-MEM medium (Invitrogen Corporation, Carls-
bad, CA) at a density of 8.75 � 106 cells in order to reach 50% to 60%
confluence the next day. On the day of infection, each flask was washed
once with Ca2�-and Mg2�-free Dulbecco’s 1� PBS (Mediatech Inc.,
Herndon, VA). The inoculum was prepared by resuspending 0.1 to 0.2
PFU/cell of virus in Opti-MEM (Invitrogen Corporation, Carlsbad, CA)
containing 2% fetal bovine serum (FBS) (Mediatech Inc., Herndon, VA).
Inoculation was allowed to take place at 37°C, 5% CO2, and humid atmo-
sphere for 2 h, with gentle rocking every 15 min after which the inoculum
was replaced with Opti-MEM containing 2% FBS (40 ml per flask). The
flasks were returned to the CO2 incubator, and the infection was allowed
to progress until cytopathological effects were evident in 70% to 80% of
the cell monolayer (about 2 to 2.5 days after infection). The cell mono-
layer was then scraped into the culture medium, transferred to a 50-ml
conical tube, vortexed at half speed for 10 s, and centrifuged at 3,200 rpm
for 10 min at 4°C to remove the cells. The supernatant was transferred to
a new conical tube and mixed with 0.1 volume (approximately 4.2 ml) of
sterile 1 M MgSO4. RSV was pelleted through a glycerol layer consisting of
30% glycerol in 0.1 M MgSO4 and 50 mM HEPES, pH 7.5 (filtered
through a 0.22-�m membrane filter) by centrifuging at 24,000 � g in an
SW28 rotor for 3 h at 4°C. The supernatant was suctioned off from the top,
avoiding the viral pellet, which was gently rinsed with serum-free Opti-
MEM without disturbing it and resuspended in 750 �l of precooled (4°C)
buffer containing 0.22-�m-filtered 50 mM HEPES, pH 7.5, 0.1 M MgSO4,
and 150 mM NaCl. The RSV suspension was aliquoted and stored at
�135°C in liquid nitrogen (vapor phase). For these experiments, the RSV
titer was determined on NHBE cell cultures by a fluorescence-based flow
cytometry assay. The titer was estimated at those dilutions in which the
multiplicity of infection (MOI) was such as to produce an infection rate of
0.2 to 24%. This range was found to define the linear zone of infection
where one infected cell corresponds to a single infectious event fitting a
Poisson distribution (27, 45, 47). The formula used to estimate the titer
was as follows: (% of infected cells � total number of cells � dilution
factor)/(100 � volume of infectious aliquot). The titer we obtained cor-
related with the fluorescence-based titration assay described by Techaar-
pornkul et al. (81).

Fluorescent labeling. Purified RSV (100 mg in 1 ml) was simultane-
ously labeled with DiOC18 and R18 (Invitrogen) following the general
recommendations of Sakai et al. (73). DiOC18 and R18 at 10 nM and 20
nM, respectively, five times the suggested concentrations, were used in
order to enhance the signal-to-noise ratio. After the dyes were added to
the virus suspension, it was mixed vigorously and then gently shaken for 1
h at room temperature away from light. Finally, unincorporated dyes
present in the reaction mixture were removed by gel filtration using G-50
MacroSpin columns (Harvard Apparatus).

To determine if the labeling procedure impaired the virus infectivity,
we subjected a recombinant version of RSV encoding GFP (rgRSV) (30)
to the same procedure. Then, we used the dually labeled rgRSV to infect
NHBE cells at an equivalent titer of 0.1 MOI. After 16 h, the number of
green cells was evaluated by fluorescence microscopy and compared to the
expected number of green cells based on the MOI that was inoculated.
Although DiOC18 emits in the green channel, there is no confusion with
the GFP fluorescence since DiOC18-labeled virus is punctiform while the
GFP protein is found throughout the cytoplasm.

Real-time tracking assays. NHBE cells were seeded on glass-bottom
culture dishes (Fluorodish, World Precision Instruments) and grown to
80% confluence. On the day of the experiment, cell cultures were washed
with ice-cold phosphate-buffered saline (PBS) and then incubated with
dually labeled virus (seen as red; see Results) at 4°C for 30 min to synchro-
nize virus attachment. The virus was added at the equivalent of 3 PFU/cell
based on the titer determined prior to labeling. During the final 10 min of
the attachment stage, either Alexa-647-labeled cholera toxin subunit B
(CTB; 50 ng/ml; Invitrogen, seen as blue) or Cell Mask Deep Red plasma
membrane marker (5 �g/ml; Invitrogen, seen as blue) was added to the
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cell cultures. The cell culture dish was placed on a microincubator
(PDMI-2; Harvard Apparatus) and warmed to 37°C while simultaneously
being imaged using an Olympus FV1000 laser scanning confocal upright
microscope with an Olympus LUMPLFL 60� 0.9 numerical aperture
(NA) water-immersion lens. The cells were scanned with a 488-nm laser
and two fluorescence emissions, 500 to 530 nm and 555 to 618 nm, were
simultaneously detected. A 635-nm laser was used to excite markers in the
655- to 755-nm range.

