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ABSTRACT A c¢DNA copy of the G glycoprotein gene of
human respiratory syncytial virus (RSV) was placed under
control of a vaccinia virus promoter and inserted into the
thymidine kinase locus of the vaccinia virus genome. The
recombinant vaccinia virus retained infectivity and expressed
a 93-kDa protein that migrated with the authentic RSV G
glycoprotein upon polyacrylamide gel electrophoresis. Glyco-
sylation of the expressed protein and transport to the cell
surface were demonstrated in the absence of other RSV
proteins. Cotton rats that were inoculated intradermally with
the infectious recombinant virus produced serum antibody to
the G glycoprotein that neutralized RSV in vitro. Furthermore,
the vaccinated animals were resistant to lower respiratory tract
infection upon intranasal inoculation with RSV and had
reduced titers of RSV in the nose,

Human respiratory syncytial virus (RSV) is the most impor-
tant cause of lower respiratory tract infection in infants and
young children (1). It is unfortunate, therefore, that attempts
to develop satisfactory inactivated or attenuated vaccines
have not been successful (2, 3). Further research is needed to
determine the humoral and cell-mediated immune responses
to individual viral antigens that are necessary for effective
immunoprophylaxis. The envelope of RSV, a member of the
family Paramyxoviridae, contains two glycoproteins (4, 5).
The larger one, designated G, has a molecular mass of about
90 kDa and is thought to be needed for virus adsorption. The
smaller one, designated F because of its probable role in
membrane fusion (6), consists of a 70-kDa protein that is
proteolytically processed into 48- and 22-kDa products (7, 8).
Passive immunization of cotton rats (9) and mice (10) with
monoclonal antibodies to either glycoprotein provides pro-
tection against lower respiratory tract infection with RSV.
Additional studies to delineate the roles of the glycoproteins
in protective immunization have been hampered by the
difficulty in obtaining sufficient amounts of purified materi-
als. The recent cloning of cDNA copies of the mRNAs for
both glycoproteins (11-14), however, opens the possibility of
using expression vectors to produce the 90- and 70-kDa
proteins.

Vaccinia virus provides a novel eukaryotic vector system
(15, 16) that should be particularly suitable for studies with
RSV. Surface antigen genes from a variety of DNA and RNA
viruses (17-24) have been expressed by recombinant vaccinia
viruses. When properly engineered, the proteins were syn-
thesized, processed, and transported to the plasma mem-
brane. In most cases, experimental animals were shown to
produce neutralizing antibodies and were protected against a
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challenge with the corresponding virus. Evidence for priming
of a cytotoxic T-cell response also has been obtained with
recombinant vaccinia viruses that express influenza virus
genes (25, 26). We now describe a recombinant vaccinia virus
that expresses the RSV G glycoprotein and protectively
immunizes cotton rats against lower respiratory tract infec-
tion with RSV.

MATERIALS AND METHODS

Viruses and Cells. Vaccinia virus (WR strain) was grown in
HeLa (human) cells and purified from cytoplasmic extracts
by sucrose gradient centrifugation. RSV (strain A2) was
propagated on HEp-2 (human) cell monolayers.

Isolation of DNA. DN A was isolated from purified vaccinia
virus as described (27). Plasmid DNA was prepared by using
a modified alkaline sodium dodecyl sulfate (NaDodSO,)
procedure (28). Lysozyme was omitted from the lysis step
and the DNA was purified from RNA by passage through a
Sepharose-4B column. DNA fragments were purified from
agarose gels by electroblotting onto DEAE-paper (29).

Oligonucleotide-Directed Mutagenesis. A cDNA copy of an
mRNA containing the complete coding sequence for the RSV
G glycoprotein was inserted into the BamHI site of the
replicative form of M13mp18 phage (30). After the single-
stranded phage DNA had been isolated, the 5’ poly(dG) tail
plus portions of the noncoding sequence and the 3’ poly(dC)
tail were removed by mutagenesis (31) using oligonucleotide
I[d(ACTCTAGAGGATCCGCAAACATGTCCAA)] and oli-
gonucleotide II [d(TTACTTAAAAAAAAGGATCCCCGG-
GTACQ)], respectively.

