JOURNAL OF VIROLOGY, Sept. 2003, p. 9831-9844
0022-538X/03/$08.00+0 DOI: 10.1128/JV1.77.18.9831-9844.2003

Vol. 77, No. 18

Enhanced Disease and Pulmonary Eosinophilia Associated with
Formalin-Inactivated Respiratory Syncytial Virus Vaccination
Are Linked to G Glycoprotein CX3C-CX3CR1 Interaction
and Expression of Substance P
Lia M. Haynes, Les P. Jones, Albert Barskey, Larry J. Anderson, and Ralph A. Tripp*

Division of Viral and Rickettsial Diseases, National Center of Infectious Diseases, Centers for Disease Control
and Prevention, Atlanta, Georgia 30333

Received 12 March 2003/Accepted 17 June 2003

Vaccination with formalin-inactivated respiratory syncytial virus (FI-RSV) vaccine or RSV G glycoprotein
results in enhanced pulmonary disease after live RSV infection. Enhanced pulmonary disease is characterized
by pulmonary eosinophilia and is associated with a substantial inflammatory response. We show that the
absence of the G glycoprotein or G glycoprotein CX3C motif during FI-RSV vaccination or RSV challenge of
FI-RSV-vaccinated mice, or treatment with anti-substance P or anti-CX3CR1 antibodies, reduces or eliminates
enhanced pulmonary disease, modifies T-cell receptor V3 usage, and alters CC and CXC chemokine expres-
sion. These data suggest that the G glycoprotein, and in particular the G glycoprotein CX3C motif, is key in
the enhanced inflammatory response to FI-RSV vaccination, possibly through the induction of substance P.

Respiratory syncytial virus (RSV) is the most common cause
of lower respiratory tract infections in infants and young chil-
dren (1, 50, 54, 59). RSV can also cause serious lower respi-
ratory tract disease in patients of any age with compromised
immune, respiratory, or cardiac systems (7, 13, 14, 20, 26, 60,
62). Despite the importance of RSV as a respiratory pathogen,
there is presently no safe and effective RSV vaccine available.
The first RSV vaccine trial with a formalin-inactivated RSV
(FI-RSV) vaccine yielded disastrous results in young vaccinees
who were subsequently naturally infected with RSV, as many
developed enhanced pulmonary disease leading to hospitaliza-
tion, and even to death in a few vaccine recipients (5, 17, 73).
This outcome prompted investigators to search for viral and/or
host factors that may contribute to enhanced disease in the
effort to ensure that RSV vaccines would be safe.

Studies with BALB/c mice have provided some indication of
the mechanisms that may have contributed to FI-RSV-en-
hanced pulmonary disease. BALB/c mice vaccinated with vec-
tors expressing G glycoprotein, purified G glycoprotein, or
FI-RSV develop extensive enhanced pulmonary disease char-
acterized by pulmonary eosinophilia, weight loss, exaggerated
Th2-type cytokine responses, selective priming of VB14™
CD4" T cells, and augmented substance P (SP) expression
when challenged with RSV (23, 27, 51, 68, 70, 71). Interest-
ingly, the soluble form of the G glycoprotein has been shown to
be most effective at sensitizing for enhanced disease (34, 35).
Studies from our laboratory comparing the immune responses
to infection with wild-type RSV or an RSV mutant lacking the
G and SH genes have shown that RSV G and/or SH glycopro-
tein expression alters pulmonary trafficking of innate immune
cells (CD11b™ cells, polymorphonuclear cells [PMN], and NK
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cells), Thl- and Th2-type cytokine patterns, and CC and CXC
chemokine mRNA expression by bronchoalveolar lavage
(BAL) cells and is associated with increased pulmonary SP
expression (64, 67, 68). In addition, recent studies from our
laboratory have shown that the G glycoprotein contains a
CX3C chemokine motif that interacts with the CX3C chemo-
kine receptor CX3CR1, induces leukocyte chemotaxis, and
facilitates virus infection (65). These studies also showed that
G glycoprotein can compete with fractalkine for binding to
CX3CRI1, as well as inhibit fractalkine-mediated leukocyte
chemotaxis (65), suggesting that RSV G glycoprotein has im-
mune modulatory activities associated with the CX3C motif.

