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Several formulations of a recombinant chimeric respiratory syncytial virus (RSV) vaccine consisting of the
extramembrane domains of the F and G glycoproteins (FG) were tested in cotton rats to evaluate efficacy and
safety. The FG vaccine was highly immunogenic, providing nearly complete resistance to pulmonary infection
at doses as low as 25 ng in spite of inducing relatively low levels of serum neutralizing antibody at low vaccine
doses. Upon RSV challenge animals primed with FG vaccine showed quite mild alveolitis and interstitial
pneumonitis, which were eliminated by the addition of monophosphoryl lipid A to the formulation.

The quest for a safe and effective vaccine against respiratory
syncytial virus (RSV), now in its fourth decade, has alternately
focused on nonreplicating and replicating candidate vaccines
(reviewed in reference 12). The first vaccine to enter clinical
trials contained formalin-inactivated RSV (FI-RSV). The vac-
cine was moderately antigenic, but the unexpected develop-
ment of enhanced pulmonary disease in vaccinees subse-
quently undergoing natural RSV infection brought the trials to
an abrupt halt (6, 13, 17, 19) and raised general questions
concerning the safety of nonreplicating RSV vaccines that per-
sist to this day. Indeed, since 1965 no nonreplicating RSV
candidate vaccine has been permitted to be tested in immuno-
logically naive infants, a likely target population. By contrast,
replicating virus RSV vaccines have been plagued by genetic
instability (10, 18, 36), residual virulence (18), inadequate an-
tigenicity (35, 36), and the blocking effect of maternal antibody
(3, 26). Even if such obstacles could be overcome, a heat-stable
vaccine would still have the advantage of applicability in de-
veloping countries (and even some areas of developed coun-
tries) where the “cold chain” essential for replicating viral
vaccines cannot be assured. Several nonviral RSV vaccines
have also been evaluated, including a DNA plasmid that ex-
presses gene products intracellularly (20) and a live Staphylo-
coccus displaying G glycoprotein peptides (5), which replicates
extracellularly.

A number of nonreplicating RSV vaccines are under de-
velopment. These include chromatographically purified F gly-
coprotein (15, 24, 31), recombinant chimeric F and G glyco-
proteins (23), recombinant chimeric RSV-F—parainfluenza
virus—-HN glycoproteins (11), recombinant F glycoprotein (14)
and recombinant G glycoprotein (25), or a synthetic G glyco-
protein peptide (1).

We tested a recombinant chimeric vaccine consisting of the
extramembrane domains of the F and G viral glycoproteins.
Various formulations, differing in expression systems and ad-
juvants, have been tested using cotton rats, and questions of
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efficacy and safety are addressed. A similar but not identical
vaccine has been tested previously (4) but was shown to cause
enhanced pulmonary disease upon live virus challenge (7). The
same vaccine was previously tested in mice (23), which do not
develop lesions typical of enhanced disease as do cotton rats.

MATERIALS AND METHODS

FG antigen. The FG fusion protein used in this study is a chimeric construct
comprising the amino acid sequence from position 1 to position 526 of RSV F
protein and the amino acid sequence from position 69 to position 298 of RSV G
protein. It starts at the N-terminal signal sequence of F glycoprotein, followed by
the extracellular region of G glycoprotein, without the amino-terminal region
that contains the signal and/or anchor domain of G glycoprotein. The sequences
are from the A strains of RSV, the F glycoprotein from strain RSS-2 (2), and the
G glycoprotein from strain A2 (34). The construct is different than one previously
tested in cotton rats (33) but is the same as that tested in mice (23). The fusion
protein was expressed in Chinese hamster ovary (CHO) K1 cells (no designation)
or in baculovirus (designated FG/1) and purified to near homogeneity from cell
culture supernatant by chromatographic methods.

Vaccine formulation. The FG protein was adsorbed onto aluminum hydroxide
gel with or without the addition of 3-deacylated monophosphoryl lipid A (MPL)
(Ribi ImmunoChem Research, Inc., Hamilton, Mont.). The formulation that
includes both aluminum hydroxide and MPL is also known as adjuvant system
SBAS4 (32).

