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Following respiratory syncytial virus (RSV) challenge, mice immunized with RSV G or with formalin-
inactivated RSV (FI-RSV) exhibit severe disease associated with type 2 cytokine production and pulmonary
eosinophilia. This has led to the proposal that the presence of RSV G is the factor in FI-RSV that induces
disease-enhancing T-cell responses. Therefore, we evaluated the role of RSV G and its immunodominant region
in the induction of aberrant immune responses during FI-RSV immunization. BALB/c mice were immunized
with FI preparations of wild-type (wt) RSV or recombinant RSV (rRSV) containing deletions of (i) the entire
G gene, (ii) the region of the G gene encoding amino acids 187 to 197 of the immunodominant region, or (iii)
the entire SH gene. After challenge, illness, RSV titers, cytokine levels, and pulmonary eosinophilia were
measured. Peak RSV titers postchallenge were significantly greater in mice immunized with FI preparations
of the deletion viruses than in those immunized with FI-rRSV wt, suggesting that the absence of G or SH in
FI-RSYV reduced its protective efficacy. Deletion of G or its epitope did not reduce illness, cytokine production,
or eosinophilia relative to that in mice immunized with FI-rRSV wt. While cytokine levels and eosinophilia were
similar, illness was reduced in mice immunized with SH-deleted FI-RSV. These data suggest that G-specific
immune responses may be important for vaccine-induced protection and are not solely the basis for FI-RSV
vaccine-enhanced illness. These data suggest that the method of RSV antigen delivery, rather than the protein
composition, influences the phenotype of the induced immune responses and that RSV G should not neces-

sarily be excluded from potential vaccine strategies.

Respiratory syncytial virus (RSV) is a member of the
Paramyxoviridae family of viruses. The negative-sense single-
stranded RNA genome contains 10 genes that encode 11 pro-
teins (15). Three proteins are present on the surface of the
virus and of virally infected cells. The fusion (F) glycoprotein
mediates fusion of the virus to the host cell during viral entry
and, late in infection, between infected cells and their unin-
fected neighbor to form the characteristic syncytia. RSV G, the
putative attachment protein, is naturally expressed as both a
membrane-anchored and a secreted form (18, 46). RSV exists
as two antigenic subgroups, A and B, with the greatest diver-
gence occurring in RSV G (22, 23, 36). RSV F and G are the
only significant neutralization antigens, and previous studies
suggest that these are the major protective antigens (6). A
third glycoprotein is expressed on the surface of the virus and
of infected cells, the small hydrophobic (SH) protein, although
a definitive function has not been identified for RSV SH to
date. Thus, these three surface RSV proteins, especially the F
and G glycoproteins, should be considered for inclusion in any
vaccine regimen.

RSV is the major cause of respiratory disease in infants and
young children, resulting in >120,000 hospitalizations in the
United States each year (50). Most infants infected with RSV
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are symptomatic, and a significant fraction experience lower
respiratory tract disease, but serious disease requiring hospi-
talization is relatively infrequent and is estimated to have an
incidence rate of 0.5% (50). Infants and children who develop
lower respiratory tract disease during infection with RSV have
an increased incidence of childhood asthma, with frequencies
ranging from 23 to 60% compared to 1 to 19% of children with
mild RSV disease (34, 35, 51, 68). Although passive antibody
prophylaxis is available for selected high-risk groups of infants,
its use is limited by expense. Therefore, development of an
RSV vaccine is of high priority.

In the early 1960s clinical trials of formalin-inactivated alum-
precipitated RSV (FI-RSV) were conducted. However, rather
than being protected against infection, children immunized
with the FI-RSV preparation experienced a greater incidence
and greater severity of disease following subsequent natural
exposure to the virus, resulting in hospitalization of 80% of
FI-RSV-immunized infants and two deaths compared to 5%
hospitalization in children immunized with a similar prepara-
tion of parainfluenza virus (27, 30). Subsequent analyses of
blood from these children demonstrated significant titers of
nonneutralizing serum antibody (30) and heightened lympho-
proliferative responses (31). Histopathologic examination of
lung tissue from one of the infants who died revealed eosino-
philia (14, 30). Animal models of RSV pathogenesis have sim-
ilarly demonstrated enhanced disease in FI-RSV-immunized
animals following challenge with live RSV (8, 12, 38, 45). This
vaccine-enhanced disease is typified by pulmonary eosinophilia
and the production of type 2 cytokines, especially interleukin-4
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(IL-4) and IL-5. Interference with the function of these cyto-
kines decreases disease severity (8, 24, 26, 56-58), underscor-
ing their importance in mediating FI-RSV vaccine-enhanced
immunopathogenesis.