Chemokines are important factors that control leukocyte
function and are essential in mediating leukocyte trafficking
and orchestrating cell activation and cytokine expression.
There are four structural groups of chemokines, i.e., C, CC,
CXC, and CX3C; each category has multiple members, with
the exception of the CX3C subgroup, of which fractalkine is
the only known member (2, 31, 72, 75). Chemokines may
interact with specific (i.e., single-ligand), shared (i.e., having
multiple ligands of the same chemokine family), or promiscu-
ous (i.e., having multiple ligands of different chemokine fam-
ilies) receptors (78, 79). CX3CR1 is a specific receptor for only
fractalkine (6, 33). Fractalkine is important in Thl-type cell
and NK cell responses, as these cell types express high levels of
CX3CR1, while Th2-type cells express low levels of CX3CR1
and do not readily respond to fractalkine (15). Thus, inhibition
of fractalkine-mediated immune responses by RSV G glyco-
protein may alter Thl-type cell and NK cell responses and
affect the pattern of cytokine or chemokine expression. Con-
sistent with this possibility, BAL leukocytes from BALB/c mice
infected with an RSV mutant lacking G and SH genes express
increased Thl-type cytokines and increased CC and CXC che-
mokine mRNAs and have increased numbers of pulmonary
NK cells compared to wild-type-infected mice (64, 67).

G glycoprotein CX3C-CX3CRI1 interaction may also affect
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other host components that participate in the response to RSV
infection, including expression of SP. Neurons and some im-
mune cells, e.g., dendritic cells and eosinophils, express
CX3CRI1 and are capable of SP expression (18, 19, 28, 29, 32,
37,46). CX3CR1 message is abundant in the lung (6), suggest-
ing that CX3CRI1 expression is important in signal transduc-
tion between the immune and nervous systems. Fractalkine,
whose expression is enhanced by proinflammatory cytokines,
including tumor necrosis factor alpha and gamma interferon
(4, 15, 16, 44), may interact with neurons that innervate the
lung or with CX3CR1™" cells inducing SP expression (47). G
glycoprotein may act through a similar mechanism, as BALB/c
mice infected with RSV have enhanced pulmonary levels of SP
compared to mice infected with an RSV mutant lacking the G
and SH genes (68). SP has diverse effects on the immune
response that include exacerbating expression of proinflamma-
tory mediators, mediating vascular extravasation of immune
cells, and activating lymphocytes, macrophages, mast cells, and
eosinophils (11, 36, 41, 55, 58, 69). In addition, SP has been
shown to break Th1/Th2 cytokine polarization and directly
induce secretion of interleukin-2 (IL-2), gamma interferon,
IL-4, and IL-10 from T lymphocytes (42, 43). SP receptors are
upregulated on CD4" and CD8" T lymphocytes and CD14*
cells during the primary immune response to RSV infection in
BALB/c mice, and SP receptors are expressed predominantly
on CD4" T lymphocytes and CD43" cells during the second-
ary immune response to RSV infection or following RSV chal-
lenge of FI-RSV-vaccinated mice (63). These results suggest
that SP may affect the primary and secondary immune re-
sponses to RSV infection and the cellular response associated
with enhanced pulmonary disease in FI-RSV-vaccinated mice.
Consistent with this hypothesis, prophylactic or therapeutic
treatment of RSV-infected BALB/c mice with anti-SP antibod-
ies promptly reduces pulmonary cell trafficking and decreases
the number of cells expressing proinflammatory cytokines (30),
suggesting that SP is an important component contributing to
the inflammatory response associated with RSV infection.

In this study, we examine features of the immune response
to RSV infection or FI-RSV vaccination that are associated
with enhanced pulmonary disease. We address the significance
of RSV strain differences, G and/or SH glycoprotein expres-
sion, and G glycoprotein CX3C-CX3CRI1 interaction in the
context of FI-RSV-enhanced disease. In addition, we examine
CC and CXC chemokine expression, SP expression, and pul-
monary leukocyte trafficking that are associated with the de-
velopment of FI-RSV-enhanced pulmonary disease.