Animals. Inbred cotton rats (Sigmodon hispidus) were obtained from a colony
maintained at Virion Systems, Inc., Rockville, Md. The cotton rats were housed
in large polycarbonate rat cages with absorbent bedding and fed a diet of rodent
chow and water. The cotton rat colony was monitored for antibodies to
paramyxoviruses, RSV, and rodent viruses, and no such antibodies were found.
The animals were, on average, 5 weeks old and weighed 60 g at the time they
were used.

Viruses and cells. The prototype Long strain of RSV (RSV/Long; group A)
was obtained from the American Type Culture Collection (Manassas, Va.). A
pool containing 10%° PFU/ml was prepared in HEp-2 cell monolayers (also from
the American Type Culture Collection), grown and maintained in Eagle mini-
mum essential medium supplemented with 10% fetal bovine serum, antibiotics,
and glutamine. For quantifying virus by a plaque assay, tissue homogenates were
applied to HEp-2 cell monolayers, which were incubated and stained as de-
scribed previously (29).

Experimental design. Cotton rats were immunized by intramuscular injection
of 200 wl of vaccine, which was repeated 21 days later. Immunization by infection
was performed by the intranasal instillation of 100 pl of live virus under light
methoxyflurane anesthesia. At 49 days after the initial immunization, the animals
were anesthetized and challenged intranasally with 10° PFU of RSV/Long in a
volume of 100 pl. At intervals thereafter they were sacrificed by carbon dioxide
inhalation. These intervals have, in our experience, been most useful for evalu-
ating kinetics of viral replication (days 1, 2, and 5 postchallenge) and histopatho-
logic changes (days 2, 5, and 10) (30). Lungs and nasal tissues for viral quanti-
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FIG. 1. Neutralizing antibody response of cotton rats to various doses of
recombinant chimeric FG RSV vaccine after one or two doses, with the geomet-
ric mean * the SE and five animals per dosage level.

tation by a plaque assay were prepared as reported elsewhere (29). Lungs for
histologic study were inflated with neutral buffered formalin prior to paraffin
embedding, sectioning at a thickness of 4 wm, and staining with hematoxylin and
cosin (H&E).

Animals tested for their antibody response to RSV were bled from the retro-
orbital venous plexus under methoxyflurane anesthesia. Serum neutralizing an-
tibody was measured using a plaque reduction assay with a 60% endpoint as
described earlier (29).

Histologic analysis. Five parameters of pulmonary inflammatory changes were
scored in each lung section: peribronchiolitis, perivasculitis, bronchitis, alveolitis,
and interstitial pneumonitis. The scoring was done exactly as in a recent study
from our group (30). Prior to scoring, the slides were randomized and then read
blindly. The first three components were seen in all types of RSV infection,
primary, secondary, or vaccine-enhanced, while alveolitis and interstitial pneu-
monitis were specific to vaccine-enhanced disease. Each of these parameters was
scored separately for each histologic section, on a semiquantitative scale ranging
from 0 (no inflammation) to 4 (maximum inflammation). Although each was
scored using the same scale, the scores are relative and are valid only for
comparing the same parameter in different sections and not for comparing
different parameters within a section. Lesion scores were expressed as the arith-
metic mean for groups.

Statistical analysis. Viral titers were expressed as the geometric mean * the
standard error (SE) for all animals in a group at a given time. Histologic findings
were expressed as the arithmetic mean = the SE. Differences between groups
were evaluated by using the Student ¢ test of summary data.

RESULTS

A preliminary experiment examined the immunogenicity of
graded doses of FG ranging from 0 to 625 ng, with each
preparation containing alum. Animals were immunized on
days 0 and 21, challenged intranasally on day 49 with 10° PFU
of RSV/Long, and sacrificed 5 days thereafter.