Probing dynamin-dependent or -independent pathways. The high-
est concentrations of the respective inhibitors at which there was no cell
toxicity were chosen for these experiments. Dynasore, which inhibits
dynamin-dependent endocytic processes, was used at 80 �M, while
IPA-3, which targets PAK1 and consequently prevents the actin polymer-
ization and cytoskeletal reorganization that results in the formation of
lamellipodia, ruffling, and/or endocytosis/macropinocytosis, was used at
10 �M. The concentrations used were effective in preventing transferrin
and dextran uptake, respectively. The cell cultures were treated with in-
hibitor prior to infection (1 h in the case of dynasore or 30 min in the case
of IPA3). As a control, cell cultures were incubated with dimethyl sulfox-
ide (DMSO) (1:1,000). The virus inoculum (�0.3 PFU/cell) containing
inhibitor or DMSO was then added to the cell cultures, and incubation
was continued for 2 h. Afterwards, the infectious inoculum was removed,
the cell culture was washed with Hanks balanced salt solution (HBSS)
buffer to remove the unbound virions and placed on ice. Cold trypsin-
EDTA (0.9 mg/ml) was added to remove bound but unfused virions. After
10 min, the trypsin-EDTA was inactivated with Opti-MEM–10% FBS.
Cells were washed with HBSS, fresh BEGM without inhibitor was added
to each well, the plate was incubated at 37°C, and the infection was allowed
to proceed for 16 h. The fluorescence associated with infected cells was
detected by flow cytometry.

Copatching assays. NHBE cells were seeded on 8-well chamber slides
(Lab-Tek II; NuncBrand) at an appropriate cell density to reach 70 to 80%
confluence. On the day of the experimental assay, NHBE cell cultures were
washed with ice-cold PBS followed by washing with HEPES-buffered sa-
line solution (HEPES-BSS). Each set of cell cultures was exposed to
rgRSV-SGF, -GF, -SF, or -F (MOI of 20 PFU/cell). To synchronize virus
attachment, cell cultures were kept at 4°C for 45 min then switched to
37°C for 30 min. After washing, both Alexa-555-labeled cholera toxin
subunit B (20 �g/ml in PBS with 0.1% bovine serum albumin [BSA];
Invitrogen, seen as red) and Alexa-488 (Zenon)-labeled anti-RSV-F en-
velope protein antibody (Millipore, seen as green) were added to the re-
spective wells and incubated at 12°C for 30 min. The cells were then
washed with ice-cold PBS and fixed with 4% paraformaldehyde (PFA;
Electron Microscopy Sciences) in PBS for 20 min on ice followed by 40
min at room temperature. The cells were washed and prepared for con-
focal microscopy by adding Prolong-Gold antifade reagent with DAPI
(4=,6-diamidino-2-phenylindole; Invitrogen, seen as blue).

Cholesterol dependency of RSV entry (confocal assay). NHBE cells
were seeded on 8-well chamber slides (Lab-Tek II; NuncBrand) at an
appropriate cell density to reach 70 to 80% confluence. On the day of the
experiment, NHBE cell cultures were washed with PBS before being incu-
bated as (i) “treatment” (methyl-beta-cyclodextrin [MBCD; 2.5 mM] and
lovastatin [Lov; 2.5 �g/ml]) for 30 min; (2) “cholesterol replenishment”
(control for MBCD; same as “treatment” followed by MBCD-balanced
water-soluble cholesterol [400 �g/ml; Sigma-Aldrich]) for 45 min; or (3)
“basal conditions” (cell cultures fed with basal medium). After the respec-
tive treatments, each set of cell cultures was washed with ice-cold PBS
followed by washing with HEPES-BSS. Control cultures were fed with
basal medium and both “treatment” and “cholesterol replenishment” cul-
tures were fed with basal medium and Lov (2.5 �g/ml). Each set of cell
cultures was exposed to RSV (MOI of 20 PFU/cell). In order to synchro-
nize virus attachment and fusion, the cell cultures were kept at 4°C for 1 h
and then switched to 37°C for 1 h. After the inoculation, the cells were
washed with ice-cold PBS and fixed with 4% paraformaldehyde (PFA;
Electron Microscopy Sciences) in PBS for 20 min on ice followed by 40

min at room temperature. Cells were washed with PBS and then incubated
with Alexa-488 –wheat germ agglutinin (WGA; 5 �g/ml in 1� PBS; Invit-
rogen, seen as green) for 10 min at room temperature. After washing three
times, the cells were incubated with PBS buffer containing 3% goat serum,
1% glycine, and 0.1% saponin for 20 min at room temperature in order to
block, quench, and permeabilize the cells. Viral ribonucleoproteins in the
cytoplasm were identified by incubating the cells with Alexa 555-(Zenon)-
labeled anti-RSV-N antibody (MAB858-3; Millipore, seen as red) in the
blocking buffer mentioned above for 1 h at 20°C. Cells were prepared for
confocal microscopy by adding Prolong-Gold antifade reagent with DAPI
(Invitrogen).