Recombinant vaccinia viruses expressing RSV G induce
CD4™" T cells that secrete IL-4, IL-5, and 1L-13 and result in
pulmonary eosinophilia upon RSV challenge of vaccinated
mice (1, 16, 25, 40, 53, 54). Mice immunized with vaccinia virus
expressing only the secreted form of RSV G (vvGs) exhibit
more severe disease after challenge than do mice immunized
with vaccinia virus expressing wild-type (vwvGwt) or only mem-
brane-anchored (vwGr) RSV G (1, 25). In vitro analyses have
shown that T cells from BALB/c mice immunized with RSV G
respond to a single peptide spanning amino acids (aa) 184 to
198 (55, 59) or aa 193 to 203 (52) of RSV G and produce both
type 1 and type 2 cytokines following peptide stimulation.
Immunization of BALB/c mice with this immunodominant
epitope of RSV G is sufficient to induce those immune re-
sponses that result in enhanced disease following RSV chal-
lenge (59). This immunodominant region in RSV G has also
been shown to encompass the linear heparin-binding domain
(aa 187 to 197) in subgroup A RSV (11). These similar disease
patterns of type 2 cytokine production and pulmonary eosin-
ophilia following RSV challenge of FI-RSV- or G-immunized
mice led to the proposal that it is the presence of RSV G in
FI-RSV that predisposes for the vaccine-enhanced illness ob-
served (17, 44, 67).

One approach to RSV vaccine development has been the
generation of attenuated viruses. Cold passage of RSV gener-
ated the ¢p52 virus, which contains a spontaneous deletion of
both the RSV G and SH glycoproteins as well as five coding
changes in the F and polymerase (L) proteins (9, 29). Charac-
terization of this virus demonstrated that the G and SH pro-
teins were not required for growth in vitro, but the virus grew
poorly and was highly attenuated in vivo. Immunization of
mice with an FI preparation of this virus resulted in reduced
eosinophilia and reduced IL-4 and IL-5 production following
challenge (64). Additionally, primary infection of BALB/c mice
with ¢p52 resulted in decreased production of substance P (65)
and increased levels of Thl-enhancing chemokines (62) rela-
tive to those in mice infected with the wt B1 parental virus.
These data may be interpreted as strengthening the suggestion
that RSV G was the basis for the vaccine-enhanced disease
observed with FI-RSV immunization, although a role for RSV
SH could not be excluded. Additionally, the interpretation of
these experiments is complicated by the poor growth of sub-
group B RSV in mice and the presence of additional mutations
in the ¢p52 virus.

Development of the reverse genetics system for RSV (5)
provides a method by which the role of individual RSV pro-
teins can be examined systematically in the context of an RSV
infection with the use of a single RSV genetic background. By
use of these engineered viruses, it has been shown that RSV G
is not required for infection in vitro but is required for efficient
RSV growth in vivo (28, 60, 61). Similarly, RSV lacking the SH
glycoprotein grows well in vitro, producing syncytia as large as
or larger than those of wt virus (3, 21, 28, 60). However, the
growth of SH-deleted virus in vivo is attenuated in multiple
animal models (3, 21, 69). In this paper we used recombinant
RSV (rRSV) lacking RSV G, the immunodominant region of
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RSV G, or RSV SH to prepare FI immunogens. Immunization
of mice with these vaccine products followed by intranasal
challenge with live wt RSV allowed us to examine the contri-
bution of each viral component to vaccine-enhanced disease.

MATERIALS AND METHODS

Viruses and vaccine formulations. Recombinant wt RSV (rRSV wt) was con-
structed by reverse genetics and is based on the RSV A2 strain (5). rRSVs were
previously constructed and characterized that contained a deletion of the G gene
(rRSV AG) (61), a deletion of the heparin-binding domain of the G gene (aa 187
to 197) contained within the immunodominant region of aa 184 to 198 (rRSV
Gep ™) (61), or deletion of the SH gene (rRSV ASH) (2). These recombinant
viruses, in addition to wt RSV A2, were grown in Vero cells (American Type
Culture Collection) in Eagle’s modified essential medium supplemented with
10% fetal calf serum, glutamine, and antibiotics (10% Eagle’s modified essential
medium). FI alum-precipitated stocks of each virus were prepared as previously
described with final stocks containing no fetal calf serum (12). As a control,
clarified supernatant from mock-infected Vero cells was also FI. An RSV chal-
lenge stock was grown in HEp-2 cells as previously described (13). All virus
stocks were shown to be free of mycoplasma contamination by PCR (American
Type Culture Collection).

Immunization and challenge of mice. Six-week-old pathogen-free BALB/c
mice were purchased from Charles River Laboratories. Mice were immunized
intramuscularly with 0.1 ml of FI-Vero, FI-rRSV wt, FI-rRSV AG, FI-tRSV
Gep~, or FI-rRSV ASH, diluting the FI stocks 1:10 in 1X phosphate-buffered
saline. Each dose contained virus equivalent to 1.6 X 10° to 4.6 X 10° PFU per
ml prior to formalin inactivation. Six weeks later the mice were challenged
intranasally with 107 PFU of live RSV A2 in 0.1 ml. Following challenge the mice
were weighed daily. The data are expressed as the percentages of the base
weights at day 0 of challenge.

