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Foreign glycoproteins expressed in recombinant vesicular stomatitis virus (VSV) can elicit specific and
protective immunity in the mouse model. We have previously demonstrated the expression of respiratory
syncytial virus (RSV) G (attachment) and F (fusion) glycoprotein genes in recombinant VSV. In this study, we
demonstrate the expression of RSV F and G glycoproteins in attenuated, nonpropagating VSVs which lack the
VSV G gene (VSV�G) and the incorporation of these RSV proteins into recombinant virions. We also show that
intranasal vaccination of mice with nondefective VSV recombinants expressing RSV G (VSV-RSV G) or RSV
F (VSV-RSV F) elicited RSV-specific antibodies in serum (by enzyme-linked immunosorbent assay [ELISA])
as well as neutralizing antibodies to RSV and afford complete protection against RSV challenge. In contrast,
VSV�G-RSV F induced detectable serum antibodies to RSV by ELISA, but no detectable neutralizing anti-
bodies, yet it still protected from RSV challenge. VSV�G-RSV G failed to induce any detectable serum (by
ELISA) or neutralizing antibodies and failed to protect from RSV challenge. The attenuated, nonpropagating
VSV�G-RSV F is a particularly attractive candidate for a live attenuated recombinant RSV vaccine.

Respiratory syncytial virus (RSV) is the major respiratory
pathogen of infants and children and a major cause of mor-
bidity and mortality worldwide (15). The World Health Orga-
nization ranks respiratory diseases as the leading cause of
death in children, and RSV is responsible for a significant
proportion of this mortality (3). Each year in the United States,
approximately 100,000 infants and children are hospitalized for
RSV-related disease, and the rates have significantly increased
over the last 2 decades (47). RSV is a ubiquitous pathogen.
Seasonal epidemics occur each year (during the winter months
in the northern hemisphere), and nearly every child is infected
by the age of 2 years (22). RSV is recognized as a major
pathogen of adults, particularly in the immunocompromised
and elderly populations (12, 21). Individuals with lung disease,
such as cystic fibrosis, are particular prone to RSV disease
(1, 53). The risk factors for severe RSV disease are well de-
scribed. Infants and children with a history of prematurity, lung
disease, congenital heart disease, or immunodeficiency are at
risk for severe RSV disease (17, 20, 36) though even otherwise
normal infants are prone to severe infection.

The prevention of RSV disease remains a significant chal-
lenge for the medical and scientific communities. There is no
vaccine currently available to protect against RSV infection. A
previous formalin-inactivated vaccine candidate in the 1960s
induced severe disease upon subsequent natural infection with
RSV (29, 32). This experience has hampered the development
and assessment of RSV vaccine candidates. During the past
several years, various promising live attenuated RSV vaccine

candidates have been tested in the human population. Two
live, cold-passaged, temperature-sensitive subgroup A viruses
were immunogenic and phenotypically stable in seronegative
children. However, these two potential vaccine candidates
were underattenuated and caused symptomatic disease in chil-
dren (31). A cold-passaged, attenuated subgroup B virus was
over attenuated in human subjects. Interestingly, this mutant
contained a deletion of the SH and G genes which did not limit
its growth in cell culture (30). A live attenuated RSV vaccine
candidate recently reported induced nasal congestion, fussi-
ness, and anorexia in young infants, negating its potential as a
vaccine in this age group (57). The immunogenicity of subunit
vaccines has been demonstrated in specific human populations;
however, the efficacy of this approach has not yet been dem-
onstrated in seronegative infants (5, 13, 18, 37, 39, 51).

The RSV virion envelope contains three viral encoded gly-
coproteins (8). RSV G (attachment) and F (fusion), the major
antigenic glycoproteins, are responsible for viral attachment
and penetration. The function of the third glycoprotein, SH, is
unknown. RSV G and/or F are target antigens for vaccine
development because antibodies directed against either G or F
can neutralize RSV infectivity in animal models (49, 56). Pas-
sive transfer of high titers of human RSV-neutralizing antibody
can protect experimental animals against RSV disease (40).
Furthermore, infants that acquire RSV-specific antibody trans-
placentally are less prone to severe RSV infection (16, 24, 33).
Both a high titer of RSV immunoglobulin and a humanized
monoclonal antibody specific for RSV F reduces the severity of
disease in infants with an underlying risk factor for RSV dis-
ease (4, 19). Although passive immunization is not a practical
means of protecting large populations against RSV disease,
these findings suggest that vaccines based on the RSV G
and/or F glycoprotein may elicit protective immunity. Subunit
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vaccines based on purified RSV F glycoprotein elicit RSV-spe-
cific antibodies in seropositive individuals (5, 13, 18, 37, 39, 51).