Cholesterol dependency of RSV entry (flow cytometry assay). NHBE
cells were seeded on 6-well plates (Costar-Corning) at an appropriate cell
density to reach 70 to 80% confluence. On the day of the experiment,
NHBE cell cultures were washed with PBS and subjected to (i) mock
treatment, (ii) cholesterol depletion by incubation with 1.25 to 5 mM
MBCD (as indicated) and 2.5 �g/ml Lov for 30 min (culture 2), or (iii)
cholesterol depletion by incubation with 2.5 mM MBCD and 2.5 �g/ml
Lov followed by reversal by treatment with MBCD-balanced water-
soluble cholesterol (400 �g/ml; Sigma-Aldrich) for 45 min (culture 3).
After the respective treatments, each set of cell cultures was washed with
PBS followed by washing with HEPES-BSS. For maintenance conditions,
control cultures were fed with basal medium, and cultures 2 and 3 were
fed with basal medium and Lov (2.5 �g/ml). Each set of cell cultures was
next exposed to wild-type (wt) RSV expressing GFP (rgRSV-SGF) or the
mutants rgRSV-GF, -SF, or -F (1 PFU/cell) for 2 h. After washing with PBS
and HEPES-BSS, each set of cell culture was fed with the respective main-
tenance medium for 16 h. Afterwards, the cells were washed with PBS and
fixed, and the percentage of cells expressing GFP in each cell culture was
determined by flow cytometry (BD Canto II analyzer).

RESULTS
Real-time tracking during the early stages of RSV infection. As
an initial approach to studying the mechanism of RSV attachment
and entry, we performed real-time tracking of the movement of
RSV particles in living normal human bronchial epithelial cells by
using confocal microscopy. In order to facilitate the tracking and
to determine the time point when fusion has probably occurred,
we used the dual-wavelength imaging technique developed by
Sakai et al. (73). By simultaneously loading the lipophilic fluoro-
chromes octadecylrhodamine (R18, seen as red) and 3,3=-
dioctadecylcarbocyanine (DiOC18, seen as green) into the viral
envelope, this approach takes advantage of both the self-
quenching of lipophilic fluorochromes loaded at high density in
the membrane (32) and the fluorescence resonance energy trans-
ference (FRET) from DiOC18 to R18 (73). The concentration of
the dyes in the viral membrane is sufficiently high so that its fluo-
rescence is largely quenched but still allows single-labeled virions
to be detected. During the observation window, DiOC18 was ex-
cited at 488 nm but the fluorescence emissions were simultane-
ously recorded at both wavelengths 500 to 530 nm (DiOC18, seen
as green) and 555 to 618 nm (R18, seen as red). The fluorescence
emission of virions before fusion is detected only at wavelengths
555 to 618 nm, and consequently they are seen as red spots due to
the energy transfer from DiOC18 to R18. The fusion event was
registered as a shift in the fluorescence color to orange-yellow or
green depending on the amount of R18 relative to DiOC18 re-
maining in the virion as the lipophilic tracers diffuse into the cell
membrane.

This approach also allowed us to identify whether fusion had
occurred at the plasma membrane or at the endosomal level, since
the disappearance of the fluorescence signal indicates the dilution
of the dyes into a large membrane. However, R18 and DiOC18 are

San-Juan-Vergara et al.

1834 jvi.asm.org Journal of Virology

http://jvi.asm.org


lipophilic dyes, and since both of them may be rapidly transferred
to the plasma membranes in hemifusion events (defined as the
mixing of the outer membrane leaflets) or during pore formation
and opening, we operationally define the fluorescence color shift
as the beginning of the fusion event. If fusion occurs in the plasma
membrane, the color shift will be followed by a loss of fluorescent
signal due to dilution in the vast plasma membrane. However, if
the color shift occurs in an endosome, the color shift will occur
inside the cell without loss of the fluorescence signal because of the
limited size of the endosomal membrane (73).

To experimentally detect the fluorescence color shift indicative
of fusion, NHBE cells were grown on 35-mm glass-bottom fluo-
rodishes to 80% confluence. On the day of the experiment, the
Sephadex G50-purified dually labeled virions (seen as red) were
allowed to attach to the cells at 4°C for 30 min at an MOI of 3
PFU/cell (based on titer prior to labeling) to synchronize virus
fusion to cell membranes. During the last 10 min of the attach-
ment stage, CellMask Deep Red plasma membrane marker (Invit-
rogen, seen as blue) was added to the cell cultures to label the
plasma membrane and facilitate the identification of virus associ-
ation with the plasma membrane. The culture dish was placed into
a microincubator (PDMI-2; Harvard Apparatus) on the confocal
microscope and maintained at 37°C during the 1-h observation
period. Figure 1A shows that any movement of a virion was con-
fined to a very restricted area on the cell membrane. In the image,
the arrow indicates a representative example of a virion undergo-
ing fusion to the cell membrane. At 2 min after switching the
temperature to 37°C, the virion appeared as a red particle, indic-
ative of its nonfused stage. At 17 min, the fluorescence color had
shifted to yellow. By 37 min, the DiOC18 fluorescence had signif-
icantly declined, but the red signal was still present. On the other
hand, a fraction of the virions did not fuse, remaining as red spots
during the entire observation period. This could be due to the
presence of inactivated virions or some cell debris contaminants;
the ratio of nonfused virions to fused virions was estimated to be
4:1. In an x-z view (Fig. 1B), we did not detect endosomes present
deep inside the cells with fluorescence color shift to yellow or
orange. Contrary to what was found for RSV, when dually labeled
vesicular stomatitis virus (a virus known to fuse in acidic endo-
somes) was followed in real time, there was a clear progression
from red to green in several endosomes, as is shown in Fig. S1 in
the supplemental material, which agreed with a study tracking
dually labeled influenza virus (73). In Fig. 1C is shown the changes
of the fluorescence intensities associated to R18 and DiOC18 in 3
regions of interest (ROI 1 to 3) taken as representatives of those 25
that showed fusion in three different experiments. For compari-
son, the changes in fluorescence intensity of both ROI 4 and 5
containing virions that did not fuse to the cell membrane are
shown. In those virions where a clear fluorescence switch hap-
pened (ROI 1 to 3), the ratio of the fluorescence intensity between
DiOC18 and R18 was higher than 0.80. In most of the virions, after
reaching a peak, the green DiOC18 fluorescence declined to a
steady level, which indicates that RSV hemifusion starts at the cell
surface. However, the continuing presence of the red signal sug-
gests that all these spots actually represented clusters of virions. In
each cluster, those virions that did not fuse with cell membrane
remained as red particles. Van der Schaar et al. (87) have suggested
that the presence of high fluorescence intensity (higher than 500
arbitrary units) in DiD-labeled dengue virus particles represents
clusters of multiple particles, which were either aggregated virions