MATERIALS AND METHODS

Viruses and vaccine. RSV/A2 (A2) and RSV/B1 (B1) are wild-type strain A
and B viruses, respectively. CP52, derived from B1, is an RSV mutant virus
lacking the G and SH genes and was a kind gift of Brian Murphy, National
Institutes of Health. Recombinant RSV derived from wild-type A2 (6340WT)
and recombinant RSV lacking the G glycoprotein gene (6340AG), derived from
6340WT, were kind gifts of Peter Collins, National Institutes of Health. R10C7G,
an RSV A2 point mutant having a Cys—Arg amino acid change at position 186
(56), was a kind gift of Jose Melero, Instituto de Salud Madrid, Madrid, Spain.
All of these viruses and the JS strain of parainfluenza virus 3 (PIV-3) were
propagated in Vero cells (African green monkey kidney fibroblasts; ATCC CCL
81) maintained in Dulbecco’s modified Eagle’s medium (GIBCO Laboratories,
Grand Island, N.Y.) supplemented with 2% heat-inactivated (56°C) fetal bovine
serum (HyClone Laboratories, Salt Lake City, Utah). The viruses were propa-
gated until there was a detectable cytopathic effect, and the medium was de-
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canted and replaced with a minimal volume of serum-free Dulbecco’s modified
Eagle’s medium. The flasks were freeze-thawed twice at —70 and 4°C, and the
contents were collected and centrifuged at 4,000 X g for 20 min at 4°C. The titer
was determined by plaque assay on Vero cells by immunostaining (67).

Formalin-inactivated RSV vaccine was prepared as described previously (67).
Briefly, 1 part formalin (Sigma, St. Louis, Mo.) was incubated with 4,000 parts
clarified A2 or R10C7G lysate for 3 days at 37°C and pelleted by centrifugation
for 1 h at 50,000 X g. The volume of virus was adjusted to a 1:25 dilution of the
original volume in minimal essential medium (GIBCO) and subsequently pre-
cipitated with aluminum hydroxide (4 mg/ml) (Sigma), resuspended at a 1:100
dilution of the original volume in serum-free minimal essential medium, and
stored at 4°C.

Vaccination, virus challenge, antibody treatment, and BAL collection. Six-
week-old, specific-pathogen free, female BALB/c mice were purchased from
Jackson Laboratories (Bar Harbor, Maine). The mice were housed in microiso-
lator cages and fed sterilized water and food ad libitum. Some of the mice were
vaccinated with 0.1 ml of 10° PFU equivalents of formalin-inactivated RSV/A2
(FI-A2) or formalin-inactivated R10C7G (FI-R10C7G) in the superficial gluteal
muscle and then rested for 4 weeks. On day —1 prior to challenge, a portion of
the mice were treated intraperitoneally with 100 pg of rabbit anti-SP antibody
(Accurate Chemical and Scientific Corp, Westbury, N.Y.), normal rabbit anti-
body (Accurate Chemical and Scientific Corp.), or rabbit anti-CX3CR1 antibody
(Alexis Biochemicals, Lausen, Switzerland) diluted in phosphate-buffered saline
(PBS). Naive and vaccinated mice were challenged intranasally with 10° PFU of
live A2, B1, CP52, PIV-3, or R10C7G virus diluted in PBS (GIBCO). At various
time points postinfection (p.i.), mice were anesthetized and exsanguinated by
severing the right caudal artery, and the BAL leukocytes were collected by
lavaging the lungs three times with 1 ml of PBS. The virus titers associated with
A2, B1, CP52, or R10C7G infection were determined. Briefly, lungs were asep-
tically removed from three mice per group at 40 h p.i., and stored at —70°C until
assay. Identical weights (0.1g of tissue) of individual lung samples were homog-
enized in 1 ml of Dulbecco’s PBS (GIBCO), and 10-fold serial dilutions of the
lung homogenates were subsequently added to confluent Vero cell monolayers.
Plaques were enumerated by immunostaining as previously described (67). No
significant differences in virus titers between the infection groups were observed
at 40 h p.i. Virus titers ranged 5.0 to 5.6 log;, PFU/g of lung tissue.

