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The fusion protein (F) of respiratory syncytial virus (RSV) is the envelope glycoprotein responsible for the
characteristic cytopathology of syncytium formation. RSV has been shown to bud from selective areas of the
plasma membrane as pleomorphic virions, including both filamentous and round particles. With immunoflu-
orescent microscopy, we demonstrated evidence of RSV filaments incorporating the fusion protein F and
colocalizing with a lipid microdomain-specific fluorescent dye, 1,1-dihexadecyl-3,3,3,3-tetramethylindocarbo-
cyanine perchlorate. Western blot analysis of Triton X-100 cold-extracted membrane fractions confirmed the
presence of RSV proteins within the lipid microdomains. RSV proteins also colocalized with cellular proteins
associated with lipid microdomains, caveolin-1, and CD44, as well as with RhoA, a small GTPase. ADP-
ribosylation of RhoA by Clostridium botulinum exotoxin inactivated RhoA signaling and resulted in the absence
of RSV-induced syncytia despite no significant change in viral titer. We demonstrated an overall decrease in
both the number and length of the viral filaments and a shift in the localization of F to nonlipid microdomain
regions of the membrane in the presence of C3 toxin. This suggests that the selective incorporation of RSV
proteins into lipid microdomains during virus assembly may lead to critical interactions of F with cellular
proteins, resulting in microvillus projections necessary for the formation of filamentous virus particles and
syncytium formation. Thus, manipulation of membrane lipid microdomains may lead to alterations in the
production of viral filaments and RSV pathogenesis and provide a new pharmacologic target for RSV therapy.

Human respiratory syncytial virus (RSV) belongs to the Pneu-
movirus genus of the Paramyxoviridae family and is the leading
cause of viral respiratory illness in children, accounting for
over 100,000 hospitalizations in the United States yearly (37).
More recently, RSV has been recognized as a significant
pathogen among the elderly (15), nursing home patients (8),
and bone marrow and lung transplant recipients (16, 30, 42). In
bone marrow transplant recipients infected with RSV, the pa-
thology involves extensive syncytium formation, described as
giant-cell pneumonia, for which mortality rates approach 80%
(16). Given the significant morbidity and mortality, the devel-
opment of new antiviral agents for both RSV prophylaxis and
therapy is an area of clinical importance and active research.

The RSV virion consists of a lipid envelope that incorpo-
rates three transmembrane glycoproteins, F, G, and SH. The G
protein is thought to be involved in viral attachment (20),
possibly via its binding to cellular sulfated heparin-like glycos-
aminoglycans (10, 19). The fusion protein F is essential for
both virus-to-cell fusion and cell-to-cell fusion, demonstrated
by inhibition of syncytium formation with monoclonal antibod-
ies against F (41). Recombinant viruses expressing only the
RSV F protein and a mutant RSV virus, cp-52, lacking the G
and SH genes are capable of forming syncytia, which provides
further evidence for the important role of F in virus entry and
RSV pathogenesis (17, 40).

The F protein has been shown to interact with RhoA, a small
GTPase binding protein in the Ras superfamily (31). RhoA is

ubiquitous in mammalian cells and is involved in a variety of
cellular functions, including gene transcription, cell cycle pro-
gression, cell morphology, and actin reorganization (18, 25).
RhoA requires activation that involves the exchange of GDP
for GTP, followed by geranylgeranylation at the carboxy ter-
minus before translocation to the inner leaflet of the plasma
membrane (1). Inhibitors of RhoA isoprenylation, including
3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reduc-
tase inhibitors, have been demonstrated to decrease RSV in-
fection in vitro and in vivo (12).

RhoA activation initiates multiple signaling pathways, lead-
ing to effects on cell function and structure, including the
formation of actin stress fibers and focal adhesions (33). In
vitro, RSV infection activates RhoA and increases membrane-
bound RhoA, resulting in an increase in stress fiber formation
(11). In addition, RSV-induced syncytium formation has been
shown to be dependent on RhoA signaling activity, and viral
filament formation appears to be required for syncytium for-
mation (32; T. L. Gower, M. K. Pastey, M. Peebles, P. Collins,
T. K. Hart, A. Guth, and B. S. Graham, submitted for publi-
cation).

The F protein has been demonstrated to interact with RhoA
in vitro. RSV-induced syncytium formation is inhibited by a
RhoA-derived peptide, and treatment with the RhoA-derived
peptide inhibits RSV infection in an in vivo mouse model (32).
While this suggests a critical interaction between the F protein
and RhoA in RSV pathogenesis, the exact events involved are
not known.