in the preparation or are formed during inoculation, and that
confocal fluorescence microscopy considered each cluster of viri-
ons as a single particle. However, this does not preclude the iden-
tification of clusters or regions in which any virion of the cluster
has hemifused, as shown by the appearance and disappearance of
the green signal.

We evaluated whether reversible inhibitors targeting either
dynamin-dependent or -independent pathways prevent RSV
from entering NHBE cells. These inhibitors were used at the high-
est concentration not associated with toxicity to NHBE cells.
Dynasore, which blocks all the dynamin-dependent endocytic
processes (38, 52) such as clathrin-, caveola-, flotillin-,
interleukin-2 receptor � (IL-2R�)-, and circular dorsal ruffle-
mediated endocytosis, was used at 80 �M. IPA-3, which targets
PAK1-dependent activity (16, 59, 88), was used at 10 �M. The
presence of the inhibitors in the cell cultures was restricted to what
is considered the entry period of RSV. Ice-cold trypsin was used to
remove bound but still unfused virions in the plasma membrane
that could potentially enter once the inhibitor was taken away.
Dynasore treatment of NHBE cells did not prevent RSV infection,
while IPA-3 significantly reduced the number of RSV-infected
cells to about half of that seen for untreated cell cultures (Fig. 1E).

We also evaluated whether loading virions with the fluoro-
chromes impaired the infectious capabilities of RSV. For this as-
say, an aliquot corresponding to an MOI of 0.1 PFU/cell of rgRSV,
based on titer prior to labeling was used to infect NHBE cells. After
16 h, the infection was evaluated by fluorescence microscopy. As
shown in Fig. 1C, approximately 8% of the cells contained virus-
produced GFP, indicating that the infectivity of RSV subjected to
the dual labeling procedure was close to the expected value and
hence that most of the virions were still infectious after labeling.

RSV association with lipid rafts. By taking advantage of the
real-time imaging approach, we evaluated whether RSV docked
on lipid raft microdomains in the plasma membrane of normal
human bronchial epithelial cells. Lipid rafts are defined as small
(10- to 200-nm) cholesterol- and sphingolipid-enriched domains
that compartmentalize cellular processes. Small rafts can some-
times be stabilized to form larger platforms through protein-
protein and protein-lipid interactions (66). Since RSV was found
to be confined to a very restricted area on the plasma membrane
(Fig. 1A) and such behavior might indicate attachment to the
membrane microdomains (14), we probed the position of GM1-
rich microdomains relative to the sites of RSV binding. Cholera
toxin subunit B (Alexa 647-CTB, seen as blue) can be used to label
the lipid rafts in living NHBE cells because its receptor, ganglioside
GM1, is located in lipid rafts. CTB has also been used to identify
distinct endocytic pathways (10, 31, 39, 83). This tracer was added
along with the dually labeled virions (red) during virus attach-
ment at 4°C. Cells were under continuous imaging from the time
the culture dish was placed into the microincubator at 37°C. The
setup of the experiment allowed us to determine the adsorption
and fusion stages of the virus as a continuum and their relation-
ship with lipid raft microdomains present in the plasma mem-
brane. As shown in Fig. 2A, taken at 3 min after the beginning of
incubation at 37°C, most of the virions (red) and all those that
were in the hemifusion stage (shown as green dots in the corre-
sponding DiOC18 panel) were associated with lipid rafts (blue).
The colocalization (white dots) is clearly seen in the colocaliza-
tion panel obtained in the analysis by using the Olympus Fluo-
roview software. The overlap index between the red and blue
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FIG 1 RSV hemifusion/fusion begins at the plasma membrane. (A) Time dependence color shift of dually labeled viruses (visualized as red prior to fusion).
NHBE cells grown on glass-bottom culture dishes were incubated with dually labeled virus at 4°C for 30 min to allow and synchronize virus attachment. The
amount of input virus represented 3 PFU per cell based on the titer of the preparation measured prior to labeling. Cell Mask Deep Red plasma membrane marker
(blue) was added to the cell cultures to label the contours of the plasma membrane. Cell cultures were placed on a microincubator (PDMI-2; Harvard Apparatus),
and the temperature raised to 37°C for the entire observation period. The time at 37°C is indicated in minutes. Green and red fluorescences were simultaneously
detected with two detectors (500 to 530 nm and 555 to 618 nm) using an Olympus FV1000 laser scanning confocal upright microscope with Olympus LUMPLFL
60� 0.9 NA water-immersion lens. To detect the labeled viruses as red spots, the red channel detector was tuned with greater sensitivity than the green detector
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pixels was found to be 0.74 with a colocalization index of
0.0007, indicative of a high colocalization between both fluo-
rophores. This is seen more clearly in Fig. 2B, where the profile
of each of the fluorescence signals (R18, DiOC18, and CTB) per
virion (ROI 1 to 4) is shown. There is an almost perfect align-

ment of the fluorescence peaks, indicating colocalization of
RSV with the lipid rafts.