Isolation of Recombinant Vaccinia Virus. CV-1 cells infect-
ed with wild-type vaccinia virus were transfected with
calcium phosphate-precipitated plasmid DNA as described
(32). Thymidine kinase-negative (TK™) recombinants were
isolated by plaque assay on human 143 TK™ cells in the
presence of 5-bromo-2'-deoxyuridine (BrdUrd) at 25 ug/ml.
For detection of blue plaques, 300 ug of 5-bromo-4-chloro-
3-indolyl B-p-galactopyranoside (X-Gal) per ml was used in
the agarose overlay (33). After two successive plaque puri-
fications, virus was amplified by infecting HeLa cell
monolayers and then large stocks were prepared in HeLa cell
suspension cultures.

Protein Analysis. CV-1 monkey cell monolayers of approx-
imately 3 x 10° cells were infected with wild-type or
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recombinant vaccinia virus at 30 plaque-forming units (pfu)
per cell. After 2 hr, cells were resuspended in 5 ml of medium
without radioactive precursors or in 2.5 ml of medium with
500 uCi of D-[6-*H]glucosamine (27 Ci/mmol, Amersham; 1
Ci = 37 GBq). After overnight incubation, cells were washed
and then lysed with RIPA buffer (50 mM Tris-HCl, pH
7.2/150 mM sodium chloride/1% Triton X-100/0.1% NaDod-
S0,4/1% sodium deoxycholate/1 unit of aprotinin per ml).
Polyacrylamide gel electrophoresis and blot analysis of
unlabeled proteins were carried out as described (34), using
rabbit anti-human RSV serum except that Tween-20 was used
as a blocking agent instead of bovine serum albumin (35). The
extract containing glucosamine-labeled proteins was first
incubated with normal rabbit serum followed by fixed
staphylococcal cells (IgGsorb, The Enzyme Center, Boston).
After centrifugation, the supernatant was incubated with
rabbit anti-human RSV serum and IgGsorb. The bound
proteins were eluted, analyzed by electrophoresis through a
10% polyacrylamide gel, and detected by autoradiography.

Immunofluorescence. Approximately 1 X 10° CV-1 cells in
monolayer were infected with wild-type or recombinant
vaccinia virus at 1 pfu per cell. After 2 hr, the inoculum was
removed and cells were incubated with medium for 24 hr. The
monolayer was then washed three times with phosphate-
buffered saline (PBS)/0.5% bovine serum albumin (BSA) and
fixed with 3.7% (wt/wt) formaldehyde in PBS/0.5% BSA for
30 min. Fixed cells were incubated with monoclonal antibody
to the RSV G glycoprotein in PBS/0.5% BSA for 30 min,
washed three times with PBS/0.5% BSA, and then incubated
for 30 min with the fluorescein conjugate of goat antibodies
to mouse IgG. The unbound second antibody was removed
by washing three times with PBS/0.5% BSA. The cells were
air dried, mounted, and photographed.

Immunization of Animals. Cotton rats (Sigmodon hispidus)
from the Veterinary Resources Branch, Division of Research
Services, National Institutes of Health, were immunized at 4
weeks of age with 10* pfu of RSV by the intranasal (i.n.) or
intradermal (i.d.) route or with 10%° pfu of a recombinant
vaccinia virus containing the gene for the RSV G glycopro-
tein or influenza A H2 glycoprotein (19) by the i.d. route.

Response to Immunization. Serum RSV-neutralizing anti-
body response was measured by 60% plaque reduction in
HEp-2 cell cultures, while specific responses to the RSV G
and F glycoproteins were measured by ELISA using im-
munoaffinity-purified RSV glycoproteins (kindly provided by
E. E. Walsh) as antigens (1, 36). Resistance of immunized
cotton rats to RSV infection was evaluated by challenging
animals 21 days after immunization with 10* pfu of RS by the
i.n. route. Four days after i.n. challenge, animals were
sacrificed by CO, inhalation, their nasal tissues (including
turbinates) and lungs were homogenized, and the titer of RSV
was determined by plaque assay on HEp-2 cells (37).