Lipid microdomains, or lipid rafts, are highly liquid-ordered
areas of the plasma membrane that are rich in cholesterol and
sphingolipids and are insoluble in nonionic detergents such as
Triton X-100 at low temperatures (38). Recent studies suggest
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that cell sorting and cellular signaling may occur selectively
through these areas (4). Lipid microdomains are enriched in
glycosylphosphatidylinositol-anchored proteins and acylated
proteins, including the transmembrane influenza virus hemag-
glutinin (HA) protein and caveolin-1. The association of the
HA protein with lipid microdomains has led to the understand-
ing of the preferred budding of influenza virus from lipid rafts
(36, 45).

Other viruses have subsequently been shown to selectively
bud from lipid microdomains, including another member of
the Paramyxoviridae family, measles virus, Ebola virus, and
human immunodeficiency virus (HIV) (3, 24, 26). Through
manipulation of the cholesterol content of the plasma mem-
brane, HIV virus production and syncytium formation can be
reduced (21, 23, 28). Since RSV F has properties similar to
those of the fusion protein of HIV, gp41, we hypothesized that
RSV assembly and budding also occur in lipid rafts and that F
may potentially interact with membrane-bound RhoA within
these specialized areas of the host cell.

In this study, we sought to identify the cellular association of
RSV proteins and host proteins within the lipid microdomain.
By using sucrose gradient centrifugation and immunofluores-
cent microscopy, colocalization of the F protein and RhoA was
shown to occur within the lipid raft fraction of the plasma
membrane. In addition, CD44 transmembrane protein colocal-
ized with F and RhoA. These interactions may be paramount
to viral filament formation, which is necessary for RSV-in-
duced syncytium formation.

MATERIALS AND METHODS

Virus and cells. The A2 strain of RSV was originally provided by R. Chanock,
National Institutes of Health, Bethesda, Md. RSV stocks were prepared as
previously described (13). HEp-2 cells were maintained in Eagle’s minimal es-
sential medium supplemented with glutamine, gentamicin, penicillin G, and 10%
fetal bovine serum.

Antibodies, dyes, and reagents. Primary antibodies used for immunofluores-
cence to detect RSV included a rabbit polyclonal antibody to RSV proteins and
a mouse monoclonal antibody for the RSV F protein, gifts of James Crowe,
Vanderbilt University, Nashville, Tenn. Western blot analysis for RSV proteins
was performed with a horseradish peroxidase-conjugated goat polyclonal anti-
body from Fitzgerald Industries (Concord, Mass.). Primary mouse monoclonal
antibody for RSV N protein was purchased from Accurate Chemical (Westbury,
N.Y.), CD44 antibody was from Sigma Pharmaceuticals (St. Louis, Mo.), trans-
ferrin receptor antibody was from Zymed Labratories (San Francisco, Calif.),
and RhoA antibody was from Santa Cruz Biotechnologies (Santa Cruz, Calif.).
Caveolin-1 rabbit polyclonal antibody was obtained from BD Transduction
(Franklin Lakes, N.J.), and CD44 rabbit polyclonal antibody was from Santa
Cruz Biotechnologies. Secondary antibodies included fluorescein isothiocyanate
(FITC)-labeled goat anti-rabbit immunoglobulin and anti-mouse immunoglob-
ulin antibodies and rhodamine-labeled goat anti-rabbit immunoglobulin and
anti-mouse immunoglobulin antibodies (Molecular Probes, Eugene, Oreg.). Di-
alkylcarbocyanine dyes DiIC12(3) (1,1-didodecyl-3,3,3,3-tetramethylindocarbo-
cyanine perchlorate) and DiIC16(3) (1,1-dihexadecyl-3,3,3,3-tetramethylindocar-
bocyanine perchlorate), used for selective labeling of lipid membranes, were
obtained from Molecular Probes (Eugene, Oreg.). Clostridium botulinum exo-
toxin (C3 toxin) was obtained from Calbiochem (La Jolla, Calif.).

Immunofluorescence assay. HEp-2 cells were plated on coverslips in six-well
plates and infected with RSV (100 �l of a 4 � 105 PFU/ml stock). Following a
24-h incubation period post-RSV infection, cells were prepared for analysis by
immunofluorescent microscopy. Cells were fixed with 3.7% formaldehyde for 10
min, followed by 0.5% Triton X-100 for 10 min, and then incubated with 5% dry
milk–phosphate-buffered saline (PBS) for 15 min to reduce nonspecific binding.
Fixed cells were then incubated with primary antibodies in 3% dry milk–PBS at
a 1:50 to 1:100 dilution for 1 h and washed with PBS three times. Secondary
antibodies diluted at 1:200 in 3% dry milk–PBS were added, and cells were
incubated for 1 h- followed by washing with PBS three times. After fixing the

slides, viewing was performed with Zeiss Axiovert and Axioplan light micro-
scopes at 40� and 100� oil immersion. Fluorescent images were obtained with
a Zeiss AttoArc2 lamp and filter sets 41001 and 41002b from Chroma Technol-
ogy Corporation (Brattleboro, Vt.). Images were obtained and analysis was
performed with Adobe Photoshop software; brightness and contrast were ad-
justed for viewing.