RSV titers. Four and seven days postchallenge subsets of mice were eutha-
nized. The lungs were removed into 10% Eagle’s modified essential medium and
quick-frozen. The lungs were stored at —80°C until assayed, at which point they
were quick-thawed and ground with a mortar and pestle, and the supernatant was
collected. RSV titers in the supernatants were measured by plaque assay on
subconfluent HEp-2 monolayers as previously described (25). The data are
expressed as the log;, PFU per gram of lung tissue.

Cytokine protein levels in the lung. IL-4, IL-5, IL-13, gamma interferon (IFN-
v), eotaxin, macrophage-inactivating protein la (MIP-1a), and MIP-1B protein
levels were measured by cytokine-specific sandwich enzyme-linked immunosor-
bent assays (ELISA) (R&D Systems, Minneapolis, Minn.) with the lung super-
natants after viral plaque assays were completed. The data are expressed as
picograms per milliliter.

Bronchoalveolar lavage (BAL). Seven days after challenge a subset of mice
from each group was euthanized. A tracheotomy was performed, and the large
airways were washed with 0.5 ml of phosphate-buffered saline containing 1%
bovine serum albumin. The BAL wash was centrifuged, and the supernatant was
removed. The BAL pellet was resuspended, total cell counts of the BAL cell
pellet were made by trypan blue exclusion, and cytospins were made with the
remaining sample. The cytospins were stained with HemaStain, and differential
cell counts were determined by counting at least 300 total cells. The data are
expressed as the percentages of eosinophils.

Lung histopathology. Seven days after challenge mice were euthanized. The
left lungs were inflated with 10% formalin and removed into formalin. The tissue
was paraffin embedded, and thin sections were cut. Sections were stained with
hematoxylin and eosin or with Giemsa stain.

Statistical analysis. Data were maintained in a Paradox database. Compari-
sons between immunization groups were made with a Kruskal-Wallis test with
SAS software. P < 0.05 was defined as a statistically significant difference.

RESULTS

Illness is not reduced in mice immunized with FI-rRSV AG
or FI-rRSV Gep~ following RSV challenge but is reduced in
FI-rRSV ASH-immunized mice. Mice were immunized with FI
preparations of rRSV lacking RSV G, lacking the immuno-
dominant region of RSV G, or lacking RSV SH. After chal-
lenge with live RSV, the mice were weighed daily. All mice
immunized with FI-rRSV preparations had an early onset (day
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FIG. 1. Weight loss in FI-rRSV-immunized mice following chal-
lenge with live RSV. Mice were immunized with FI preparations of
rRSV and challenged with live RSV 6 weeks later. FI-Vero, consisting
of formalin-treated supernatant from mock-infected Vero cells, was
used as a negative control. Following RSV challenge mice were
weighed daily, and weights were normalized to the base weight at day
0.n = 10 at days 0 to 7 and 5 at days 8 to 10. *, value for FI-rRSV
ASH-immunized mice statistically less than that for FI-rRSV wt-im-
munized mice, P < 0.05; **, values for all FI-rRSV-immunized groups
statistically greater than that for FI-Vero-immunized mice, P < 0.05;
#*% value for FI-rRSV AG-immunized mice statistically less than that
for FI-rRSV wt-immunized mice, P < 0.05.

2) of weight loss relative to control mice immunized with a
mock FI preparation made from uninfected cell supernatant
(FI-Vero), and the FI-rRSV-immunized mice exhibited statis-
tically greater weight loss than did FI-Vero-primed mice at day
5 postchallenge (Fig. 1, P < 0.05). Relative to mice immunized
with FI-rRSV wt, mice immunized with FI-rRSV AG or FI-
rRSV Gep™ had essentially the same severity of illness, except
at day 4, when the reduced weight loss was statistically signif-
icant in mice immunized with FI-tRSV AG (P < 0.05). In
contrast, at days 4 to 8 after challenge, mice immunized with
FI-rRSV ASH had statistically significantly less weight loss
than did mice immunized with FI-rRSV wt (Fig. 1, P < 0.05).
These data demonstrate that elimination of RSV G or its
immunodominant region from FI-RSV preparations did not
reduce the severity of illness after live RSV challenge. Thus,
immunogenic factors other than the antigenic composition or
its mode of administration must be responsible for the gener-
ation of these immune responses. Interestingly, these data sug-
gest that the presence of the SH glycoprotein may contribute
to disease-enhancing immune responses resulting in severe
illness in BALB/c mice. However, while the elimination of SH
from the FI-RSV preparation was associated with reduced
illness, disease was not prevented nor was recovery acceler-
ated, demonstrating that the presence of RSV SH alone is not
responsible for the severe illness observed in FI-RSV-immu-
nized mice.