Recombinant vesicular stomatitis virus (VSV) expressing
foreign genes has shown tremendous potential as a vaccine
vector. VSV, the prototypic member of the Rhabdoviridae fam-
ily, is a nonsegmented negative-strand RNA virus encoding
five structural proteins. Attenuated VSV recombinants ex-
pressing influenza hemagglutinin protect mice from influenza
challenge (41, 42) and produce neutralizing titers to influenza
virus in monkeys (unpublished data). A VSV recombinant
expressing measles virus hemagglutinin induced neutralizing
antibodies and afforded protection against subsequent measles
virus infection (45). Recombinant VSV expressing human im-
munodeficiency virus (HIV) envelope protein induced specific
antibodies, and this response was increased by subsequent
boost immunizations with recombinant VSV exchange vectors
which contain serologically distinct VSV G glycoproteins (43).

We have previously demonstrated the expression of RSV
envelope glycoproteins in recombinant VSV (28). The two
major antigenic glycoproteins, RSV G and F, were expressed
in cells infected with recombinant viruses, and the proteins
were incorporated into virions. In this study, we demonstrate
the biochemical features of attenuated, nonpropagating VSVs
expressing RSV glycoproteins G and F. These nonpropagating
viruses (�G) lack the VSV G gene, which is essential for
infectivity, and are propagated on BHK cells that supply the
VSV G glycoprotein in trans. Recombinant and nonpropagat-
ing viruses were used to inoculate experimental animals. In this
report, we also describe the immune response to RSV elicited
by preimmunization with recombinant and replication defec-
tive VSVs expressing RSV antigens and the protection af-
forded by these viruses against RSV challenge.

MATERIALS AND METHODS

Cells and viruses. Baby hamster kidney cells (BHK-21; American Type Tissue
Collection) and human larynx carcinoma cells (HEp-2; American Type Tissue
Collection) were maintained in Dulbecco’s minimal essential media (DMEM)
supplemented with 5 or 10% fetal bovine serum (FBS). Growth of BHK cells
expressing VSV G (BHK-G) under inducible tetracycline control and propaga-
tion of VSV�G viruses has been described previously (46). Working stocks of
VSV and wild-type VSV recombinants has been described previously (28). Viral
titers of frozen stocks were determined on BHK cells (VSV and wild-type VSV
recombinants) or BHK-G cells (VSV�G recombinants) by using standard plaque
assays. RSV A2 (supplied by Peter Collins, National Institutes of Health) was
propagated, and titers on HEp-2 cells were determined. Preparation of purified
RSV was performed using a modification of techniques described elsewhere (48).
Titers of frozen RSV stocks were determined by standard plaque assays.

Construction of VSV�G plasmids. Plasmids used to recover the VSV�G-RSV
G and VSV�G-RSV F were derived from full-length VSV clones containing the
RSV genes (28). The original full-length VSV genomic plasmids contained RSV
G between the VSV M and G genes and RSV F between the VSV G and L
genes. VSV G was deleted using appropriate restriction enzymes which removed
the VSV G along with its transcriptional start and stop signals. In the resulting
VSV�G plasmids, the RSV glycoprotein genes replace the VSV G gene.

Transfection and recovery of VSV�G viruses expressing RSV glycoproteins.
Recovery of VSV�G viruses has been described previously (46). Briefly, the
recovery system is based upon synthesis of antigenomic RNA along with expres-
sion of the VSV N, P, L, and G genes. VSV N, P, L, and G genes (contained on
separate plasmids) and the antigenomic sequences are under bacteriophage T7
control. The plasmids were transfected into BHK cells infected with vaccinia
virus expressing T7 polymerase. The antigenomic RNA in a complex with the N
protein serves as template for the synthesis of negative strand genome by the
VSV L-P polymerase complex. Because these genomic plasmids lack VSV G, a
plasmid encoding this protein was added to the transfection. Two days following
transfection, supernatants were collected and filtered (0.2 �m) to remove the

vaccinia virus. Expression of RSV glycoproteins was confirmed by immunofluo-
rescence. Recombinant virus was plaque purified and propagated on BHK G
cells.

Immunofluorescence microscopy. Infected cell monolayers were fixed with a
3% paraformaldehyde solution. Monoclonal antibodies I1 and I14 were used to
bind VSV G (35). Human anti-RSV antiserum (Massachusetts Public Health
Biological Laboratories, Boston, Mass.) was used to bind RSV G and F glyco-
proteins. Bound antibodies were detected using either anti-mouse or anti-human
antibody conjugated to Texas Red fluorophore (Jackson ImmunoResearch Lab-
oratories, West Grove, Pa.). Fixed cells were visualized and photographed with
a Nikon Microphot-FX microscope equipped with a 40� planapochromat ob-
jective.