As an additional test of lipid raft microdomains serving as
docking sites for RSV, we performed antibody-mediated copatch-
ing experiments to determine whether virion patches caused by

in all experiments. All images have been merged. An arrow indicates the time dependence of the color shift of a dually labeled virion from red (nonfused) through
yellow to the disappearance of the DiOC18 fluorescence signals (hemifusion/fusion). Bar � 10 �m. (B) Representative computer reconstructed x-z views as seen
from the side of NHBE cells incubated with dually labeled virions as in A. Cell Mask Deep Red plasma membrane marker (blue) highlights the plasma membrane
(PM). “Bottom” indicates the region of the cell plasma membrane attached to the glass enclosing the cytoplasm. The numbers indicate virus particles in fusion
(yellow). There is no such yellow signal inside the cells. On the other hand, blue- and red-stained spots are visible in the cytoplasm, compatible with endosomes.
(C) Changes of the fluorescence intensities associated with R18 and DiOC18 in 5 clusters of virions (ROI 1 to 5). ROI 1 to 3 indicate virions representative of those
that underwent fusion events, while ROI 4 and 5 show two groups of unfused virions. Virions shown in ROI 1 and 2 are representative of the behavior observed
for most of those virions that underwent fusion. After reaching a peak, the fluorescence associated with DiOC18 declined to a steady level, suggesting a process
in which hemifusion begins at the plasma membrane. (D) Evaluation of the infectious capability of the dually labeled virions. NHBE cell cultures grown on 6-well
plates were infected with dually labeled rgRSV (0.1 MOI, based on the titer of the preparation prior to labeling). Infected cells were identified by the expression
of green fluorescence protein. (E) Role of Pak1 during RSV entry. NHBE cells were preincubated with dynasore or IPA-3 for 1 h or 30 min, respectively. Cells were
then exposed to the infectious inoculum (rgRSV, �0.3 PFU/cell) in the continued presence of the respective drugs for 2 h. Subsequently, cells were washed to
remove unbound virions and incubated with cold trypsin-EDTA to remove bound but unfused virions. After trypsin neutralization and washing, fresh medium
was added and cells were placed at 37°C for 16 h. Infected cells were detected by flow cytometry and results are expressed as the percentage of infected cells in
inhibitor-treated cells relative to that in untreated cells (exposed to DMSO). The data represents the average � standard deviation (SD) of three independent
experiments, each performed in triplicate.

FIG 2 RSV docks at lipid raft microdomains. (A) Colocalization of dually labeled RSV (red) with Alexa-647-labeled cholera toxin subunit B (CTxB, blue). NHBE
cells grown on glass-bottom culture dishes were incubated with dually labeled virus at 4°C for 30 min at an input MOI of 3 PFU/cell (based on the titer prior to
labeling) before adding Alexa-647-labeled cholera toxin subunit B for 10 min. RSV docking and fusion were followed in real time, beginning as soon as the culture
dish was placed at the microincubator at 37°C. The image shows the fluorescence associated with DiOC18 (green), R18 (red), CTB (blue), and a merged picture
of both R18 and CTB channels, indicating those pixels where colocalization (white) was present as analyzed by Olympus Fluoroview software. Some examples of
colocalization are indicated with numbers. Bar � 10 �m. (B) Fluorescence intensities (in arbitrary units) for R18, DiOC18, and Alexa-647-CTxB are shown for
virions 1 to 4. There is an almost perfect correlation for all the respective fluorescence signals.
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anti-RSV envelope protein antibodies are clustered at the same
spots as lipid rafts that are identified by CTB (31, 48). Unlabeled
RSV was allowed to adsorb at 4°C for 30 min, after which the
temperature was shifted to 37°C for 30 min. After discarding the
infectious medium and washing with cold PBS, Alexa 555-CTB
(red) and Alexa 488-anti-RSV F antibody (green) were added. The
antibody facilitates the segregation of the membrane regions that
have been bound by the virus, which consequently form patches.
Cells were incubated an additional 30 min at 12°C to allow patch
formation, followed by fixation. In Fig. 3A, lipid rafts (red) are
homogeneously distributed in noninfected cells. However, in
those cells inoculated with RSV (labeled with green-tagged an-
tibody), virions that colocalized with the lipid rafts are visual-
ized as yellow. Note that the antibody affected the distribution
of the CTB signal, causing a shift from a diffuse pattern to the
formation of patches (Fig. 3A and B). This likely reflects
antibody-mediated aggregation of membrane microdomains
containing bound virions.

Using the same approach with red-tagged CTB and green-
tagged anti-RSV-F antibody, we determined which RSV envelope
protein or combination thereof favored the formation of co-
patches with lipid rafts. Using RSV strains engineered to express
different combinations of the three envelope proteins (rgRSV-GF,
-SF, or -F), we found that each one of them copatched with the
lipid rafts (Fig. 3B, yellow), which suggests that the RSV F protein,
the only viral glycoprotein present in all of these viruses, is suffi-
cient for RSV binding to cholesterol-rich microdomains.