Deletion of RSV G, the G epitope, or RSV SH from FI-RSV
reduces protection against RSV challenge. In the BALB/c
mouse model of RSV infection, peak viral replication occurs 4
days after primary RSV infection, and virus clearance occurs
between days 7 and 9. To assess the level of protection against
RSV challenge in FI-rRSV-immunized mice, viral titers in the
lung were measured at days 4 and 7 postchallenge. Immuniza-
tion with any FI-rRSV preparation resulted in statistically sig-
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FIG. 2. RSV titers in FI-rRSV-immunized mice following chal-
lenge with live RSV. Five mice from each group of FI-rRSV-immu-
nized mice were euthanized on day 4 and on day 7 postchallenge. Viral
titers in the lung tissue were measured by plaque assay on subconfluent
HEp-2 monolayers. Data represent the means * standard deviations
of the log;, PFU per gram of lung tissue. *, value for FI-Vero-immu-
nized mice statistically greater than those for all FI-rRSV-immunized
groups at day 4, P < 0.05; **, value statistically greater than that for
FI-rRSV wt-immunized mice at day 4, P < 0.05.

nificant reductions in peak viral titers at day 4 compared to
those for mice immunized with FI-Vero (Fig. 2, P < 0.05).
However, mice immunized with FI-rRSV AG, FI-rRSV Gep™,
or FI-rRSV ASH had viral titers that were statistically greater
than those in mice immunized with FI-rRSV wt (P < 0.05). At
day 7 postchallenge mice immunized with any FI-rRSV prep-
aration had no detectable virus in the lung, whereas virus
shedding was still detectable in the lungs of mice immunized
with FI-Vero. Therefore, conclusions cannot be made from
these studies about the relative abilities of FI-rRSV AG, FI-
rRSV Gep™, or FI-rRSV ASH to accelerate viral clearance
relative to wt FI-rRSV. However, these data suggest that the
presence of RSV G or SH increases the magnitude of protec-
tive antiviral immune responses that are generated during FI-
RSV immunization.

Immunization with FI-RSV lacking RSV G, the immuno-
dominant region of RSV G, or RSV SH does not reduce pul-
monary eosinophilia following RSV challenge. Immunization
with FI-RSV (12, 38), with vaccinia virus expressing the entire
RSV G glycoprotein (16, 40, 53, 54) or only secreted RSV G (1,
24-26), or with a peptide representing the immunodominant
epitope of RSV G (55) results in pulmonary eosinophilia fol-
lowing challenge with live RSV. We sought to determine
whether RSV G, the immunodominant region of RSV G, or
RSV SH is the factor in FI-RSV that predisposes for eosino-
phil infiltration. Seven days after challenge of mice immunized
with the various FI-rRSV preparations or FI-Vero, mice were
euthanized, and BAL was performed. Differential staining of
the BAL cells demonstrated profound eosinophilia in mice
primed with any FI-rRSV immunogen (Fig. 3, P < 0.0002
compared to FI-Vero-immunized mice). Mice immunized with
FI-rRSV lacking RSV G, its immunodominant region, or RSV
SH had eosinophil levels similar to those of mice immunized
with FI-rRSV wt. These data demonstrate that it is not merely
the presence or absence of RSV G or SH during FI-RSV
priming that predisposes for severe disease following subse-
quent RSV exposure.
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FIG. 3. BAL eosinophilia in FI-rRSV-immunized mice following
challenge with live RSV. Seven days after RSV challenge FI-rRSV-
immunized mice were euthanized, and BAL was performed. Cytospins
were prepared with the BAL cells and differentially stained with He-
maStain. Data are represented as the means * standard deviations of
the percentages of eosinophils present in at least 300 cells counted. n
= 5 mice per group. All FI-rRSV-immunized mice had statistically
greater percentages of eosinophils than did FI-Vero-immunized con-
trols (P < 0.05).

Significant levels of type 2 cytokines and chemokines are
produced in the lung in FI-rRSV-immunized mice following
RSV challenge. Protein levels of cytokines and chemokines in
the lungs were measured 4 and 7 days after challenge of im-
munized mice by ELISA. Production of IL-4, IL-5, IL-13,
IFN-v, eotaxin, MIP-1a, and MIP-1B was examined in lung
supernatants (Tables 1 and 2, respectively). At day 4 postchal-
lenge (Table 1) the levels of IL-4, IL-5, IL-13, IFN-y, eotaxin,
MIP-1a, and MIP-1B detected in lung samples from mice
immunized with FI-rRSV wt were statistically greater than
those of mice primed with the FI-Vero negative control (P <
0.05). Similarly, these cytokines and chemokines were statisti-
cally elevated in mice immunized with FI-rRSV AG, FI-rRSV
Gep, and FI-rRSV ASH (P < 0.05 compared to FI-Vero).
Generally, the levels of cytokines and chemokines produced in
these priming groups were not significantly different from the
levels in mice immunized with FI-rRSV wt. The only statisti-
cally significant differences from mice immunized with FI-
rRSV wt were as follows: the levels of eotaxin were statistically
lower in FI-rRSV AG-immunized mice, and levels of IL-5,
eotaxin, and MIP-1B were statistically lower in mice immu-
nized with FI-rRSV Gep . This may indicate that RSV G or its
immunodominant region contributes to the induction of those
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immune responses resulting in type 2 cytokine production fol-
lowing live virus challenge. However, it should be noted that,
while the reductions in these groups compared to those immu-
nized with FI-rRSV wt were statistically significant, the de-
creases were small, and the cytokine levels remained consid-
erably higher than the levels in FI-Vero-primed mice. While
the cytokine and chemokine levels were sufficient to induce
similar levels of eosinophil recruitment in all FI-rRSV-immu-
nized mice, statistically significant differences in IL-5 and
eotaxin levels may result in functional differences in the eosin-
ophils, since both IL-5 and eotaxin may be involved in eosin-
ophil activation (37, 47). These data suggest that priming for
the induction of type 2 cytokines is not solely dependent upon
the presence of RSV G or its immunodominant region but is
dependent upon other factors.