RESULTS

Construction of Recombinant Vaccinia Virus. Our objective
was to insert the entire coding sequence of the RSV G
glycoprotein into vaccinia virus so that the authentic protein
would be synthesized. To ensure efficient expression,
homopolymer tails that had been added during the initial
cDNA cloning (12) as well as a segment of RSV DNA
containing an out-of-frame ATG near the 5’ end of the cDNA
were removed. These alterations were accomplished, as
outlined in Fig. 1, by double oligonucleotide mutagenesis in
an M13 single-stranded DNA phage vector. The cDNA was
then excised from the replicative form of the phage DNA and
blunt-end ligated into the unique Sma I site of the plasmid
coexpression vector pSC11 (33). The important features of
pSC11 include: the P7.5 promoter, which has early and late
vaccinia virus transcriptional regulatory signals; a unique
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Fic. 1. Construction of recombinant plasmids. BamHI linkers
were added to a cDNA copy of the RSV G glycoprotein gene, which
was then inserted into the replicative form (RF) of M13mp18 DNA
to produce the recombinant mp18 RSVG1. The latter was mutagen-
ized successively with oligodeoxynucleotide I at site I and oligode-
oxynucleotide II at site II to form mpl8 RSVG3 lacking the
homopolymer G and C sequences. The BamHI fragment from the
replicative form of mp18 RSVG3 was blunt ended and inserted into
the Sma I site of the coexpression vector pSC11 to produce pRSVG.
Open bar, RSV G gene; line, P7.5 and P11 vaccinia transcriptional
regulatory signals; filled bar, E. coli lacZ gene; hatched bar, left (1)
and right (g) segments of vaccinia virus TK gene. bp, Base pair;
SSDNA, single-stranded DNA.

Sma I site located just downstream of the P7.5 promoter for
insertion of a foreign gene; the Escherichia coli B-galactos-
idase gene controlled by the P11l promoter, which has
vaccinia virus late transcriptional regulatory signals; and
vaccinia virus TK gene sequences flanking all of the above to
direct homologous recombination into the TK locus of the
vaccinia virus genome. The plasmid pRSVG (Fig. 1) contains
the coding sequence for the RSV G glycoprotein oriented
correctly with respect to the P7.S promoter in pSC11. In this
construction, the first ATG codon that lies downstream of the
RNA start site is the one that naturally begins the open
reading frame.

Because of the large size of the vaccinia virus genome,
insertion of foreign DNA was accomplished by homologous
recombination. CV-1 cells were infected with wild-type
vaccinia virus and then were transfected with pRSVG. Serial
dilutions of progeny virus were then applied to monolayers of
TK™ cells in the presence of BrdUrd to select TK™ recom-
binant virus plaques. The latter were then distinguished from
spontaneous TK™ mutants by addition of X-Gal to the agar
overlay. Plaques that stained blue, due to expression of
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B-galactosidase, were picked and then plaque purified a
second time prior to preparation of virus stocks.

Expression of RSV G Glycoprotein. The recombinant vac-
cinia virus was conveniently identified on the basis of its
expression of B-galactosidase. Since the plasmid used for
transfection also contained the gene encoding RSV G glyco-
protein under control of a vaccinia virus promoter, the latter
protein also should be synthesized. To verify this and to
characterize the expressed protein, CV-1 cells were infected
with the recombinant virus and cell extracts were analyzed
by polyacrylamide gel electrophoresis. The resolved proteins
were transferred to nitrocellulose and the membrane was
incubated successively with rabbit anti-RSV serum and
125labeled staphylococcal protein A. Autoradiography re-
vealed a broad major protein band of about 93 kDa and a
minor one of about 60 kDa (Fig. 2A4). These bands were not
detected in extracts of CV-1 cells infected with wild-type
vaccinia virus (Fig. 24) or uninfected CV-1 cells (data not
shown). Furthermore, the 93-kDa protein migrated with
authentic G glycoprotein from extracts of HEp-2 cells infect-
ed with RSV (Fig. 24).