Western blot analysis. Cell lysates and purified virus were prepared as de-
scribed elsewhere (28). Proteins were separated by electrophoresis through a
10% polyacrylamide gel. Following electrophoresis, proteins were transferred to
a nitrocellulose filter as described elsewhere (44). The filters were dried, blocked
in 5% blotto (Carnation nonfat milk in phosphate-buffered saline [PBS]) and
incubated with a primary goat anti-RSV antibody (Virostat, Portland, Maine)
diluted 1:250 in blotto. Following several washes, the filters were incubated with
a horseradish peroxidase-conjugated donkey anti-goat antibody (Jackson Immu-
noResearch Laboratories, West Grove, Pa.) diluted 1:10,000 in 150 mM NaCl, 50
mM Tris-HCl, pH 7.6. Binding of the secondary antibody was detected using an
ECL Western blotting system (Amersham Pharmacia Biotech Inc., Piscataway,
N.J.).

Inoculation of mice. Four-week-old female BALB/c mice (Charles River Lab-
oratories) were housed in filtered isolette cages for the duration of the experi-
ments. Several days after arrival, mice were inoculated with virus. Animals were
anesthetized with Metofane (methoxyflurane, Mallinckrodt Veterinary, Munde-
lein, Ill). Mice (five animals per group) were inoculated intranasally with 104

PFU (wild-type recombinant VSVs, VSV�G, and VSV�G-RSV G) or 1.25 �
103 PFU (VSV�G-RSV F) contained within 25 �l. The VSV�G-RSV F could
not be grown to titers equivalent to those of the other VSV�G viruses and,
therefore, a lower inoculum was used. Boost immunizations were given at 4-week
intervals. Mice immunized with VSV and wild-type recombinant viruses received
one boost immunization while mice receiving VSV�G recombinants received
two boost immunizations. Four weeks following the last boost immunization,
mice were challenged with 1.2 � 105 PFU of RSV (50 �l).

Neutralization assays. Blood samples were collected from anesthetized ani-
mals by retro-orbital bleed and were allowed to clot at room temperature.
Following removal of the clots, sample were centrifuged (TOMY MYX-150
centrifuge with a TMA-11 fixed angle rotor), and clarified sera was collected.
Pooled sera from each group was heat inactivated at 56°C for 45 to 60 min.
Twofold dilutions of sera were prepared in 96-well plates. An equal volume of
RSV (�150 PFU) was added to each well and the plates were incubated at 37°C
for 1 h. A serum-free control well was used for each titration. Subsequently, 5,000
HEp-2 cells were added to each well and the plated were incubated at 37°C, 5%
CO2, for several days. Neutralization titer was defined as the last dilution which
completely inhibited RSV-induced cytopathic effects (CPE).

Enzyme-linked immunosorbent assay (ELISA). RSV-infected HEp-2 cell ly-
sates were used as antigen and prepared using a modification of techniques
described elsewhere (14). Briefly, HEp-2 cell monolayers were infected with
RSV with a multiplicity of infection (MOI) of 5. Monolayers were scraped when
�75% of the cells demonstrated CPE. Cells were centrifuged and resuspended
in 0.5% NP-40 and incubated on ice for 10 min. Cell lysate suspensions were
centrifuged (Eppendorf microfuge) for 1 min at 4°C to pellet cell nuclei. Super-
natants were collected and stored at �20°C.

ELISAs were performed using modification of techniques described by Ander-
son et al. (2) and Furze et al. (14). Briefly, 96-well plates (Costar EIA/RIA
96-well plates; Corning Incorporated, Corning, N.Y.) were coated with RSV-
infected cell lysates and incubated overnight at 37°C. Lysate solutions were
removed and plates were blocked with PBS containing 0.5% gelatin and 0.05%
Tween 20 for 1 h at room temperature. Wells were washed with PBS containing
0.05% Tween (PT). Mouse sera and control antibody, diluted in PBS containing
0.5% gelatin, 0.05% Tween 20, and 2% FBS (PGTF), were added to the wells
and allowed to react for 1 h at 37°C. Following five washes with PT solution,
horseradish peroxidase-conjugated goat anti-mouse (Jackson ImmunoResearch
Laboratories) diluted in PGTF (1:10,000) was added to each well, and plates
were incubated for 1 h at 37°C. After five washes with PT solution, bound
secondary antibody was detected with 3,3�,5,5�-tetramethyl benzidine (TMB;
Pierce, Rockford, Ill.). Chromogenic reactions were stopped with 5 N H3PO4.
Optical densities (OD) were read at 450 nm (DynaTech MR5000).