At day 7 postchallenge cytokine and chemokine protein lev-
els were also measured (Table 2). The levels of IL-4 in all
FI-rRSV-immunized groups were essentially the same as those
in the FI-Vero negative control. Each of the FI-rRSV-primed
groups had elevated levels of IL-5 compared to those of the
FI-Vero control, but this increase was statistically significant
only for the groups immunized with FI-rRSV wt or with FI-
rRSV AG. The levels of IL-13 were higher in each of the
FI-rRSV-immunized animals than in the FI-Vero control, al-
though the difference was statistically significant only in the
case of FI-rRSV AG-immunized mice. Mice immunized with
any of the FI-rRSV preparations still had statistically higher
levels of eotaxin (P < 0.05 relative to FI-Vero-primed mice).
In contrast, all FI-rRSV-immunized mice had statistically
lower levels of IFN-y, MIP-1«, and MIP-1pB in lung superna-
tants at day 7 relative to FI-Vero-immunized mice. Impor-
tantly, there were no significant differences detected between
FI-rRSV wt-immunized mice and all other FI-rRSV-immu-
nized mice for any cytokine or chemokine measured at day 7.
It should be noted that we consider the changes in cytokine
and chemokine expression that occurred at day 4 to be of
greater functional significance since the cytokine and chemo-
kine signals generated around day 4 are the inflammatory
signals that subsequently result in eosinophil recruitment and
disease at day 7. However, the data from each day demonstrate
that priming for type 2 cytokine production was similar be-
tween FI-rRSV wt and the FI-rRSV preparations lacking RSV
G, its immunodominant region, or RSV SH.

TABLE 1. Day 4 cytokine and chemokine levels

Value for mice immunized with®:

Cytokine or

chemokine FI-Vero FIrRSV wt FItRSV AG FItRSV Gep~ FI-tRSV ASH
IL-4 19.8 = 1.8 196.8 + 12.17 (1.0) 147.5 + 83" (0.75) 165.0 + 20.8” (0.84) 184.6 + 15.8" (0.94)
IL-5 50.3 £16.2 295.8 = 19.6° (1.0) 223.3 = 17.3° (0.75) 204.8 + 17.37¢ (0.69) 245.1 + 25.8° (0.83)
IL-13 99.4 + 8.4 762.6 + 73.2 (1.0) 602.0 = 69.0° (0.79) 490.5 = 79.0 (0.64) 685.8 = 78.8” (0.90)
IFN-y 93.4 * 6.6 284.4 = 27.7° (1.0) 265.8 = 24.37 (0.93) 261.5 = 15.8" (0.92) 211.8 = 16.4° (0.74)
Eotaxin 4829+ 853  1,842.2 + 133.07 (1.0) 1,328.1 = 21.3%< (0.72) 1,371.9 = 154.17 (0.74) 1,647.1 = 83.0 (0.89)
MIP-1a 96.2 = 18.8 518.5 = 70.0° (1.0) 459.7 = 71.3° (0.89) 468.6 = 83.3” (0.90) 373.7 = 42.1° (0.72)
MIP-18 289.5 = 61.9 949.3 + 95.0° (1.0) 793.8 + 63.1” (0.84) 625.9 = 83.6"< (0.66) 739.1 = 36.6” (0.78)

¢ Data represent the concentrations of cytokines and chemokines present in the lung supernatants in picograms per milliliter (mean = standard deviation; n = 5).
The values in parentheses are normalized to cytokine levels in FI-rRSV wt-immunized mice.

b Statistically greater than cytokine-chemokine level in FI-Vero-immunized mice (P < 0.05).

¢ Statistically less than cytokine-chemokine level in mice immunized with FI-rRSV wt (P < 0.05).
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TABLE 2. Day 7 cytokine and chemokine levels