Cholesterol-rich microdomains are required for successful
RSV entry. Since cholesterol is essential for the formation of lipid
rafts, we depleted the cholesterol content of NHBE cultures by
treatment with methyl-�-cyclodextrin (MBCD) to sequester cho-
lesterol and the drug lovastatin (Lov) to inhibit its de novo synthe-
sis. Cultures exposed to the vehicle in which these compounds

were dissolved were used as the control. To confirm that the ob-
served effect was due exclusively to cholesterol, water-soluble cho-
lesterol was added back to a set of cultures previously treated with
MBCD and Lov. In this way, we controlled for potential con-
founding effects of Lov such as its impact on the isoprenylate
modification of intracellular proteins including RhoA, and any
side effects of MBCD. The effect of these treatments was evaluated
by confocal microscopy (Fig. 4) and flow cytometry (Fig. 5). For
confocal microscopy, the ribonucleoprotein complexes were
stained using anti-RSV-N antibodies tagged with Alexa-555 (red).
The plasma membrane dye wheat germ agglutinin tagged with
Alexa-488 (green) was used to identify cells and serve as a coun-
terstain. As is shown in Fig. 4, cholesterol depletion by MBCD and
Lov resulted in a significant reduction in the number of ribonu-
cleoprotein complexes in the NHBE cells. These were visualized as
red spots, indicating their presence in the cytoplasm, and yellow
spots when the virions were either at the plasma membrane or in
the endosomes due to merging with the background green coun-
terstain. These results demonstrated a reduction in the number of
infected cells, which was reversed when cholesterol was replen-
ished.

These observations were confirmed and extended using flow
cytometry. After treating the cultures as described above, the cells
were infected with recombinant RSV containing different combi-
nations of envelope proteins. Whereas the previous experiment
measured the intracellular presence of viral N protein shortly after
infection, the present experiment measured the expression of
GFP. This is dependent on robust viral gene expression and thus
was confirmed to be monitoring the pathway leading to produc-
tive infection. As is shown in Fig. 5, cholesterol depletion of NHBE
cell membranes reduced the number of infected cells by each of
the evaluated recombinant viruses, although MBCD at low con-
centration had a larger inhibitory effect on the infectivity of the

FIG 3 Copatching analysis of NHBE cells infected with RSV. (A) NHBE cells seeded on 8-well chamber slides were exposed to rgRSV-SGF (recombinant
wild-type virus) at a titer of 20 MOI for 30 min at 4°C followed by 30 min at 37°C. The cells were washed and incubated with a mixture of Alexa-555-labeled CTxB
and Alexa-488 (Zenon)-labeled anti-RSV F protein antibody at 12°C for 30 min: these are red (CTxB) and green (anti-F antibody) separately and yellow when
colocalized. Cells were fixed, stained with DAPI to identify nuclei (blue), and visualized by confocal microscopy. The stained images corresponding to a Z-section
were merged to show the colocalization (yellow) of anti-RSV antibody and the GM1 ligand CTxB. Computer reconstructions of both x-z and y-z views as seen
from the side facilitate the identification of the copatches. (B) Evaluation of copatch formation by recombinant RSV engineered to express different sets of its
three envelope proteins (GF�SH, lacking SH; SHF�G, lacking G; or F�GSH, lacking G and SH) as described for A. Note that F glycoprotein alone was sufficient
for RSV to bind to the lipid rafts. Bar � 10 �m. Note that, in A and B, the antibody facilitates the segregation of the membrane regions that have been bound by
the virus, which consequently changes from a diffuse distribution to form patches.
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two viruses containing the G protein than on the two viruses lack-
ing the G protein. Replenishment of cholesterol increased infec-
tivity to a level greater than the control in each case.

DISCUSSION

The present work indicates the importance of GM1-rich microdo-
mains (lipid rafts) and the requirement of cholesterol for RSV
entry into normal human bronchial epithelial cells, which are con-
sidered to be one of the primary targets in natural infection. In
addition, RSV hemifusion events appear to begin in the plasma
membrane of NHBE cells.

The mixing of the outer membrane leaflets between the virus
and the cell membrane seems to be triggered at the plasma mem-
brane. This is supported by the fact that after the FRET release
(indicated by the appearance of the green signal), there was a
reduction in DiOC18-associated fluorescence intensity (Fig. 1A to
C). This does not mean that DiOC18 is the only fluorophore that
moves to the cell membrane. In order for the FRET release to
happen, it is necessary that both R18 and DiOC18 fluorophores
move away from the viral envelope into an area of larger volume
such as the plasma membrane or an endosome. Regarding the loss
of fluorescence, endosomal trafficking could not be the cause,
since such traffic is expected to generate green endosomes due also
to the FRET release. Moreover, based on what was previously
reported by Sakai et al. (73) in the context of tracking dually la-
beled influenza virus compared to what we found by tracking
dually labeled VSV, there is a progression to the emergence of
green endosomes in these viruses that are known to fuse in endo-
somes.