Recovery of RSV from infected animals. Four days after RSV challenge, mice
were sacrificed (CO2 asphyxiation). Bronchial alveolar lavage was performed as
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follows. The trachea was dissected and canulated with a 0.58-mm polyethylene
tubing (Becton Dickinson) and secured with suture. One milliliter of sterile PBS
was infused and aspirated four times. BAL fluid was diluted 1:10 in viral freezing
media (DMEM, 5% FBS, 100 mM MgSO4, 50 mM HEPES, pH 7.5) and snap
frozen in liquid N2. Viral titrations of thawed specimens were performed on
HEp-2 cells. Following lavage, the left heart was perfused with PBS to remove
blood from the pulmonary vasculature. Lungs were excised bilaterally, rinsed in
PBS, placed in a preweighed Nunc cryotube vial containing viral freezing media,
and snap frozen in liquid N2. To recover virus from lung tissue, specimens were
thawed, suspended in 9 volumes (wt/vol) of viral freezing media, and homoge-
nized in Dounce homogenizers. RSV titers were determined by a standard serial
dilution plaque assay on Vero cells. Plaque assays were performed in duplicate
with a 1% methylcellulose, DMEM, 5% FBS overlay. Cell monolayers were
stained with 1% crystal violet (in 0.85% NaCl, 40% formaldehyde) to visualize
plaques.

Histopathology. Following tracheal canulation, lungs of sacrificed animals
were inflated with 10% neutral buffered formalin. Specimens were fixed over-
night and subsequently embedded in paraffin, sectioned and stained with he-
moxylin and eosin. Photomicroscopy was performed with an Nikon Optiphot
microscope using a Kontron Elektronik Prog/Res/3012 digital camera. Objective
magnification was 20�.

RESULTS

We have previously described the cloning and expression of
RSV envelope glycoproteins G (attachment) and F (fusion) in
recombinant VSV (28). Cells infected with recombinant VSV
expressing RSV G (VSV-RSV G) or RSV F (VSV-RSV F)
displayed the RSV glycoproteins on their surface. Both RSV
glycoproteins were incorporated into progeny virions. The
RSV F glycoprotein expressed by recombinant virus was bio-
logically active. The VSV-RSV F recombinant induced syncy-
tium formation and was able to infect through a pH-indepen-
dent pathway. In the present study, expression of RSV G and
RSV F in nonpropagating VSV is described. The capacity of

both wild-type and nonpropagating virus to induce immunity to
and protect experimental animals from RSV is also described.

Expression of RSV glycoproteins in recombinant VSV lack-
ing VSV G gene. Our laboratory has previously described the
recovery of nonpropagating VSV lacking the VSV G gene
(VSV�G) (46). The VSV G gene was deleted from full-length
cDNA VSV genomic plasmids containing the RSV G or RSV
F gene such that the RSV genes replaced VSV G in the viral
genome (Fig. 1). These plasmids were derived from VSV
genomic clones previously described which contained the RSV
G gene upstream of the VSV G gene or RSV F downstream of
the VSV G gene (28). Recovery of VSV�G viruses requires
transfection of vaccinia virus T7-infected cells with plasmids
encoding the VSV L, N, P, and G genes as well as the full-
length antigenomic plasmid lacking the VSV G gene. VSV�G
virus were propagated on a modified BHK cell line expressing
the VSV G under inducible tetracycline control (BHK-G cells).

Expression of RSV G and RSV F in VSV�G-infected cells
was confirmed by immunofluorescence (Fig. 2) and Western
blot analysis (Fig. 3). Purified virus from BHK-G cells was
passaged onto BHK cells at an MOI of 0.1. Eighteen hours
after infection, cells were fixed and RSV glycoprotein expres-
sion was confirmed by immunofluorescence. VSV�G-RSV G-
infected BHK monolayers displayed evidence of single-cell
infection. In contrast, VSV�G-RSV F-induced cell fusion and
syncytium formation. The fusogenic characteristics of the
VSV�G-RSV F were similar to wild-type VSV expressing RSV
F (VSV-RSV F) (28). Infection of BHK cells with VSV�G-
RSV F did not result in the production of infectious progeny
virus as serial passage of VSV�G-RSV F infected BHK cell