Neutralizing antibody responses (Fig. 1) were dose depen-
dent, with a clear booster effect seen at doses of 25, 125, and
625 ng. Peak antibody titers at the highest dose of FG vaccine
approximated those required for passive pulmonary prophy-
laxis using purified immunoglobulin G (27).

FG vaccine was highly effective in reducing viral replication
in the lungs (Fig. 2). A dose of 625 ng resulted in undetectable
levels of virus by day 5 postchallenge, the time of peak titers in
untreated animals. However, even in these animals, low levels
of virus were seen in the lungs on day 1. Doses of 25 and 125
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ng effected highly significant reductions in virus (P < 0.005),
while doses of 1 and 5 ng had no effect. FG vaccine was less
effective in nasal prophylaxis. Day 1 nasal postchallenge viral
titers paralleled those of the lungs, with a =10-fold decrease in
titers from control values at doses of 125 ng or higher (data not
shown). By day 5, nasal titers had increased in all dosage
groups, although at higher FG doses titers were still reduced in
comparison with untreated animals. No animals were virus-
free at this site on day 5.

Based upon the results of the preliminary experiment, an
intermediate FG dose of 25 ng was used for subsequent ex-
periments. This dose was chosen so that the issue of safety
could be addressed under the most stringent experimental
conditions, wherein significant viral replication occurred in the
milieu of a subprotective response to vaccination. Our prior
work showed that enhancement following immunization with
FI-RSV was maximal under such conditions (21). We will focus
on four vaccine formulations: FG (expressed in Cho cells) with
Al(OH); with or without MPL and FG/1 (expressed in bacu-
lovirus) with Al(OH); with or without MPL. These four for-
mulations were compared with four control groups to deter-
mine relative efficacy and safety: unimmunized animals
undergoing primary RSV infection; previously infected ani-
mals receiving a second intranasal challenge; and animals im-
munized intramuscularly with FI-RSV, either undiluted or at a
1:10 dilution, as in our earlier report (28). Additional animals
that received neither pretreatment nor intranasal viral chal-
lenge were evaluated for background levels of histopathology,
and no significant inflammation of any type was seen in the
lungs of these animals (data not shown).

Animals receiving FG formulations or FI-RSV were immu-
nized on days 0 and 21; those pretreated with RSV intranasally
received virus on day 0. All groups were bled for serologic
study on days 0, 21, and 49. On day 49 all groups were chal-
lenged intranasally with live RSV. On days 50, 51, 54, and 59
(1, 2, 5, and 10 days after challenge) animals from each group
were sacrificed for virologic and histopathologic studies.
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FIG. 2. Pulmonary viral titers in cotton rats immunized with two doses of
various amounts of recombinant chimeric FG RSV vaccine as shown in Fig. 1,
challenged with RSV and sacrificed 5 days after challenge, with the geometric
mean * the SE (n = 5 cotton rats per dosage level).
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FIG. 3. Neutralizing antibody titers in cotton rats after one or two 25-ng
doses of various formulations of RSV recombinant chimeric FG vaccine, forma-
lin-inactivated whole-virus RSV vaccine, or infection with live virus, with the
geometric mean * the standard deviation (n = 10 cotton rats per treatment).

Neutralizing serum antibody responses are depicted (Fig. 3).
In comparison to postinfection titers, neither the FG formula-
tions nor FI-RSV was strongly antigenic, with primary (day 21)
and boosted (day 49) neutralizing antibody titers 1 order of
magnitude lower. There were no significant differences in an-
tibody titers within either FG formulation due to the addition
of MPL. In spite of low neutralizing antibody titers, however,
all of these groups showed reduced levels of pulmonary viral
replication (Fig. 4) but not reduced levels of nasal replication
(data not shown). The addition of MPL to either FG formu-
lation did not increase or decrease significantly its effect on the
virus titer, although an insignificant trend was seen when MPL
was added to FG/1. FG and FG/1 reduced pulmonary viral
titers to the same degree at all time points. Similarly, FG +
Al(OH); + MPL compared favorably with FG/1 + Al(OH); +
MPL except on day 5, at which the latter was slightly less
effective (P < 0.05).