Portions of the BAL cells were stained with hematoxylin and eosin (H&E),
and the percentages of lymphocytes, PMN, eosinophils, and macrophages were
determined. For H&E studies, between 200 and 500 cells/BAL sample were
examined and scored as lymphocytes, PMN, eosinophils, or macrophages based
on morphological and staining features of the cells.

For T-cell receptor (TCR) VB studies, 6-week-old, specific-pathogen free,
female BALB/c mice purchased from Jackson Laboratories were vaccinated with
0.1 ml of 10° PFU equivalents of FI-A2 and rested for 4 weeks, and then
age-matched naive or FI-A2-vaccinated mice were challenged intranasally with
10° PFU of live 6340WT, 6340AG, or R10C7G. The BAL cells were isolated at
7 days postchallenge for analysis.

RNA isolation and multiprobe RPA. RNase protection analysis (RPA) of
extracted BAL cell RNA was performed according to the methods described by
BD PharMingen (San Diego, Calif.) and as previously described (64). Briefly,
BAL cells were pelleted by centrifugation, and the supernatant was decanted.
The cell pellet was resuspended in 300 pl of PBS (GIBCO) and used for RNA
extraction. Total RNA was extracted by using RNA STAT-50 LS as described by
the manufacturer (TEL-TEST Inc., Friendswood, Tex.) and precipitated with
isopropanol. RNA-isopropanol pellets were resuspended in RNase-free water
(TEL-TEST Inc.) and stored at —70°C.

Chemokine mRNA expression in BAL cells was detected by RPA with the
RiboQuant MultiProbe RPA system (BD PharMingen). *?P-labeled antisense
RNA probes were synthesized in an in vitro transcription reaction from DNA
templates representing specific chemokine gene sequences of distinct length.
Probes specific for macrophage inflammatory protein lao (MIP-1a), MIP-1p,
MIP-2, and the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) house-
keeping gene were synthesized in the same reaction. Five micrograms of RNA
was mixed with 3.1 X 10° cpm of 3?P-labeled antisense RNA probe set and
allowed to hybridize in solution phase overnight at 56°C. After incubation, the
free probe and single-stranded RNA were digested with RNase A. The remain-
ing, RNase-protected probe fragments were purified by phenol-chloroform ex-
traction and resolved on denaturing polyacrylamide gels by using the QuickPoint
rapid nucleic acid separation system (NOVEX, San Diego, Calif.). Probe bands
were identified and chemokine expression was quantified by Typhoon 9410
variable-mode imaging.

Quantitation of SP. SP levels in cell-free BAL supernatant were analyzed by
using a competitive enzyme-linked immunoassay kit (Cayman Chemical, Ann
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Arbor, Mich.) in accordance with the manufacturer’s instructions and as previ-
ously described (68). The assay is based on the competition between free SP and
an SP tracer for a limited number of SP-specific binding sites. The percent
sample bound/maximum bound was calculated, and the SP concentration in each
sample was determined based on the percent standard bound/maximum bound
versus standard SP concentration. The intra- and interassay coefficients of vari-
ation were = 10%.

Flow cytometry. BAL cells were blocked with 10% normal mouse serum
(Jackson Laboratories) in PBS and then stained with the appropriate combina-
tions of fluorescein isothiocyanate- or phycoerythrin-labeled anti-CD3e (145-
2C11), anti-CD45R/B220 (RA3-6B2), anti-pan NK cell (DX5), anti-neutrophil
(RB6-8C5), anti-CD11b (M1/70), and mouse isotype antibody controls (all from
PharMingen) as previously described (66, 67). For TCR VB analysis, blocked
BAL cells were costained with fluorescein isothiocyanate- or phycoerythrin-
labeled anti-CD4 (RM4-5) and either anti-VB4 (KT4), anti-VB6 (RR4-7), anti-
VB7 (TR310), anti-VB8 (MRS5-2), anti-VB9 (MR10-2), anti-VB10 (B21.5), anti-
VB13 (MP12-3), or anti-VB14 (14-2) monoclonal antibodies (all from
PharMingen). The distribution of cell surface markers was determined in two-
color mode on a FACScan with CellQUEST software (Becton-Dickinson, Moun-
tain View, Calif.) from >10,000 lymphocyte-gated events.