FIG. 1. Schematic representation of RSV glycoprotein genes in recombinant VSVs lacking the VSV G gene (VSV�G). Maps displaying gene
order are in the antigenomic orientation. Maps of wild-type VSV and VSV�G recombinants represent viruses used as controls. Maps of VSV-RSV
G and VSV-RSV F were published previously (28). VSV�G-RSV recombinants were derived from wild-type VSV-RSV cDNAs. Deletions of the
VSV G gene in VSV�G-RSV G and VSV�G-RSV F recombinants are designated (�) beneath the respective maps. The newly created RSV
G/VSV L and VSV M/RSV F gene junctions are displayed under the linear maps. cDNA sequences corresponding to the positive-sense RNA are
shown in the 5� to 3� orientation. The transcription stop poly(A) signal and transcription start are labeled. The RSV G termination codon (TAG)
and the RSV F initiation codon (ATG) are underlined and are represented in lowercase letters. The intergenic dinucleotide CT is italicized.
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supernatants failed to showed evidence of infectivity (data
not shown). VSV G was not detected in VSV�G-RSV G- or
VSV�G-RSV F-infected cells. Although the RSV glycopro-
teins were incorporated into VSV�G virions, RSV specific
antibodies failed to inhibit infection of VSV�G viruses in BHK
cells (data not shown). The infectivity of these viruses is there-
fore based on the presence of VSV G which is supplied in trans
by the BHK G cell line.

Detection of RSV G and F from infected cell lysates and
recombinant VSV�G virions. Detection of RSV glycoproteins
in VSV�G-RSV G- and VSV�G-RSV F-infected cells was
accomplished by Western blotting. BHK cells were infected
with VSV�G viruses at an MOI of 1.0 and cell lysates were

obtained at 18 h postinfection. As shown in Fig. 3A, RSV G
was detected in VSV�G-RSV G-infected cells. RSV G, during
wild-type RSV infection, is heavily glycosylated with O- and
N-linked glycans, increasing its apparent molecular mass from
32.6 to �90 kDa (9, 55). The proteins detected between the
unprocessed RSV G and the �90-kDA form likely represents
RSV G with various degrees of glycosylation. The RSV G
synthesized in the VSV�G-RSV G-infected BHK cells was
more heterogeneous than that observed in RSV-infected
Hep-2 cells (Fig. 3A). This difference may be due to the in-
herent properties of the cell lines. The 70-kDa RSV F glyco-
protein migrates in sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) as a 140-kDa dimer under non-

FIG. 2. Expression of RSV glycoproteins in VSV�G recombinant viruses. BHK cell monolayers were infected with either VSV�G-RSV G or
VSV�G-RSV F at an MOI of 0.1. At 18 h postinfection, monolayers were fixed and screened by immunofluorescence. Primary antibody specificity
is shown along the top of the figure and virus is indicated along the left of the figure. Objective magnification, 25�.

FIG. 3. Western blot analysis of cell lysates and purified virions. (A) Proteins from uninfected and infected cell lysates were separated in a 12%
polyacrylamide (SDS) gel and transferred to nitrocellulose. The blot was probed with a goat anti-RSV antiserum, and antibody binding was
detected by ECL following binding with a horseradish conjugated-donkey anti-goat immunoglobulin G. The position of the heavily glycosylated
RSV G is noted. Positions of molecular weight markers are noted on the left. (B) Proteins were separated in a 12% polyacrylamide (SDS) gel under
nonreducing conditions. Samples were treated with SDS at room temperature prior to electrophoresis. Detection of the proteins bound by the goat
anti-RSV antiserum is described above. The position of the RSV F 140-kDa dimer is noted, as are the positions of the molecular mass markers.
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reducing conditions (52). As shown in Fig. 3B, a 140-kDa
protein was detected in VSV�G-RSV F-infected cells. and it
comigrated with a protein in RSV-infected HEp-2 cell lysates.
Similar patterns of RSV glycoproteins were detected in recom-
binant wild-type VSV-RSV G- and VSV-RSV F-infected cell
lysates (28).

Both RSV G and RSV F are incorporated into recombinant
wild-type virions (28), and therefore, we predicted the same
would be true for the VSV�G recombinants. To establish this,
proteins from purified VSV�G-RSV G and VSV�G-RSV F
virions were screened by immunoblotting. The majority of the
RSV G present in VSV�G-RSV G virions appears to be of
higher molecular weight (Fig. 3A). This suggested that the
RSV G that had been fully processed in the Golgi apparatus
and subsequently inserted into the cell membrane was incor-
porated into virions. The dimeric form of RSV F was also
present in recombinant VSV�G-RSV F virions (Fig. 3b). The
efficiency of incorporation of RSV glycoproteins into VSV�G
virions could not be determined, as detection of these proteins
was possible only when using immunological techniques.