Immunofluorescence with lipid dye analogs. HEp-2 cells were infected with
RSV as described above for 24 h. Six-well plates were then placed on ice and
washed with cold PBS, and then 500 �l of DiIC12(3) and DiIC16(3) at a 1:100
dilution in ethanol were added to each well for 15 min. Cells were then washed
with PBS and fixed with 3.7% formaldehyde as above. Primary and secondary
antibodies were then used as indicated.

Detergent extraction and flotation centrifugation. HEp-2 cells were infected
with RSV at a multiplicity of infection of 1.0 for 1 h at room temperature. Cells
were then incubated at 37°C for 24 h and washed with PBS. Prior to sucrose
gradient flotation, select monolayers were treated with 10 mM methyl-�-cyclo-
dextrin (Sigma Chemical, St. Louis, Mo.) for 30 min at 37°C. Sucrose gradient
flotation was performed as previously described with minor modification (5).
Cells were lysed in 2 ml of TNE buffer (50 mM Tris-HCl, 150 mM NaCl, 5 mM
EDTA) containing 1% Triton X-100 and protease inhibitors (Roche Diagnostics,
Mannheim, Germany) at 4°C for 30 min, followed by centrifugation at 2,000 rpm
for 10 min. The postnuclear supernatant was removed, loaded into SW41 tubes,
mixed with 2 ml of 80% sucrose, and layered with 5.0 ml of 35% and 3.0 ml of
5% sucrose. The gradient underwent centrifugation at 4°C for 16 h at 35,000 rpm
in a Beckman SW41 rotor. Twelve 1-ml fractions were harvested from the top to
the bottom of the gradient.

Protein precipitation, analysis, and blotting. Samples were subjected to meth-
anol precipitation according to the protocol of Wessel and Flugge (43). Two-
hundred-microliter aliquots were precipitated by adding 0.8 ml of methanol,
followed by 0.2 ml of chloroform. After centrifugation, distilled water was then
added at 0.6 ml for phase separation, and the sample was vortexed and then
centrifuged for 1 min at 13,000 rpm. The upper phase was removed and dis-
carded. Methanol was added at 0.6 ml, and then the protein pellet was obtained
by centrifugation at 13,000 rpm for 2 min. Protein was suspended in 5% sodium
dodecyl sulfate and quantified with the BCA assay (Pierce, Rockford, Ill.). Equal
amounts of protein from aliquots 3 to 11 were analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (PAGE) and Western blotting. Den-
sitometry was performed with a GS-800 scanner and Quantity One software from
Bio-Rad Laboratories (Hercules, Calif.).

Treatment with C3 toxin. HEp-2 cells were grown on coverslips in 24-well
plates. Cells were treated with 250 �l of C3 toxin at 30 �g/ml and incubated
overnight at 37°C. Medium was removed, and cells were infected with 100 �l of
RSV at 4 � 105 PFU/ml. After 1 h at room temperature, 250 �l of C3 toxin-
containing medium was replaced, and cells were allowed to incubate at 37°C
overnight. At 24 h postinfection, cells were evaluated by immunofluorescent
staining as described above.

RESULTS

RSV produces viral filaments that involve the F protein and
the lipid microdomain. Previous studies have demonstrated
the presence of both filamentous and round particles budding
from the surface of RSV-infected cells (9, 34). The filamentous
particles resemble microvilli in their diameter (80 to 120 nm)
but are longer, varying in length from 4 to 8 �m. Filamentous
projections can be seen originating from the cell surface of
cells infected with RSV (Fig. 1). The role of viral filaments in
RSV infection remains uncertain. However, the use of selec-
tive filtration of viral particles suggests that the long filaments
may be the more infectious form of RSV (34).

With F-specific antibody, we were able to demonstrate the
presence of the F protein on viral filaments by immunofluo-
rescent microscopy. HEp-2 cells were infected with RSV at a
multiplicity of infection of 1.0 and, 24 h after infection, stained
with monoclonal antibody to the F protein (Fig. 2A). The
fusion protein was demonstrated on the filamentous projec-
tions associated with RSV-infected cells as well as on budding
round virions, suggesting a wide distribution of the F protein.
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This confirms our findings with electron microscopy, which
demonstrate the presence of F on the surface of viral filaments
(Gower et al., submitted).

With a monoclonal antibody to the N protein of RSV, we
were also able to show the presence of the N protein associated
with filamentous structures projecting from the membrane sur-
face (Fig. 2B). The N protein is part of the nucleocapsid, and
its identification within the filaments further supports the idea
that the filaments represent viral particles budding from the
cell surface. DiIC16(3) and DiIC12(3) are long-chain dialkyl-
carbocyanine fluorescent lipid dyes which partition prefer-
entially into different domains of the plasma membrane.