The size and somewhat diffuse nature of the major 93-kDa
band suggested that it was glycosylated. Also, since the
primary polypeptide was predicted to be only 32.5 kDa (11,
12), we suspected that the 60-kDa band was a less highly
glycosylated form of the G protein. To confirm that the two
forms of RSV G synthesized by the recombinant vaccinia
virus were glycosylated, infected cells were labeled with
[*Hlglucosamine and the cytoplasmic proteins that bound
specifically to rabbit anti-RSV serum were resolved by
polyacrylamide gel electrophoresis. Again, polypeptides of
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FiG. 2. Characterization of the RSV G protein synthesized by
recombinant vaccinia virus. (A) Protein blot analysis. CV-1 cell
monolayers were infected with wild-type or recombinant vaccinia
virus and HEp-2 cells were infected with RSV. After 16 hr, the cells
were lysed and the proteins were dissociated with mercaptoethanol
and NaDodSO, and resolved by electrophoresis in a 10% polyacryl-
amide gel. The proteins were transferred to nitrocellulose paper by
electroblotting and then incubated successively with rabbit anti-RSV
serum and »I-labeled protein A. An autoradiograph is shown. (B)
Immunoprecipitation. CV-1 cell monolayers were infected with
wild-type or recombinant vaccinia virus and HEp-2 cells were
infected with RSV and labeled with [*H]glucosamine for 16 hr. The
cells were lysed and the proteins were incubated with rabbit
anti-RSV serum. The immune complexes were adsorbed to
staphylococcal A cells and the bound proteins were resolved on a
10% polyacrylamide gel and autoradiographed. VV, extract of
vaccinia virus-infected CV-1 cells; VRSVG, extract of recombinant
vaccinia virus-infected CV-1 cells; RSV, extract of RSV-infected
HEp-2 cells; and M, size markers. Positions of RSV viral proteins are
indicated on the right and left.
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93 and 60 kDa were detected in extracts of cells that were
infected with recombinant virus but not wild-type vaccinia
virus (Fig. 2B). Several [*Hlglucosamine-labeled proteins
were immunopurified from RSV-infected HEp-2 cells. By
comparison with previous studies (7, 8), we identified the 93-,
48-, and 22-kDa bands as G glycoprotein and the F, and F;
products of the F glycoprotein, respectively. The 75-kDa
band is probably uncleaved F glycoprotein, although it could
also represent an incompletely glycosylated form of the G
glycoprotein. The significant result is the similar migrations
of authentic and recombinant-derived 93-kDa G glycoprotein
molecules.

Cell Surface Immunofluorescence. During a productive
RSV infection, the G glycoprotein is transported to the
plasma membrane, where virus budding occurs. Indirect
immunofluorescence was carried out to determine whether
the G glycoprotein made by recombinant vaccinia virus was
transported to the cell surface. CV-1 cells that had been
infected with wild-type or recombinant vaccinia virus were
fixed with formaldehyde to prevent permeabilization and
then incubated with monoclonal antibody to RSV G glyco-
protein. After incubation with a fluorescein-conjugated sec-
ond antibody, strong immunofluorescence was obtained only
with the recombinant virus-infected cells (Fig. 3). Negative
results also were obtained with uninfected CV-1 cells (not
shown).