Cytokine or Value for mice immunized with”:

chemokine FL-Vero FLtRSV wt FLtRSV AG FLtRSV Gep~ FLtRSV ASH
IL-4 63.1 £13.9 53.6 =3.9(1.0) 70.0 = 13.0 (1.31) 42.1 £5.1(0.79) 50.1 =3.5(0.93)
IL-5 428 =25 118.2 + 9.9° (1.0) 106.1 = 10.3% (0.90) 100.7 = 25.0 (0.85) 94.6 = 11.4 (0.80)
IL-13 87.4 £ 6.7 154.2 = 23.8 (1.0) 173.4 =332 (1.12) 114.0 = 15.2 (0.74) 168.8 = 7.5 (1.09)
IFN-y 2,654.2 = 778.7 179.3 = 11.9¢ (1.0) 256.7 * 33.3¢ (1.43) 200.1 = 16.1¢ (1.12) 264.8 * 56.3¢ (1.48)
Eotaxin 899.9 + 84.9 2,691.2 = 388.0” (1.0) 1,995.5 = 161.7% (0.74) 2,492.2 + 170.1° (0.93) 2,555.3 = 167.8" (0.95)
MIP-1« 864.3 £ 151.1 399.9 + 43.6° (1.0) 402.2 + 59.1¢ (1.01) 333.6 = 43.7¢ (0.83) 404.9 * 31.5¢ (1.01)
MIP-1B 918.3 £102.3 536.0 = 34.2¢ (1.0) 519.5 = 58.2¢(0.97) 443.0 = 30.9° (0.83) 502.8 + 42.8°(0.94)

“ Data represent the concentrations of cytokines and chemokines present in the lung supernatants in picograms per milliliters (mean * standard deviation; n = 5).
Values in parentheses are normalized to cytokine levels in FI-rRSV wt-immunized mice.

b Statistically greater than cytokine-chemokine level in FI-Vero-immunized mice (P < 0.05).

¢ Statistically less than cytokine-chemokine level in FI-Vero-immunized mice (P < 0.05).

Deletion of RSV SH, RSV G, or the RSV G immunodomi-
nant region does not reduce the severity of lung histopathol-
ogy. Primary RSV infection of BALB/c mice results in a mild
to moderate infiltration of the pulmonary tissue with the infil-
trate being composed of mononuclear cells (13). In contrast,
extensive inflammation is observed following RSV challenge of
FI-RSV- or RSV G-immunized mice, and numerous eosino-
phils are recruited (8, 24, 25, 45). Seven days after RSV chal-
lenge lungs were removed from FI-rRSV-immunized mice for
histopathologic analysis. Thin sections stained with hematoxy-
lin and eosin were examined at an X 16 magnification to eval-
uate the extent of inflammatory infiltration into the lung. Com-
pared to mice immunized with the FI-Vero control
preparation, all FI-rRSV-immunized mice had more inflam-
matory infiltrate (Fig. 4, left panels), particularly around the
bronchovascular bundles and in the interstitium. However,
there was no clear difference in the extent or location of in-
flammation when the FI-rRSV groups were compared. To
assess the composition of the inflammatory response, Giemsa-
stained sections were examined at an X 100 magnification (Fig.
4, right column). In the FI-Vero-immunized RSV-challenged
mice, the infiltrating cells were almost exclusively mononuclear
cells with no eosinophils present. In marked contrast, numer-
ous eosinophils could clearly be seen in mice immunized with
any of the FI-rRSV preparations. Furthermore, no significant
difference was evident between the mice immunized with
FI-rRSV AG, FI-tRSV Gep ™, or FI-rRSV ASH and the FI-
rRSV wt-immunized control mice. (The panels in Fig. 4 have
been reduced in size to construct this composite. Full-size
photos of the X100 microscopic fields may be reviewed at
http://www.vrc.nih.gov/vrc/johnson.htm.) These data demon-
strate that the presence of RSV G, the immunodominant
BALB/c region, or RSV SH is not required during FI-RSV
immunization to induce those immune responses that result in
pulmonary eosinophilia following RSV challenge, suggesting
that the pathway of antigen presentation, and not merely the
antigenic content, of an RSV immunogen is a primary factor in
the induction of those immune responses that predispose for
severe inflammation and pulmonary eosinophilia following
RSV challenge.

DISCUSSION

RSV remains the leading viral agent of serious pediatric
respiratory tract disease worldwide as well as a major cause of

disease in individuals of all ages, and the development of a safe
and effective vaccine remains a human health priority. The
need to immunize very young infants and the previous experi-
ence with FI-RSV vaccine-enhanced illness emphasize the im-
portance of ensuring vaccine safety. The RSV G glycoprotein
is one of the two neutralization antigens and one of the major
protective antigens and thus would seem an obvious candidate
for inclusion in a vaccine. On the other hand, numerous studies
have suggested that immunization with RSV G is associated
with the induction of aberrant immune responses that are
manifest upon subsequent exposure to RSV and result in se-
vere disease. Therefore, the exclusion of RSV G from a vac-
cine has also been suggested.

In the present study we compared the disease-priming ca-
pabilities of FI-RSV vaccines prepared either from rRSV wt or
from derivatives lacking RSV G, its immunodominant region,
or RSV SH. Deletion of RSV G or its immunodominant region
did not diminish the ability of FI-RSV to prime for enhanced
disease, whereas deletion of RSV SH resulted in only a modest
diminution of the vaccine-enhanced disease induced by FI-
RSV priming. These results clearly demonstrate that neither
RSV G nor its immunodominant region is essential for disease
priming by FI-RSV and indeed they do not make a discernible
additive contribution under these conditions. RSV SH ap-
peared to contribute to priming for increased disease but was
not essential. In addition, the protective component of the
immune response to FI-RSV was diminished by removal of
RSV G or, unexpectedly, RSV SH. These results indicate that
RSV G in the context of FI-RSV contributes protective
epitopes as well as those that may be associated with disease
enhancement.