Our initial exploration using small-molecule inhibitors sug-
gested that RSV infection may be facilitated by Pak1-driven rear-
rangements of the plasma membrane. Kolokoltsov et al. (41) pre-
viously identified Pak1 as participating in RSV infection of HeLa
cells. Pak1 activation is associated with actin phosphorylation and

cytoskeletal reorganization (18). However, Pak1 activation also
accompanies endocytosis and macropinocytosis (17, 86). The in-
tracellular trafficking of an endosome/macropinosome was not
unambiguously identified by live-cell imaging in those experi-
ments shown in Fig. 1. In a seminal paper describing the entry of
human immunodeficiency virus by endocytosis, Miyauchi et al.
(61) labeled virions with both a lipophilic dye (DiD) and a diffus-
ible content marker (NC-GFP). They found that viral markers
were released (disappeared) sequentially in a subset of regular
fusion events, often exhibiting a considerable delay between lipid
and content transfer. They suggested that such events indicated a
two-step fusion mechanism, in which the lipid transfer happens at
the plasma membrane while the content is delivered from an en-
dosome (61). It is important to emphasize here that we have la-
beled only the virus envelope by using lipophilic dyes; we did not
label the diffusible content marker, so we could not identify the
site at which the content transfer occurred. However, in our case,
the decline in DiOC18 after FRET release at the cell surface and the
prevention of RSV infection by PAK1 inhibition suggest a two-
step fusion phenotype for RSV, similar to the one described by
Miyauchi et al. (61). Moreover, they noted that the temporal sep-
aration of lipid and content transfer events suggests that the two-
step fusion proceeds through a remarkably long-lived hemifusion
intermediate.

On the other hand, RSV has been shown to inhibit the
amiloride-sensitive sodium channels (ENaC) within minutes of
contacting the bronchial epithelium, and such effect is repro-
duced by recombinant viral F protein (43). Although amiloride
and its analog 5-(N-ethyl-N-isopropyl)-amiloride (EIPA) are
considered classical inhibitors of macropinocytosis, Karjalainen
et al. (35) have shown, using ruthenium red-based electron mi-
croscopy and fluorescence-based confocal microscopy, that EIPA
does not block the internalization and formation of tubulovesicu-

FIG 4 Cholesterol depletion blocks RSV entry. NHBE cells seeded on 8-well chamber slides were mock treated (left panel), subjected to cholesterol depletion by
MBCD (2.5 mM) and Lov (2.5 �g/ml) for 30 min (middle), or subjected to cholesterol depletion that was reversed by the subsequent addition of MBCD-balanced
water-soluble cholesterol (400 �g/ml; Sigma-Aldrich) for 45 min (right). After washing and adding the maintenance medium, cells were exposed to unlabeled
RSV (MOI of 20 PFU/cell) at 4°C for 1 h, followed by 37°C for 1 h. After fixation, the cell membranes were stained with Alexa 488-WGA (identified with the green
color) as a counterstain to define cell boundaries. Cells were then permeabilized with saponin, and the presence of RSV ribonucleoproteins in the cytoplasm was
probed by Alexa 555-(Zenon)-labeled anti-RSV-N (identified with the red color). The stained images were merged after visualization by confocal microscopy
(top). Bright-field images are shown on the bottom. Cholesterol depletion by MBCD significantly reduced the number of viral ribonucleoproteins in the
cytoplasm, and this effect was reversed by cholesterol replenishment. Bar � 10 �m.
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lar structures inside the cell. However, EIPA does prevent the traf-
fic of such structures from the peripheral cytoplasm. Conse-
quently, it would be interesting to explore in a further study if RSV
triggers the formation of intracellular tubulovesicular structures
via Pak1 activation but prevents the trafficking of such structures
from the peripheral cytoplasm via its amiloride-like effects. If this
were the case, RSV would complete full fusion close to the cell
plasma membrane, but possibly in an early endosome.

A requirement for clathrin-mediated endocytosis during RSV
entry of HeLa cells was suggested by Kolokoltsov et al. (41) based
on the observation that RSV infection of HeLa cells was inhibited
by knockdown of clathrin pathway-associated proteins. However,
the fact that dynamin inhibition, using dynasore, did not prevent
RSV entry implied that RSV may not be using clathrin-mediated
endocytosis in NHBE cells. Dynamin is a large GTPase, with a
remarkable ability to self-assemble into complex polymers that
deform the membranes through a constriction process dependent
on GTP hydrolysis. In association with other effector proteins,
dynamin serves as a pinchase, releasing vesicles from donor mem-
brane compartments (42). Dynamin has been found to be a key
player in clathrin-, caveola-, IL-2R�-, flotillin-, and circular dorsal
ruffle-mediated endocytosis pathways as well as in phagocytosis
(19). Consequently, our finding that dynasore failed to prevent
RSV infection suggests that RSV did not use dynamin-dependent
endocytic mechanisms to enter NHBE cells. It is possible that

HeLa cells, being an immortalized cell line, could behave differ-
ently from primary bronchial epithelial cells regarding the use of
clathrin-mediated endocytosis for virus entry.

Although dynasore has been proven to be a very specific inhib-
itor of dynamin (1, 38, 52), it will be important in future studies to
determine if RSV localizes to clathrin-coated pits. On the other
hand, the knockdown of those clathrin pathway-associated pro-
teins identified in the siRNA screening by Kolokoltsov et al. (41)
may interfere with RSV infection through mechanisms different
from clathrin-mediated endocytosis, such that inhibition of the
clathrin pathway cannot distinguish between clathrin-mediated
endocytosis and vesicular traffic from the trans-Golgi network
(71, 77). Kolokoltsov et al. (41) reported that the expression of a
dominant negative version of Eps-15 inhibited viral infection of
HeLa cells without affecting viral attachment and suggested that
fusion, the only remaining step in entry, must be the target for this
inhibition. However, this conclusion does not take into account
the possibility that the F protein also has a receptor required for
infection (13, 24, 53, 74, 82) that may be sensitive to blockade of
Eps-15 and, therefore, clathrin-mediated transport from the
trans-Golgi network (9, 41). Overall, our data indicated that RSV
hemifusion events in NHBE cells begin at the plasma membrane.
It remains possible that the virus releases its contents from endo-
somes following the “two-step” scenario observed for HIV (61),
which begins in the plasma membrane but is completed in an