DiIC16(3) has been shown to incorporate in liquid-ordered
domains, while DiIC12(3) is incorporated in fluid domains (39).
Images of RSV-infected HEp-2 cells stained with DiIC16(3)
demonstrated the presence of viral filaments budding from the
cell membrane (Fig. 2C), while there was no evidence of viral
filaments in DiIC12(3)-stained infected cells (not shown).

RSV proteins RhoA and CD44 are isolated from Triton
X-100-insoluble membrane in RSV-infected HEp-2 cells. Iden-
tification of proteins associated with the lipid microdomain was
performed by cell lysis with the detergent Triton X-100 at 4°C,
followed by sucrose gradient centrifugation as previously de-
scribed (5). Selected fractions were then examined for the

FIG. 1. RSV-infected HEp-2 cells demonstrate morphological changes characterized by filaments which label with anti-RSV antibody. HEp-2
cells were infected with RSV at a multiplicity of infection of 1.0 and incubated at 37°C for 24 h. Cells were fixed with 3.7% formaldehyde and
blocked with 5% dry milk–PBS. Cells were incubated with rabbit polyclonal anti-RSV antibody followed by FITC-labeled goat anti-rabbit IgG
antibody. RSV-infected cells are distinguished by their FITC labeling with fluorescent microcopy (green). The morphology of noninfected and
infected (indicated by arrows) was compared by Nomarski differential interference contrast with a 40� objective.

FIG. 2. RSV produces viral filaments which label With both the F and N proteins and with the lipid dye DiIC16(3). HEp-2 cells were infected
with RSV at a multiplicity of infection of 1.0 and incubated at 37°C for 24 h. Cells were fixed with 3.7% formaldehyde and permeabilized with 0.5%
Triton X. After blocking, cells were incubated with mouse anti-F (A) and anti-N (B) monoclonal antibodies followed by FITC-labeled goat
anti-mouse IgG (green). In addition, prior to fixation, RSV-infected HEp-2 cells were incubated on ice with either DiIC12(3) (not shown) or
DiIC16(3) (C) for 15 min. Cells were then fixed and imaged in the absence of antibody. Filamentous particles observed budding from the surface
of RSV-infected cells demonstrate the presence of both the F and N proteins of RSV and incorporated the lipid dye DiIC16(3), which is specific
for the lipid raft.
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presence of viral and host cellular proteins by Western blot
analysis. Immunoblotting of RSV-infected HEp-2 cells dem-
onstrated the presence of both caveolin-1 and CD44 within the
Triton X-insoluble fractions (fractions 3 to 5), which corre-
sponds to the raft component of the plasma membrane (Fig.
3A), while the nonraft transferrin receptor was found predom-
inantly within the soluble fractions, 8 to 11 (Fig. 3A). This

distribution of caveolin-1 and CD44 within the lipid raft is
consistent with previous observations (27).

We then examined the membrane distribution of the
GTPase RhoA. Gower et al. have shown that membrane-as-
sociated RhoA is increased following RSV infection (11). We
showed that 24 h after RSV infection, RhoA migrated with
CD44 and was found in detergent-insoluble raft fractions (Fig.
3A). RSV is highly cell associated, and polyclonal antibody
directed against RSV demonstrated the presence of viral pro-
teins in both detergent-insoluble and detergent-soluble frac-
tions of the gradient (Fig. 3B). Densitometry performed on
Western blots of RSV proteins revealed that a significant frac-
tion of the envelope proteins, F protein (29.9%) and G
(61.0%), and the N and P proteins (64.4% and 66.4%, respec-
tively) resided within the lipid microdomain fractions (see Fig.
8B).

Caveolin-1, RhoA, CD44, and F protein colocalize with lipid
dye specific for the lipid microdomain. With immunofluores-
cent markers that selectively partition into liquid-ordered and
fluid domains of the plasma membrane, we sought to deter-
mine colocalization of viral proteins and cellular proteins with
the lipid microdomains. HEp-2 cells were infected with RSV at
a multiplicity of infection of 1.0 and, 24 h postinfection, were
labeled with either the DiIC16(3) or DiIC12(3) dye for 15 min
on ice. After fixation, the cells were labeled with primary an-
tibody, followed by FITC-labeled anti-mouse or anti-rabbit
IgG. As predicted by Western blot analysis, caveolin-1, CD44,
and RhoA (green) demonstrated principal localization to the
lipid microdomain by overlapping with the DiIC16(3) (red),
shown by the yellow color (Fig. 4F, L, and R, respectively). In
contrast, there was minimal overlap between either caveolin-1,
CD44, or RhoA with the nonraft dye DiIC12(3), further sup-
porting the localization of these proteins to the lipid microdo-
mains (Fig. 4C, I, and O, respectively).