While disease in FI-RSV- and RSV G-immunized animals
may appear to be analogous, there are several indications that
they have distinct pathogenic mechanisms, leading to a com-
mon final pathway. It has been demonstrated that immuniza-
tion with FI-RSV (8, 12, 38, 45, 58) or with RSV G (1, 16, 25,
40, 53, 54) predisposes for severe RSV-induced disease typified
by enhanced illness, pulmonary eosinophilia, and type 2 cyto-
kine production in the BALB/c mouse model. While the end
points may be similar, it is apparent that the cytokine require-
ments for these two immunogens are distinct. For example,
while illness and type 2 cytokine production are reduced in
RSV-challenged FI-RSV-immunized mice with IL-4 depletion
(24, 56), the enhanced disease is unaltered in vwwGs-primed
mice when IL-4 function is inhibited either by antibody deple-
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FIG. 4. Histopathology in FI-rRSV-immunized mice following challenge with live RSV. Seven days after RSV challenge mice were euthanized,
and the left lungs were removed and fixed in formalin. Thin sections of paraffin-embedded tissue were cut and stained with hematoxylin and eosin
or with Giemsa stain. The degree of inflammation was evaluated in hematoxylin-and-eosin-stained tissue at a X16 magnification (left panels). The
extent of eosinophilia was evaluated in Giemsa-stained tissue at a X100 magnification (right panels). A representative section (of five per group)
is shown at each magnification. Full-size photos of the Giemsa-stained sections with eosinophils indicated can be viewed at http://www.vrc.nih.gov/
vrc/johnson.htm.
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tion or in IL-4-deficient mice (24). A similar pattern is seen for
IL-13. Inhibition of IL-13 alone alters disease in FI-RSV-
primed mice but not in vwGs-primed mice (26). Thus, disease
associated with FI-RSV can be modulated by blocking IL-4 or
IL-13 alone, whereas both IL-4 and IL-13 function must be
blocked to modulate disease in mice immunized with RSV G
(26).

Vaccine-enhanced disease was observed in 80% of FI-RSV
vaccinees in the 1960s trial (27, 30) and occurs in many animal
models (4, 8, 25, 26, 43, 45, 58) and thus does not appear to be
dependent upon a specific genetic background. In contrast,
some elements of the immune responses associated with RSV
G-induced illness appear to be genetically restricted, such as
pulmonary eosinophilia, which is absent or dramatically re-
duced in mouse strains other than BALB/c and other H-2-
restricted mouse strains (20, 24, 55). Immunization with pep-
tides from the immunodominant region of RSV G is sufficient
to elicit pulmonary eosinophilia and both type 1 and type 2
cytokine production in BALB/c mice (52, 55, 59) and is largely
restricted to a subset of CD4" T cells expressing the VB14
T-cell receptor (66). The existence of this immunodominant
region that is sufficient by itself to induce those immune re-
sponses associated with vaccine-enhanced disease underscores
the phenomenon of genetically restricted RSV G immunoge-
nicity. This is very different from the nearly universal induction
of vaccine-enhanced illness generated by the FI-RSV vaccine
in children less than 6 months of age, where the frequency of
80% indicated a lack of dependence on a specific genetic
background (30).

The ability of RSV G to predispose for eosinophilia and type
2 cytokine production is not unique among the RSV proteins.
When administered as a purified protein in the context of
alum, immunization with RSV F or with an FG chimeric pro-
tein also induces immune responses resulting in eosinophilia
and IL-4 and IL-5 production following RSV challenge (7, 16,
38). However, in contrast to G-specific responses, F-specific
immune responses may be modified by Thl-modulating adju-
vants such as monophosphoryl lipid A or QS-21 (16, 38). Thus,
the ability to induce disease-enhancing immune responses is
not restricted to RSV G but instead may be characteristic of an
antigen that is administered parenterally and presented to the
immune system as a soluble protein that cannot be processed
via the major histocompatibility complex (MHC) class I pro-
cessing pathway.

These data are the first to suggest a role for RSV SH in
disease pathogenesis. Although the functional role(s) of SH
remains unknown, its status as a viral surface glycoprotein may
influence early events of virus infection as well as host cell
integrity later in infection. A second mechanism may be the
alteration of membrane permeability. Expression of SH pro-
teins from several viruses including RSV (42), human immu-
nodeficiency virus type 1 (33, 49), and influenza virus (33) has
been shown to increase the permeability of the host cell mem-
brane. Our data suggest that the removal of SH from a candi-
date RSV vaccine may improve safety.