Immunogenicity of wild-type and VSV�G recombinant vi-
ruses expressing RSV glycoproteins. Four-week-old BALB/c
mice were inoculated intranasally with wild-type and VSV�G
recombinant viruses. Each group of five mice was given two
(wild-type recombinants) or three (VSV�G recombinants)
boost immunizations at 4-week intervals. Two weeks following
the last boost immunization, animals were bled and RSV neu-
tralizing and ELISA antibodies were measured. RSV neutral-
izing antibody titers were determined with a standard plaque
assay with serial dilutions of serum. As displayed in Table 1,
wild-type VSV recombinants VSV-RSV G- and VSV-RSV
F-induced serum RSV neutralizing antibody titers of 1:16 and
1:32, respectively. VSV�G-RSV G and VSV�G-RSV F failed
to induce serum RSV neutralizing titers as determined by the
plaque reduction assay.

Serum RSV specific antibodies were determined by ELISA.
Serial dilutions of serum from immunized mice were incubated
in ELISA plate wells coated with a standard amount of RSV
viral proteins. Both wild-type VSV recombinants expressing

RSV glycoproteins elicited serum RSV specific antibodies
(Fig. 4A). VSV-RSV F immunization induced higher titers of
RSV-specific antibodies than did VSV-RSV G immunization.
VSV�G-RSV F, but not VSV�G-RSV G, induced an RSV-
specific antibody response (Fig. 4B). These results were in
contrast to the neutralizing antibody titer results (Table 1), in
which serum from mice immunized with VSV�G-RSV F re-
combinants expressing RSV proteins failed to neutralize RSV.

VSV and VSV�G recombinant viruses protect mice from
RSV challenge. Four weeks following the final boost immuni-
zation, mice were challenged with RSV. Each animal was in-
fected intranasally with 1.2 � 105 PFU (50 �l). At 4 days
postchallenge, the animals were sacrificed and RSV titers were
determined in bronchoalveolar lavage (BAL) fluid and lung
tissue. Four days postchallenge was chosen for sacrifice be-
cause RSV titers in BAL fluid and lung tissue peaked at this
time, as determined by a time course assay (data not shown).
RSV replicated to significant titers in mice which were previ-
ously immunized with either wild-type VSV or VSV�G (Fig 5).
RSV concentration were �104 PFU/ml in BAL fluid and �106

PFU/g of lung tissue in those animals which were immunized
with either wild-type VSV or VSV�G. RSV was not detected
in either BAL fluid or lung tissue from any mouse immunized
with VSV-RSV G, VSV-RSV F, or VSV�G-RSV F. VSV�G-
RSV G failed to protect from RSV replication. Viral titers
from mice immunized with VSV�G-RSV G were essentially
identical to those of mice immunized with VSV�G. Protection
from RSV replication correlated with RSV specific serum an-
tibody (ELISA; Fig. 4) but not with RSV serum neutralizing
antibody (Table 1).

VSV recombinants expressing RSV antigens induce lympho-
cytic response in RSV-challenged animals. To further assess
the immune response to RSV in immunized animals, the his-
topathological features in lung sections were studied. Wild-
type VSV and VSV�G immunized animals displayed his-
topathological features of RSV infection 4 days after challenge
(Fig. 6). Interstitial disease was observed. Hemorrhage and
fibrin deposits were noted in the alveolar spaces. Endothelial
damage was also noted. Animals immunized with recombinant
and replication defective viruses expressing RSV antigens dis-
played a dense lymphocytic infiltrate. The intense mononu-
clear cell infiltrate was noted in both the perivascular and
peribronchial areas. This reaction was less prominent in
animals immunized with either VSV�G-RSV G and VSV�G-
RSV F. Bronchial epithelium damage was observed in
VSV- and VSV�G-immunized animals, whereas the bronchial
epithelium was intact in animals immunized with VSV and
VSV�G viruses expressing RSV antigens. The significance of
these observations is addressed in the Discussion.

DISCUSSION

We have demonstrated that recombinant VSV and non-
propagating VSV expressing RSV antigens can protect exper-
imental animals against RSV infection. Wild-type recombinant
VSV expressing RSV G or F elicited RSV-specific antibody
and low levels of serum RSV-neutralizing antibody following
intranasal inoculations. Both wild-type recombinant viruses in-
duced complete immunity to RSV replication. Four days fol-
lowing challenge, at the peak of RSV replication in naive,

TABLE 1. Serum RSV neutralizing titers, ELISA titers and
protection in mice immunized with recombinant VSVa