Serologic Response. Cotton rats that were inoculated
intradermally with purified live vaccinia-RSV G recombinant
virus developed a high level of serum antibodies that bound
to the G glycoprotein (Table 1). This response, which was

Fi1G6. 3. Immunofluorescence. CV-1 cell monolayers were infect-
ed for 24 hr with wild-type or recombinant vaccinia virus, fixed with
formaldehyde, and then incubated successively with monoclonal
anti-RSV G and goat anti-mouse IgG-fluorescein conjugate. (A)
Control vaccinia virus-infected cells. (B) Recombinant vaccinia
virus-infected cells.
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Table 1. Immunization with vaccinia—-RSV G glycoprotein recombinant virus induces resistance to RSV in cotton rats
Mean reciprocal titer Response to i.n. inoculation of RSV
of serum antibody Mean titer! of virus, % of cotton rats
Neutral- logio(pfu per g) free of detectable
Immunization n ization* Anti-Gt Nose Lungs virus in lungs
RSV i.n. 8 1622 951 <2.0 <2.0 100
RSV i.d. 8 355 806 3.17 £ 0.28%  2.34 + 0.308 62
Vaccinia-RSV G i.d. 17 n 4175 3.33 = 0.238 2.11 + 0.08% 88
Vaccinia-influenza A H2 i.d. 11 26 116 4.5 +0.14 3.93 £ 0.26 9
None 13 <20 44 470 = 0.15 4.59 = 0.09 0

*Neutralization of RSV was determined by 60% plaque reduction.
tDetermined by ELISA using purified RSV G glycoprotein as antigen.

iTiter = SEM. Level of detectability was 1022,
§P < 0.001 compared to control group by ¢ test.

measured by ELISA, was 4- to 5-fold greater than that
observed after infection induced by i.n. or i.d. inoculation of
RSV. The levels of G antibodies measured in the sera of
unimmunized cotton rats or cotton rats immunized with a
vaccinia-influenza A H2 recombinant virus (19) represents
base-line values for this sensitive ELISA. As anticipated, the
RSV-infected cotton rats also developed serum ELISA
antibodies for the F glycoprotein of RSV, whereas the
animals that were infected with the vaccinia—-RSV G recom-
binant virus did not (data not shown).

Animals that received an i.d. inoculation with the vac-
cinia-RSV G recombinant virus developed a moderately high
level of serum neutralizing antibodies. This level was similar
to that observed after i.d. inoculation of RSV but was less
than one-fourth of that induced by RSV infection of the
respiratory tract (Table 1).

Resistance to RSV Infection. i.d. inoculation of cotton rats
with the vaccinia-RSV G recombinant virus induced almost
complete resistance to lower respiratory tract infection with
RSV 3 weeks later. Only 2 out of 17 animals had measurable
RSV in the lungs when tested on the fourth day after
challenge, and in those cases the titers were at the lowest
detectable level (Table 1). This degree of resistance to lower
respiratory tract infection was similar to that observed after
immunization with live RSV. ’

The route of immunization with RSV is most important
with regard to protection against upper respiratory tract
infection with RSV. Thus, the titer of RSV in the nose after
a challenge is lower if cotton rats have been immunized
intranasally rather than intradermally (Table 1). Similarly,
i.d. immunization with the vaccinia-RSV G recombinant
virus provided only partial protection against upper respira-
tory tract infection.

DISCUSSION

The G glycoprotein of RSV is an integral membrane protein
with unusual structural features. Its molecular mass deduced
from nucleotide sequence analysis is only 32,588 Da (11, 12),
yet it has an electrophoretic mobility that is appropriate for
a protein of about 90,000 Da (4, 5). This apparent discrepancy
has been attributed to extensive O-linked and more limited
N-linked glycosylation (7, 11, 12). Our use of a vaccinia virus
vector to express the 298 amino acid open reading frame
supported this interpretation. The immunologically reactive
product incorporated [*H]glucosamine and migrated with
authentic RSV G glycoprotein. A minor glycosylated species
of 60 kDa, however, was unique to the recombinant virus-
infected cells. Since this protein also was made by a second
recombinant vaccinia virus that was constructed with an
independently isolated cDNA, we do not believe that it was
caused by a mutational artifact of cloning. A 45-kDa precur-
sor of the G glycoprotein has been detected in RSV-infected

HeLa cells (7, 8). It seems likely, therefore, that the 60-kDa
protein represents an incompletely glycosylated intermediate
that accumulates in vaccinia virus-infected CV-1 cells.