Cells were also labeled with a monoclonal antibody against
the F protein, followed by FITC-labeled anti-mouse IgG. As
previously noted, evidence of filamentous projections contain-
ing the F protein was again present (Fig. 5B and E). In addi-
tion, RSV-infected cells demonstrated aggregated foci of the F
protein, suggesting a selective targeting of virus to the plasma
membrane, which has been described previously by Bachi with
video microscopy (2). Both the filaments and the aggregated
areas of F overlapped the raft dye DiIC16(3), as shown in Fig.
5F. The majority of the labeled F colocalized with the lipid
microdomain, while there were some areas in which the fusion
protein was excluded from the lipid raft, consistent with West-
ern blot analysis. Although the presence of F protein in the non-
raft domain is likely based on Western blot analysis, sections of
cells stained with DiIC12(3) demonstrated little evidence of
overlap with labeled antibody to the F protein (Fig. 5C).

FIG. 3. RSV proteins localize to the detergent-insoluble raft mi-
crodomains after sucrose gradient separation. RSV-infected HEp-2
cells were lysed in 1% Triton X-100 at 4°C at 24 h postinfection.
Postnuclear extract was layered with a discontinuous sucrose gradient
and centrifuged at 35,000 rpm for 16 h, and 1-ml fractions were col-
lected (see Materials and Methods for details). Fraction 1 represents
the top of the gradient, 12 represents the bottom, and fractions 3 to 5
are where the cholesterol-rich regions of the membrane localize. Ex-
amination of cellular proteins was performed by Western blotting after
separation by sodium dodecyl sulfate-PAGE and transfer to polyvi-
nylidene difluoride membranes. (A) CD44 and RhoA localized to
fractions 3 to 5 with raft protein caveolin-1 (cav-1), while the nonraft
protein transferrin receptor (Tfr) was noted in soluble fractions 8 to
11. (B) Membrane localization of RSV proteins was examined with a
goat polyclonal RSV antibody. RSV proteins, including G and F1, are
found in both the lipid raft and nonraft fractions, while there is a
predominant localization of N and P proteins to the lipid raft domains.

FIG. 4. Colocalization of caveolin-1, CD44, and RhoA with lipid microdomains in immunofluorescent microscopy. HEp-2 cells were infected
with RSV at a multiplicity of infection of 1.0. At 24 h postinfection, cells were incubated with dialkylindocarbocyanine lipid dye DiIC12(3) (panels
A, G, and M) or DiIC16(3) (panels D, J, and P) for 15 min on ice (shown in red). Cells were then fixed and labeled with primary antibody, as
indicated, followed by FITC-labeled goat anti-mouse IgG (green) Panels B and E represent anti-caveolin-1, H and K represent anti-CD44, and
N and Q represent anti-RhoA. Colocalization of the cellular proteins with the respective lipid dye markers is demonstrated in yellow (panels C,
F, I, L, O, and R). Consistent with the Western blot analysis, CD44 and RhoA localized to the lipid raft domain along with caveolin-1 in
RSV-infected cells.
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RSV proteins overlap caveolin-1, RhoA, and CD44 in in-
fected HEp-2 cells. We used immunofluorescent microscopy to
demonstrate colocalization of RSV proteins with RhoA and
CD44 (Fig. 6A and D, respectively). RSV proteins labeled with
a rabbit polyclonal antibody followed by a secondary FITC-
labeled goat anti-rabbit IgG antibody (Fig. 6B) overlapped
rhodamine-labeled RhoA (Fig. 6C). With the mouse monoclo-
nal anti-F antibody followed by goat FITC-labeled anti-mouse
IgG (Fig. 6E), we also showed overlap with CD44 labeled with
a rabbit polyclonal antibody, followed by a rhodamine-labeled
goat anti-rabbit IgG (Fig. 6F). This colocalization by immuno-
fluorescent microscopy further supports an interaction of RSV
with structural cellular proteins in the lipid microdomains,
which was previously demonstrated with caveolin-1 and GM1
(6, 7).

Treatment with C3 toxin alters the morphology of RSV
filaments. Clostridium botulinum exotoxin (C3 toxin) inhibits
effector functions of RhoA. C3 toxin has been shown to block
stress fiber formation in RSV-infected HEp-2 cells and to
inhibit syncytium formation (11). HEp-2 cells were treated
with C3 toxin (30 �g/ml) or left untreated 24 h prior to RSV
infection. Cells were then infected with RSV for 1 h and
re-treated with C3 toxin or left untreated. Visualization of the
cells 24 h postinfection demonstrated a change in the physical
characteristics of RSV filaments (Fig. 7B and E). In the pres-
ence of C3 toxin, the RSV filaments were both fewer in num-
ber and shorter in length. This suggests that while RSV is able

to replicate and assemble infectious virions in the absence of
RhoA signaling, the assembly and budding of virus are altered.