Peribronchiolitis, seen in all eight groups of animals, was the
most prominent of the histologic lesions and was not related to
the magnitude of viral replication (Fig. 5). Indeed, the animals
with the highest viral titers (previously untreated) had slightly
lower levels of peribronchiolitis than other groups, a finding
consistent with our earlier report (30). There were no statisti-
cally significant differences in the magnitude of peribronchioli-
tis between any of the groups. Perivasculitis and bronchitis,
though less prominent, were similarly seen in all groups (data
not shown).

In sharp contrast were alveolitis (Fig. 6) and, though less
prominent, interstitial pneumonitis (data not shown). These
lesions were seen primarily in animals immunized with FI-RSV
and, as shown in our prior report, appear to be the histologic
markers of vaccine-enhanced RSV disease (30). Alveolitis was
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FIG. 4. Pulmonary virus titers in cotton rats after two 25-ng doses of various
formulations of RSV recombinant chimeric FG vaccine, formalin-inactivated
whole-virus RSV vaccine, or infection with live virus, followed by live-virus
challenge, with the geometric mean = the SE (n = 3 to 4 cotton rats per
treatment and day of sacrifice).

also seen, though to a much smaller extent (P < 0.05 to P <
0.001), in animals immunized with the FG formulations not
containing MPL. Addition of MPL to either of these formu-
lations completely eliminated alveolitis but had no significant
effect on peribronchiolitis (Fig. 5). The lack of alveolitis in an
animal immunized with a FG vaccine containing MPL and
challenged with RSV is illustrated (Fig. 7A). This can be con-
trasted with the extremely mild alveolitis in an animal immu-
nized with FG vaccine not containing MPL and challenged
with RSV (Fig. 7B) and the marked alveolitis and mild inter-
stitial pneumonitis seen in an animal immunized with FI-RSV
vaccine and challenged with live virus (Fig. 7C).

DISCUSSION

This study addresses two separate issues regarding a non-
replicating RSV vaccine: its efficacy and its safety. The sepa-
ration between these issues is highlighted by the fact that in
this and previous reports (21, 22, 28) immunization with FI-
RSV, although leading to enhanced histopathology, actually
reduced viral titers upon subsequent challenge by >90%.

The present preparation of FG, a chimeric recombinant
glycoprotein incorporating the extramembrane domains of the
F and G glycoproteins of RSV, is highly immunogenic. Doses
of as low as 25 ng elicit a measurable serum neutralizing an-
tibody response and reduce pulmonary virus, upon subsequent
intranasal challenge, by >90%. Doses of as low as 625 ng result
in undetectable levels of pulmonary virus on day 5 postchal-
lenge, the time of peak titers in control animals, a reduction of
>1,000-fold. The mechanisms underlying FG-induced protec-
tion are not yet defined but probably involve both humoral and
cellular effectors. This assumption is sustained both by the fact
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FIG. 5. Peribronchiolitis in cotton rats after two 25-ng doses of various for-
mulations of RSV recombinant chimeric FG vaccine, formalin-inactivated
whole-virus RSV vaccine, or infection with live virus, followed by live-virus
challenge, with the arithmetic mean * the SE (n = 3 to 4 cotton rats per
treatment and day of sacrifice).

that lungs can be protected completely even though serum
antibody levels fall somewhat below those required for protec-
tion by antibody alone (27) and by the finding that groups
which are virus-free at the time of peak infectivity in control
animals (day 5) have measurable virus at day 1, a pattern
consistent with cell-mediated viral clearance.

We previously demonstrated that a dose of FI-RSV that
protected fully against pulmonary viral replication did not lead
to enhanced disease, while smaller doses of FI-RSV in the
same experiment did lead to enhancement (21). Therefore, in
order to apply stringent conditions to the testing of the safety
of the FG formulations, we employed a relatively low dose of
FG vaccine of 25 ng, which elicited a low to moderate antibody
response and reduced pulmonary viral titers approximately
10-fold but allowed for the same level of viral replication that
resulted in enhanced disease in the FI-RSV-immunized
groups.