In the present study the RSV G component of FI-RSV
clearly functioned as a protective antigen as evidenced by the
reduced protective efficacy of FI-RSV AG. A similar effect was
observed with FI-RSV Gep ™, consistent with the idea that aa
187 to 197 represent the major antigenic site within RSV G in
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the BALB/c mouse model. Unexpectedly, removal of the SH
component from FI-RSV also resulted in a reduction in pro-
tective efficacy. RSV SH is not generally considered to be a
protective antigen because it did not function as an indepen-
dent protective antigen when expressed in rodents by a recom-
binant vaccinia virus (6). However, RSV SH has been shown to
contain epitopes for B cells and T-helper T lymphocytes in the
BALB/c mouse model (39). Thus, RSV SH may function di-
rectly as a protective antigen or may contribute indirectly,
possibly by contributing T-helper cell epitopes or by maintain-
ing the integrity of RSV G and F.

There is precedence for exacerbated type 2 cytokine produc-
tion and pulmonary eosinophilia upon aerosol challenge when
initial antigen exposure is via the parenteral route. During
primary RSV infection mice sensitized to ovalbumin exhibit
enhanced airway hyperresponsiveness, increased production of
type 2 cytokines, and more severe illness (41). Similarly, initial
exposure to antigens by cutaneous routes results in Th2 re-
sponses following subsequent inhalation contact with the same
substance (10, 19). Additionally, obligate MHC class II pro-
cessing of particulate antigens can bias immune responses to-
ward a Th2-restricted pattern while the same protein pro-
cessed by the MHC class I pathway generates more-Thl-like
responses (32). These patterns of antigen presentation are
similar to those described in this study and may suggest com-
mon pathogenic mechanisms.

During final preparation of the manuscript Haynes et al.
published data demonstrating reduced cellular infiltration in
the BAL compartment of mice immunized with FI prepara-
tions of RSV expressing either wt or mutant forms of RSV G
after RSV challenge (17) and concluded that FI-RSV-en-
hanced disease may be reduced by removal of RSV G or by
inhibition of the CX3C-CX3CRI1 interaction. These data ap-
pear to contradict the data presented here. However, there are
several points to consider that may account for the apparent
discrepancies. Much of the data reported are in mice primed
with FI-A2, a wt RSV, and challenged with mutant RSV or
with antibody treatment at RSV challenge, thus inhibiting re-
call of the memory response. This is in contrast to the system
used in our experiments in which rRSV was utilized during
immunization, affecting induction of immune responses. In
contrast to the targeted removal of defined and specific genetic
sequences in the rRSV that we used, the mutant viruses used
for challenge in the studies by Haynes et al. have multiple
mutations, with ¢p52 having deletions of RSV G and SH and
mutations in F and L proteins (9, 29) and with R10C7G having
10 nucleotide changes resulting in six amino acid changes in
RSV G (48). While in vitro replication of these viruses appears
to be intact, these alterations have been shown to result in
reduced in vivo replication (9, 29) or altered electrophoretic
mobility suggestive of altered protein structure and, poten-
tially, disruption of RSV G epitopes other than the CX3C
fractalkine domain (48). Anti-CX3CR1 antibody treatment
was shown to reduce RSV infectivity (63). Thus, an alternative
explanation for the reduced BAL cell numbers and eosino-
philia observed in FI-A2 anti-CX3CR1-treated mice and in
cp52-challenged mice is altered cell trafficking due to reduced
viral burden and not merely the absence of RSV G or inhibi-
tion of CX3CR1 interaction. Additionally, most of the analyses
were conducted at 40 h after challenge, which may not reflect
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the peak of cellular recruitment, previously shown to be
around day 6 postchallenge for BAL cells (40) and 7 to 9 days
postinfection for lung tissue (13). This may be of particular
importance in comparing mice challenged with wt RSV to mice
challenged with mutant viruses producing lower viral burdens
where the kinetics of cell recruitment may be different. These
combined factors make it difficult to compare the data de-
scribed by Haynes et al. to the data that we now report.

The data reported here demonstrate that the factor involved
in the induction of disease-enhancing immune responses dur-
ing immunization with FI-RSV is not RSV G or its immuno-
dominant region. Rather, this study suggests that it is the
pathway of initial antigen presentation, specifically obligate
processing of exogenous antigen through the MHC class II
pathway, that is the critical determining factor in the induction
of immune responses that result in severe disease upon intra-
nasal challenge with live RSV. This hypothesis is strengthened
by previous studies from our lab (24, 25) that demonstrated
that mice immunized with vaccinia virus expressing only the
membrane-anchored form of RSV G are protected against
severe disease following RSV challenge. Thus, the presenta-
tion of FI-RSV antigens in the context of alum is sufficient to
induce those immune responses that result in type 2 cytokine
production and pulmonary eosinophilia following subsequent
infection with live RSV. Further studies are required to deter-
mine the basic molecular and cellular mechanisms that are
involved in the programming for vaccine-enhanced immune
responses during immunization with exogenous RSV antigens
that require antigen processing and presentation via endocytic
pathways. Taken together, these and previous studies from our
lab (24, 25) suggest that the basis of RSV vaccine-enhanced
disease is not antigenic content but is rather the pathway of
antigen processing and, therefore, that RSV G should not
necessarily be excluded from potential vaccine products that
target endogenous antigen processing and presentation by
MHC class I molecules.
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