Virus f Serum neutralizing
titerb

RSV ELISA
titerc Protectiond

Pre-immune �1:8 NDe ND
VSV rwt �1:8 �64 �
VSV-RSV G 1:16 128 �
VSV-RSV F 1:32 4,096 �
VSV�G �1:8 �64 �
VSV�G-RSV G �1:8 �64 �
VSV�G-RSV F �1:8 1,024 �
Human anti-RSV 1:1,024 ND ND
MAb	F ND 4,096 ND

a Serum was collected 2 weeks after boost immunizations.
b Neutralizing titers were determined on Vero cells and are reported as the last

dilution in which RSV CPE were absent. RSV-specific antiserum (human anti-
RSV serum) was used as a positive control.

c Dilution of pooled mouse serum which corresponded to an OD450 of 0.5.
d Protection against RSV replication in BAL fluid and lung tissue.
e ND, not determined.
f rwt, recombinant wild type; MAbaF, RSV F-specific mouse monoclonal

antibody.
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age-matched mice, RSV could not be detected in BAL fluid or
in lung tissue of immunized mice. Following initial immuniza-
tions, mice tolerated intranasal inoculation with recombinant
VSV. Transient weight loss was noted (data not shown),
though this phenomenon was similar to previous observations
from our laboratory with wild-type VSV and recombinant VSV
expressing influenza hemagglutinin (42).

The protection afforded by VSV-RSV and VSV�G-RSV
recombinants correlated with induction of serum RSV-specific
antibody. Serum RSV-neutralizing antibodies were not re-
quired for protection against RSV replication following chal-
lenge. Immunization with VSV�G-RSV F failed to induce
detectable serum neutralizing antibodies, though it protected
mice against RSV infection. It is unclear whether the presence
of serum RSV-specific antibodies is sufficient for protection.
Local mucosal immunity elicited by recombinant VSVs and/or
induction of cellular immunity, not examined in this report,
may play a role in inhibiting RSV replication. However, non-

FIG. 4. ELISA of serum from immunized mice. ELISA plates were coated with RSV-infected HEp-2 cell lysates. Serial dilutions of pooled
serum from each group of immunized mice (recombinant wild-type VSV [A] and recombinant VSV�G [B]) were incubated in coated wells. Bound
antibody was detected by a colorimetric reaction following binding of a horseradish peroxidase-conjugated anti-mouse antibody. OD at 450 nm
(OD450) are plotted against the inverse of the dilution factor. An RSV F-specific mouse monoclonal antibody (mAb	F) was used as a positive
control.

FIG. 5. RSV titers in BAL fluid and lung homogenates from im-
munized mice. BAL fluid and lung homogenates were prepared 4 days
after challenge with RSV. BAL fluid titers (PFU/ml) and lung homog-
enate titers (PFU/g of tissue) are displayed in a log scale. RSV titers
were determined on Vero cells by standard plaque assays. The lower
level of detection was 50 PFU/ml of BAL fluid and 50 PFU/g of lung
tissue. RSV titers in BAL fluid (�) and lung homogenates (��) were
below the level of detection as indicated.
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neutralizing antibodies may be solely responsible for protec-
tion. In vitro nonneutralizing monoclonal antibodies reactive
with the VSV G glycoprotein protect mice against lethal VSV
challenge (34).

VSV�G recombinants expressing RSV F, but not RSV G,
elicited complete sterilizing immunity against RSV replication.
The difference in the protection elicited by VSV�G-RSV F
and VSV�G-RSV G could not be explained by the difference
in expression of the RSV glycoproteins. Both RSV G and RSV
F glycoproteins were expressed on infected cell surfaces and
incorporated into virions. This difference may be explained by
the antigenic properties of the RSV glycoproteins and/or the
biological features of the VSV�G viruses. RSV G is heavily
glycosylated (9, 55) and therefore may not elicit a robust im-
mune response. However, wild-type VSV-RSV G elicits ster-
ilizing immunity and other recombinant viral systems express-
ing RSV G induce antibody responses (49). These observations

suggest that the antigenic properties of RSV G were not likely
to account for the lack of protection afforded by the VSV�G-
RSV G recombinant. However, the level of antigen expression
in the immunized host may account for the difference between
the immunogenic properties of the VSV�G recombinant vi-
ruses. The fusogenic properties of the VSV�G-RSV F recom-
binant virus may lead to cell-to-cell spread of the viral infection
in the immunized animal, thus increasing the antigenic signal.