The deduced amino acid sequence of the RSV G protein
revealed the absence of typical hydrophobic signal and
anchor sequences (11, 12). Instead, both transfer and anchor
functions have been attributed to a hydrophobic domain
located between amino acids 38 and 66. Nevertheless, the
possibility that a specific interaction with other RSV pro-
teins, such as glycoprotein F, is required for membrane
attachment was not ruled out. The present finding, that the
RSV G protein can be detected on the surface of recombinant
vaccinia virus-infected cells in the absence of other RSV
proteins supports the contention that it is an independently
transported membrane protein. Although not common, an
internal transport and anchor sequence is also found in
influenza virus neuraminidase (38) and some other membrane
proteins (39). Expression of the RSV G glycoprotein in a
vaccinia virus or other eukaryotic vector should make it
possible to use in vitro mutagenesis techniques to define the
parts of the protein that are important for membrane insertion
and function.

The wide host range of vaccinia virus and the retention of
infectivity by TK ™ recombinants make it possible to test the
immunological response in a variety of experimental animals.
The cotton rat was of particular interest since it has been
developed as a model for experimental RSV infection (40).
Although neither severe illness nor death is a consequence of
i.n. inoculation, RSV grows to relatively high titers in both
upper and lower respiratory tract tissues. Initial experiments
indicated that cotton rats could be vaccinated intradermally
with recombinant vaccinia virus and that the level of antibody
to the G glycoprotein was even higher than that made after
RSV infection. The level of neutralizing antibody obtained
was in the range considered to be highly protective (37) and
was similar to that produced when RSV was administered by
the same route but less than that achieved by i.n. inoculation
of RSV. An important distinction, however, is that the
neutralizing antibody produced by animals vaccinated with
the recombinant virus was specifically directed to the G
glycoprotein, whereas animals vaccinated with RSV could
have neutralizing antibody to both F and G glycoproteins.

After a single i.d. vaccination with recombinant vaccinia
virus, the cotton rats were resistant to lower respiratory tract
infection due to an i.n. challenge with RSV. However, i.d.
immunization with either recombinant vaccinia virus or RSV
did not completely prevent i.n. replication of RSV. Since
local immunity produced by i.n. inoculation with RSV
completely prevents both upper and lower respiratory tract
infection, the next step is to intranasally vaccinate with
recombinant vaccinia virus. Previous studies with a recom-
binant vaccinia virus that expresses the influenza virus
hemagglutinin demonstrated that i.d. vaccination protected
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against lower respiratory tract infection with influenza virus
and accelerated recovery from upper respiratory tract infec-
tion but that i.n. vaccination prevented infection at both
locations (41). In a clinical situation, resistance to upper
respiratory tract infection might not be necessary to prevent
severe disease. Moreover, a subsequent mild i.n. infection
could serve to boost immunity. If prevention of spread of
RSV is desired, however, resistance to both upper and lower
respiratory tract infections would be desirable.

The role, if any, of cell-mediated immunity to RSV in
experimental or natural infections is uncertain. It is known
that passive administration of antibody to cotton rats can
confer resistance to lower respiratory tract infections (9, 37,
42) and that the incidence or severity of disease in young
infants is inversely correlated with their maternally derived
antibody titer (43-45). Nevertheless, it seems likely that both
humoral and cell-mediated immunity are important for re-
covery from RSV infection, since the virus was secreted
persistently from children with either combined humoral or
only cellular immune defects (46). The presence of RSV-
specific memory cytotoxic T cells has been demonstrated in
spleens of mice primed intranasally with RSV (47). It remains
to be determined whether vaccinia virus recombinants that
express the G glycoprotein stimulate cell-mediated immunity
in mice. Also, construction of recombinant vaccinia viruses
that express other RSV proteins should allow us to determine
their roles in protective immunity.
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the manuscript.
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