We next determined the localization of F in C3 toxin-treated
cells with the lipid dye analogs DiIC12(3) and DiIC16(3) (Fig.
7A and D). The colocalization of the F protein with the non-
lipid dye DiIC12(3) was increased relative to DiIC16(3) in
C3-treated RSV-infected cells (Fig. 7C and F) compared
to untreated cells (Fig. 5C and F). This suggests the RSV F
glycoprotein is not targeted to cholesterol-rich lipid micro-
domains when RhoA activation is inhibited.

Disruption of lipid microdomains alters the distribution of
RSV proteins. Lipid microdomains are characterized by their
high content of cholesterol and sphingolipids. Manipulation of
the plasma membranes with cyclic oligosaccharides, cyclodex-
trins, removes cholesterol and disrupts the formation of lipid
rafts. After a 24-h infection, we subjected RSV-infected mono-
layers of HEp-2 cells to 10 mM methyl-�-cyclodextrin for 30
min. Monolayers were then subjected to Triton X-100 at 4°C
and layered over a sucrose gradient. Western blot analysis of
gradient fractions revealed a nearly complete loss of RSV
proteins from the lipid microdomains (Fig. 8A). Densitometry
demonstrated a substantial difference in the distribution of
RSV proteins compared to that in RSV-infected cells in the
absence of cyclodextrin (Fig. 8B). This shows that cholesterol
is important to the distribution of viral proteins within the
membrane and suggests that manipulation of lipid microdo-
mains may alter the production of infectious virions.

FIG. 5. RSV fusion protein colocalizes with lipid raft dyes DiIC16(3) and not DiIC12(3). At 24 h postinfection, RSV-infected cells were
incubated with lipid dye DiIC12(3) (A) or DiIC16(3) (D) for 15 min on ice. Cells were then fixed and labeled with mouse anti-F monoclonal
antibody, followed by FITC-labeled anti-mouse IgG, shown in green (B and E). Images demonstrate membrane aggregation of F protein and
filament formation. F protein colocalizes preferentially with the lipid dye DiIC16 (F) compared to DiIC12 (C), as demonstrated in yellow.
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DISCUSSION

RSV accounts for significant morbidity among infants and
selected immunocompromised hosts. Similar to other para-
myxoviruses, it is a lipid-enveloped virus which consists of a
fusion protein, F, incorporated into the viral membrane, in
addition to its other envelope proteins, G and SH. The F
protein of RSV is essential for the characteristic cytopathology
of RSV, marked by the formation of syncytia. In vitro evalua-
tion of RSV has revealed the presence of pleomorphic viral
particles emanating from infected cells, including both round
and long filamentous structures. The latter resemble cellular
microvilli. With immunofluorescence, we were able to demon-
strate the presence of both filaments and round particles la-
beled with a monoclonal antibody to the F protein in RSV-
infected HEp-2 cells. This suggests that the filaments represent
viral particles budding from the cell surface microvilli, which is
further supported by the presence of the N protein in the
filamentous projections and microvilli.

Roberts et al. (34) demonstrated polarized maturation and
budding of RSV from the host membrane, suggesting cluster-
ing of the virus prior to its release from the host cell. This
selective targeting of virus has been demonstrated for other
viruses and their proteins, including influenza virus and its HA
protein (36, 45). Specifically, influenza virus, measles virus,

Ebola virus, and HIV have been shown to incorporate into the
lipid microdomains of the host cell and bud selectively from
these discrete areas. In this study, we are able to show, through
both traditional sucrose density gradients and immunofluores-
cent microscopy, the association of RSV F glycoprotein with
lipid rafts and their constitutive proteins.

Lipid microdomains, or rafts, are highly liquid-ordered ar-
eas of the plasma membrane which exist in equilibrium with
adjacent nonraft domains. These microdomains are enriched
in cholesterol, sphingomyelin, and both glycosylphosphatidyl-
inositol-anchored and acylated proteins. Because of these
unique characteristics, lipid rafts can be distinguished from
nonraft domains. Nyguen and Hildreth demonstrated selective
incorporation of HIV into lipid rafts with dialkylcarbocyanine
dyes (26). DiIC16(3) consists of a long acyl chain, which allows
its incorporation into the more rigid, ordered lipid domains,
compared to DiIC12(3), which labels the fluid nonraft mem-
brane components (39). To demonstrate the selective incorpo-
ration of the dyes into their respective membrane compart-
ments, we used antibodies to both caveolin-1 and CD44. These
proteins have previously been isolated from lipid rafts, and
similarly, we are also able to demonstrate raft distribution of
caveolin-1 and CD44 through sucrose density gradients follow-
ing detergent extraction. With the DiIC dyes, we showed the