RSV vaccination based on nonpropagating VSV expressing
RSV F is promising for several reasons. VSV�G-RSV F elicits
sterilizing immunity in our animal model. Of the two major
RSV glycoproteins, RSV F is a more practical antigen for
recombinant or subunit vaccines since RSV F is more highly
conserved between RSV subgroups A and B compared to RSV
G (23, 27). In addition, RSV G contains two regions which
display significant variability within each subgroup (7, 50). Fur-
thermore, immunoprophylaxis with a humanized monoclonal

FIG. 6. Lung histopathology following RSV challenge. Mice were immunized with the virus noted in each photomicrograph. Lung sections were
obtained 4 days following RSV challenge. Bronchial airways (B) are noted. Objective magnification, 20�.
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antibody directed against the RSV F glycoprotein has been
shown to decrease severity of disease in infants and children
with underlying lung disease and/or prematurity (4). Vaccina-
tion with VSVG-RSV F has distinct advantages over other vi-
ral vectors based systems (49, 56) in that the vaccine can be ad-
ministered intranasally and the vector is replication defective.

Intranasal inoculation likely confers local immunity (not as-
sayed) since we demonstrated that induction of serum neutral-
izing antibody was not required for protection in VSV�G-RSV
F-immunized mice. Immunization with VSV�G in experimen-
tal animals appears to be safe. Animals tolerated intranasal
inoculations well and did not display transient weight loss as
that observed with the wild-type recombinants (data not shown).
These observations were similar to previous work with VSV�G
expressing influenza hemagglutinin (41). The replication-de-
fective properties of the VSV�G-RSV F limit viral propaga-
tion and pathogenesis, therefore increasing the safety of this po-
tential vaccine candidate. Lack of an immune response to VSV
G in animals inoculated with VSV�G recombinants allows for
the increased protective effect of boost immunizations (41).

Following RSV challenge, histopathological findings in ani-
mals primed with VSV and VSV�G recombinants expressing
RSV antigens were consistent. Dense peribronchial and peri-
vascular lymphocytic infiltrates were observed. However, his-
topathological findings did not correlate with protection. For
example, mice primed with either VSV�G-RSV G or VSV�G-
RSV F displayed similar histopathological changes in lung
tissue, yet mice primed with VSV�G-RSV G were not pro-
tected against RSV replication. In contrast to animals primed
with RSV antigens, animals primed with either control virus,
wild-type VSV, or VSV�G, displayed histopathological fea-
tures upon challenge consistent with RSV disease, such as
interstitial changes and alveolitis. The significance of these
observations is unclear. The lymphocytic response is likely a
reaction to RSV in mice primed with RSV antigens. Earlier
studies have demonstrated that extensive pulmonary histopa-
thology characterized by lymphocytic infiltrates occurs in RSV
primed-BALB/c mice upon RSV challenge (11). The lympho-
cytic response may represent a protective cell mediated im-
mune response to RSV. Alternatively, the cellular infiltration
may represent a destructive process. A pathological response
to RSV re-exposure would be limited to the animal model.
RSV infection in the natural host induces incomplete protec-
tive immunity; in infants and young children, the severity of
RSV illness decreases with subsequent infections (22).

The immune and inflammatory responses elicited by poten-
tial RSV vaccines are significant concerns. During clinical trails
in the 1960s, a formalin-inactivated RSV (FI-RSV) vaccine
induced enhanced disease upon natural exposure to RSV (29,
32). Animal studies have provided some insight into the mech-
anisms of this aberrant reaction. In the BALB/c mouse model,
primary RSV infection results in bronchiolitis, aveololitis, and
a predominant Th1 response. This Th1 response is character-
ized by relatively high levels of gamma interferon (IFN-
) and
low levels of interleukin-4 (IL-4) (25, 26). In contrast, immu-
nization with FI-RSV leads to a predominantly Th2 response
characterized by increased levels of IL-4 and IL-5 and en-
hanced pulmonary histopathology (10, 54). However, the find-
ings of a recent study suggests that enhanced pathology may
not be RSV antigen specific. Boelen et al. found that, in the

BALB/c model, severe lung pathology and Th2 cytokine profile
were induced by either FI-RSV or mock antigen comprised of
formalin-treated HEp-2 cells (6). This phenomenon was also
observed in the cotton rat model (38). Therefore, further stud-
ies are required to determine the basis of the immune and
inflammatory response in lung tissue following RSV challenge
in animals immunized with VSV and VSV�G recombinants.
This may require the study of these viruses in many genetic
backgrounds of mice and in other species.

In conclusion, recombinant and nonpropagating VSVs ex-
pressing RSV antigens provide protective immunity against
RSV infection. These results further demonstrate the utility of
VSV-based vaccine vectors. Intranasal immunity induced by
live attenuated RSVs or recombinant viruses expressing RSV
antigens may provide the best protection for young infant and
children who are at risk for severe RSV disease.
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