FIG 5 Evaluation by flow cytometry of the cholesterol requirement for RSV infection. NHBE cells grown on 6-well plates were mock treated (first column);
subjected to cholesterol depletion by incubation for 30 min with 1.25 mM MBCD and 2.5 �g/ml Lov (second column), 2.5 mM MBCD and 2.5 �g/ml Lov (third
column), or 5 mM MBCD and 2.5 �g/ml Lov (fourth column); or subjected to cholesterol depletion by incubation for 30 min with 5 mM MBCD and 2.5 �g/ml
Lov followed by reversal by incubation for 45 min with 400 �g/ml MBCD-balanced water-soluble cholesterol (fifth column). Cells were then washed and infected
at an MOI of 1 PFU/cell with rgRSV-SGF or with rgRSV-GF�SH, -SHF�G, or -F�GSH in the presence of lovastatin (2.5 �g/ml). After 16 h, the cells were fixed
and then gated for GFP expression. Cholesterol depletion by MBCD significantly reduced the number of infected cells; this effect was reversed by cholesterol
replenishment, and the presence of F protein as the sole viral surface protein was sufficient for infection.
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endosome, or which it takes place very close to the cell membrane,
as observed for poliovirus (4).

Although it is possible that host cell proteins present in the RSV
envelope could attach the virions to lipid rafts, it is tempting to
speculate that the F protein mediates the viral attachment to such
microdomains. Since cholesterol and sphingomyelin are the ma-
jor constituents of the lipid rafts, it is interesting that the ectodo-
main of F protein has two cholesterol recognition amino acid
consensus sites (CRACs)—[V/L-(X1-5)-Y-(X1-5)-K/R, where X1-5

represents 1 to 5 of any amino acid] at the regions from 414 to 419
(VSCYGK) and from 452 to 461 (VGNTLYYVNK) (22, 64). These
regions flank antigenic site IV, which is recognized by the neutral-
izing monoclonal antibodies 101F and MAb19 (3, 49, 56, 84). It
could be that initially, or in any of the intermediary stages of the
fusion process, the predicted CRACs bind to cholesterol present in
the lipid rafts and that such a process could be sterically inter-
rupted by a monoclonal antibody (56).

The earliest stages of RSV entry were very sensitive to choles-
terol depletion. Cholesterol may be a requirement for the entry of
many viruses as demonstrated for Sindbis virus and Semliki Forest
virus (36, 51, 65, 85). However, flavivirus penetration seems to be
impaired by cholesterol (46). We found that NHBE cultures de-
pleted of cholesterol and subjected to cholesterol replenishment
showed a clear increase in the percentage of RSV-infected cells to
levels higher than those observed for control cultures. This obser-
vation is surprising, since HIV-1 and human herpesvirus 6, which
both require cholesterol for successful entry, only partially recov-
ered their infectivity with cholesterol replenishment (7, 80).

Although clathrin-mediated endocytosis also depends on the
presence of cholesterol to facilitate the proper curvature at the cell
membrane for endocytosis to ensue (70), the sum of the observa-
tions reported here suggests that cholesterol is required for the
formation of particular microdomains that enable RSV binding
and fusion on the cell membrane of bronchial epithelial cells.

Zhang et al. (91) reported that RSV preferentially targets the
ciliated cells of the airway epithelium and that infection occurs
exclusively via the apical surface. Interestingly, the lipid composi-
tion of the ciliary membrane is enriched in cholesterol-rich mi-
crodomains, consistent with lipid rafts having high liquid order, as
determined by laurdan two-photon microscopy (21). A classic
study using electron microscopy and taking advantage of the abil-
ity of filipin to bind cholesterol found that filipin-sterol complexes
appeared densely and uniformly distributed over most of the
ciliary membrane (62). In addition, both GM1 and GM3 ganglio-
sides are found in the primary cilia (34). Overall, the abundance of
cholesterol-rich microdomains in the cilia may partially explain
the preference of RSV to infect ciliated bronchial epithelial cells.

We have presented evidence that cholesterol-rich microdo-
mains are of critical importance during the initial stages of attach-
ment and fusion of RSV. The prophylactic and therapeutic impli-
cations of this finding might be exploited with cholesterol-tagged
peptide inhibitors such as those developed by Porotto et al. (67,
68). The cholesterol moiety was found to target inhibitory pep-
tides to the membrane site where fusion occurs, thereby increas-
ing their antiviral potency to inhibit paramyxovirus (human para-
influenza virus type 3, Hendra virus, and Nipah virus) infection
both in vitro and in an animal model (67, 68).

Lipid rafts have also been reported to be the virion assembly
site for RSV budding (55). Targeting cholesterol-rich microdo-
mains on the cell membrane might therefore impair both the pro-

duction of infectious virions and their ability to spread. Gower
and Graham (26) reported that statins showed antiviral activity
against RSV in vivo. The pharmacological potential of cholesterol-
lowering drugs to curb virus infection has also been proposed and
evaluated in hepatitis C virus with promising results in which
statins significantly improved the rapid antiviral response caused
by pegylated interferon in an open-labeled randomized controlled
study (60).
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