FIG. 6. RSV proteins colocalize with RhoA and CD44. HEp-2 cells were infected with RSV at a multiplicity of infection of 1.0, and 24 h
postinfection they were fixed and stained with the primary antibody, mouse monoclonal anti-RhoA (A) or rabbit polyclonal anti-CD44 (D).
Simultaneously, cells were stained with either rabbit polyclonal anti-RSV (B) or mouse monoclonal anti-F (E) antibody. Cells were then stained
with rhodamine-labeled goat anti-mouse or anti-rabbit IgG (red) and FITC-labeled goat anti-mouse or anti-rabbit IgG (green). The overlap
between anti-RhoA and anti-RSV is shown in panel C (yellow) and the overlap between anti-CD44 and anti-RSV is shown in panel F (yellow).
Antibodies against both CD44 and RhoA demonstrate overlap with RSV proteins, suggesting colocalization of the cellular proteins with RSV in
infected cells.
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overlap between the two proteins with DiIC16(3) and their
exclusion from areas labeled with DiIC12(3).

Examination of images of DiIC16(3)-stained cells demon-
strated the labeling of viral filaments, while there is no evi-
dence of filaments in DiIC12(3)-stained cells. This suggests that
RSV filaments may originate from selected areas of the mem-
brane involving the lipid raft. Brown and colleagues recently
demonstrated the presence of a lipid raft protein, caveolin-1,
on the surface of budding RSV filaments by both immunoflu-
orescent and electron microscopy (6). With monoclonal anti-
bodies to the F protein, we were able to confirm the aggrega-
tion of F protein within the lipid rafts by showing predominant
colocalization of F with the lipid microdomain dye, with nearly
complete exclusion of F from the nonraft domain. While there
were some areas of F staining which did not overlap with the
lipid dye, and likewise few areas which overlapped with
DiIC12(3), this finding can be explained by the highly mem-
brane-associated nature of RSV.

Up to 90% of RSV remains cell associated, and subse-
quently one would anticipate overlap of RSV proteins with the
nonraft domains, as the raft portion of the host membrane is
the minority. This finding was also noted in Western blot anal-
ysis of RSV proteins, where viral proteins were associated with

both detergent-insoluble and -soluble components of the mem-
brane, including the envelope protein F. However, there was
evidence that certain viral proteins are found predominantly in
the lipid raft microdomains, including the G protein and the
nucleocapsid proteins N and P. Selective targeting of F and the
nucleocapsid proteins to the microdomain may initiate events
that favor assembly of RSV virions in the lipid rafts. As has
been suggested for HIV, coalescence of lipid raft domains at
the time of virus budding may approximate viral proteins and
lead to a higher density of F glycoprotein expression on infec-
tious viral progeny. Similarly, the selective targeting of F and
other RSV proteins to the cell membrane may initiate events
that lead to the formation of microvillus projections and sub-
sequent release of filamentous RSV virions from microdo-
mains.

The interaction of actin with other cytoskeleton components
is important for the formation of microvillus projections. Pre-
vious work has demonstrated a role for CD44 and the ERM
(ezrin, radixin, and moesin) family of proteins in microvillus
formation via actin cross-linking (22, 44). RhoA is a small
GTPase which influences the formation of actin stress fibers
and also leads to microvillus formation upon phosphorylation
of the ERM proteins (29). In vitro, RhoA has been shown to

FIG. 7. Treatment of HEp-2 cells with C3 toxin prior to RSV infection blunts filament formation and alters the colocalization of F with the
lipid microdomain dye. HEp-2 cells were treated with 250 �l of C3 toxin at 30 �g/ml overnight prior to infection with RSV. Cells were infected
with RSV at a multiplicity of infection of 1.0 and then incubated for 24 h after RSV infection in the presence or absence of C3 toxin. Cells were
then incubated with lipid dye DiIC12(3) (A) or DiIC16(3) (D) on ice (red). Cells were fixed and labeled with mouse anti-F monoclonal antibody,
followed by FITC-labeled mouse anti-IgG antibody (B and E; green). Overlap between the dyes and anti-F is shown in yellow (C and F). Following
treatment with C3 toxin, the viral filaments of RSV-infected cells appear shortened and relatively decreased in number. In addition, the overlap
between the F protein and DiIC12(3), the nonraft dye, is increased, while there is diminished localization with the lipid microdomain relative to
untreated cells.
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interact with the RSV F protein (31). In addition, RSV infec-
tion leads to both translocation of activated RhoA to the
plasma membrane and a RhoA-dependent increase in stress
fiber formation (11). While the in vivo relationship between
RhoA and F has not been determined, we showed that RhoA
is detergent insoluble at low temperature and partitions to the
lipid raft portion of the sucrose gradient by Western blot anal-
ysis in RSV-infected cells.