As noted previously, some types of inflammation were seen
in all groups of animals, whether immunized parenterally with
FG or FI-RSV, rechallenged following prior intranasal infec-
tion, or undergoing primary RSV infection. This was true for
peribronchiolitis, perivasculitis, and bronchitis and is demon-
strated most dramatically by comparing primary infection with
rechallenge of previously infected animals. Animals undergo-
ing primary infection had the highest levels of viral replication
of any group, yet the same level of peribronchiolitis as in
animals undergoing rechallenge, from which no infectious vi-
rus could be recovered. We presume the latter group to be
analogous to humans undergoing secondary RSV infection,
which uniformly results in milder clinical disease than primary
infection (16). We further infer that exposure of pulmonary
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tissues to viral antigens, whether or not it leads to productive
infection, results in inflammatory changes that, though likely
subclinical, are nonetheless visible on histologic sections. In
the absence of any known data concerning the histopathology
of human lungs in nonfatal RSV infection, we speculate that
the difference in clinical disease in primary versus secondary
RSV infection is related more to the pattern and magnitude of
the acellular response of the host (cytokines and chemokines)
than to the histopathology of the lungs.

In sharp contrast to peribronchiolitis, perivasculitis, and
bronchitis are alveolitis and interstitial pneumonitis, the hall-
marks of FI-RSV-enhanced disease (30). These were absent in
primary infection and nearly so in secondary infection and yet
prominent in animals receiving either dose of FI-RSV. It is
significant that a small degree of alveolitis (but not interstitial
pneumonitis [data not shown]) was seen with both FG formu-
lations not containing MPL. The demonstration that MPL
completely eliminated alveolitis suggests a profile of safety of
the vaccine. Indeed, MPL can eliminate alveolitis in animals
immunized with FI-RSV (G. A. Prince, unpublished data).

Preliminary evidence suggests that the enhanced disease
caused by FI-RSV is associated with a Th2-type immune re-
sponse in mice (8). RSV vaccine formulations containing MPL
have shown a tendency to shift the immune response toward a
Th1 profile in mice (23) and presumably away from a profile
associated with enhanced disease. Full evaluation of the mech-
anisms underlying FI-RSV-enhanced disease is not likely to
occur using the mouse model, as it lacks important correlates
of the enhanced disease process that were seen in humans (9),
while the cotton rat exhibits such correlates. Therefore, we are
preparing cotton rat-specific reagents which will allow us to
quantitate a variety of Thl- and Th2-associated cytokines in
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FIG. 6. Alveolitis in cotton rats after two 25-ng doses of various formulations
of RSV recombinant chimeric FG vaccine, formalin-inactivated whole-virus RSV
vaccine, or infection with live virus, followed by live-virus challenge, with the
arithmetic mean * the SE (n = 3 to 4 cotton rats per treatment and day of
sacrifice).
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FIG. 7. (A) Lack of alveolitis in a cotton rat immunized twice with 25 ng of
recombinant chimeric FG RSV vaccine, to which MPL was added, and chal-
lenged with RSV 5 days previously. The alveoli are indistinguishable from those
in unmanipulated animals or those with a primary RSV infection. (B) Very mild
alveolitis in a cotton rat immunized twice with 25 ng of recombinant chimeric FG
RSV vaccine without MPL and challenged with RSV 5 days previously. (C)
Alveolitis in a cotton rat immunized with formalin-inactivated RSV vaccine and
challenged with RSV 5 days previously. Cells, predominantly polymorphonuclear
leukocytes, are free in the alveolar space, and the alveolar walls are thickened.
Samples were H&E stained. Magnification, X 140.

order to characterize the immune response to FI-RSV and FG
formulations and the change in immunologic profile induced
by the addition of MPL to such formulations.
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