Through immunofluorescent imaging, we confirmed colocal-
ization of RhoA with the lipid raft dye, while showing that it is
predominantly excluded from nonraft domains. With poly-
clonal antibody to RSV, we were also able to demonstrate an
overlap of RhoA with the RSV proteins. This suggests that in

RSV-infected cells, colocalization of RhoA and F occurs in
membrane lipid microdomains. RhoA activation is necessary
for filament formation, perhaps through direct effects on CD44
and ERM proteins. Whether a direct interaction of F with
RhoA is involved in this process is not known. The possible
interaction of the F protein with ERM proteins needs to be
investigated further, as the rabies virus and other viruses have
been described to incorporate actin-binding proteins into their
virions (35).

We further demonstrated the importance of RhoA in RSV
filament formation with C. botulinum exotoxin. C3 toxin irre-
versibly inactivated RhoA signaling pathways by ADP-ribo-
sylation of RhoA. RSV-induced stress fiber formation and
syncytium formation are inhibited in the presence of C3 treat-
ment, although viral titer is unaffected (11). We showed that
the morphological characteristics of RSV filaments are altered
in the presence of C3 toxin. Filaments appeared blunted com-
pared to untreated cells. Similarly, electron microscopy of C3
toxin-treated RSV-infected cells showed diminished length
and number of budding filaments (Gower et al., submitted for
publication). The lack of filaments may be responsible for the
absence of syncytia among C3 toxin-treated cells.

In addition, the maturation site of RSV appeared to be
changed by C3 toxin, as fluorescently labeled F protein is less
associated with the lipid raft dye DiIC16(3) in the presence of
C3 toxin compared to control RSV-infected cells and shows a
relative increase in colocalization with DiIC12(3). Interference
with RhoA activity may lead to abnormal targeting of viral
protein to the nonraft domains of the cell surface and a sub-
sequent lack of filaments and syncytia, thereby altering the
pathogenesis of RSV. Similarly, we demonstrated that the dis-
tribution of viral proteins is significantly altered following the
removal of cholesterol from the cellular membrane. Treatment
of infected cells with cyclodextrin effectively disassociates RSV
proteins from lipid microdomains and provides a possible new
mechanism to inhibit the formation of infectious RSV virions.

RSV is an important respiratory pathogen in infants and has
increasingly emerged as a cause of severe morbidity and mor-
tality in elderly and immunocompromised hosts. The impor-
tance of the RSV F protein to the pathogenesis of syncytium
formation has been well characterized, including the cyto-
pathologic development of giant-cell pneumonia in immuno-
compromised hosts. We demonstrate an association of the F
protein with lipid microdomains of the plasma membrane and
the presence of viral filaments budding selectively from these
specialized regions. As with HIV and other enveloped viruses,
it suggests a preferential localization of viral proteins within
the lipid microdomains, allowing favorable interactions with
cellular proteins, including RhoA and CD44, that then leads to
the formation of filaments, responsible for the development of
syncytia. Manipulation of either the lipid component of the
membrane or the incorporation of cellular or viral proteins
into the microdomains may favorably alter RSV pathogenesis
and provide future targets for pharmacologic therapy directed
at the prevention and treatment of RSV-caused disease.
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FIG. 8. Treatment of RSV-infected cells with methyl-�-cyclodex-
trin alters the distribution of RSV proteins within the lipid microdo-
mains. At 24 h postinfection, RSV-infected HEp-2 cells were treated
with 10 mM methyl-�-cyclodextrin for 30 min at 37°C and then lysed in
1% Triton X-100 at 4°C. Postnuclear extract was layered with a dis-
continuous sucrose gradient and centrifuged at 35,000 rpm for 16 h,
and 1-ml fractions were collected. Fraction 1 represents the top of the
gradient, and fraction 12 represents the bottom. Examination of viral
proteins with a horseradish peroxidase-conjugated goat polyclonal an-
ti-RSV antibody was performed by Western blotting after separation
by sodium dodecyl sulfate-PAGE and transfer to polyvinylidene diflu-
oride membranes (A). Quantification of viral proteins by densitometry
was performed for both untreated (Fig. 3B) and cyclodextrin-treated
lysates following sucrose gradient separation, and the percentage of
each individual protein distributed to the lipid microdomains (frac-
tions 3 to 6) was determined (B). RSV envelope and nucleoproteins
are found within the lipid microdomain fractions. Comparison of un-
treated RSV-infected HEp-2 cells to cyclodextrin-treated cells dem-
onstrates a substantial alteration in the distribution of RSV proteins
following manipulation of the cholesterol content.
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