Statistical analysis. BAL cells were pooled from four to six animals per time
point per experiment in three to six separate experiments, except for multiprobe
RPA and TCR VB studies, in which BAL cells were pooled from four animals
per time point per experiment in two separate experiments. Statistical signifi-
cance was determined by Student’s ¢ test, where a P value of <0.05 was consid-
ered statistically significant.

RESULTS

Pulmonary cell numbers are affected by G and/or SH glyco-
protein expression, SP expression, and G glycoprotein CX3C-
CX3CRI1 interaction. To determine if RSV strain differences,
G and SH glycoprotein expression, or the G glycoprotein
CX3C motif affected the total number of BAL cells that traf-
ficked to the lungs, either untreated, normal rabbit serum
(NRS)-treated, or anti-SP antibody-treated FI-A2- or FI-
R10C7G-vaccinated mice were challenged with A2, B1, CP52,
PIV-3, or R10C7G (Fig. 1). The A2 and B1 viruses are wild-
type A and B strains of RSV, respectively. CP52, derived from
B1, is an RSV mutant virus lacking the G and SH genes (39).
R10C7G is an A2 point mutant lacking an intact CX3C motif;
i.e., the Cys at amino acid position 186 has been changed to an
Arg (56). All treatments of FI-A2-vaccinated mice gave similar
results, with the exception of CP52 challenge, which gave a
marked increase in BAL cell numbers at 40 h postchallenge,
and the anti-SP and anti-CX3CR1 antibody treatments, which
were associated with decreased BAL cell numbers at most time
points postchallenge. Slightly lower levels of pulmonary cell
infiltration occurred in FI-R10C7G-vaccinated mice chal-
lenged with A2 compared to similarly challenged FI-A2-vacci-
nated mice; however, the total cellular infiltration was similar
in FI-R10C7G-vaccinated mice following A2 or R10C7G chal-
lenge. As expected, challenge with PIV-3 and virus-free cell
lysate gave the lowest number of BAL cells.

The level of pulmonary SP in cell-free BAL supernatant
following treatment was determined (Fig. 2). Higher levels of
pulmonary SP were detected in BAL supernatants from FI-
A2-vaccinated mice challenged with RSV that expressed the G
glycoprotein, e.g., A2 or Bl, than in those from FI-A2-vacci-
nated mice challenged with viruses that lacked the G gene, e.g.,
CP52, PIV-3, or the G glycoprotein CX3C motif (e.g.,
R10C7G). As expected, anti-SP antibody treatment consider-
ably reduced pulmonary SP levels. These results are consistent
with our previous studies that indicated a role for SP in the
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inflammatory response in FI-RSV-immunized mice and a link
between G glycoprotein and SP expression (68).

Pulmonary eosinophilia is associated with G glycoprotein
CX3C-CX3CR1 interaction and is reduced by anti-SP or anti-
CX3CR1 antibody treatment. Pulmonary eosinophilia is a hall-
mark of FI-RSV vaccine-enhanced disease in BALB/c mice
(22, 51), and thus we examined the BAL cell types that traf-
ficked to the lungs of untreated, NRS-treated, or anti-SP an-
tibody-treated FI-A2-vaccinated mice challenged with A2 or
B1 (Fig. 3). Macrophages were the predominant BAL cell type
with all treatments. In FI-A2-vaccinated mice challenged with
A2 or B1, there was prominent pulmonary eosinophilia (Figs.
3A to D), as predicted from previous studies (67). FI-A2-
vaccinated mice treated with anti-SP antibody had reduced
pulmonary eosinophilia compared to untreated or NRS-
treated mice and had reduced numbers of lymphocytes and
PMN (Fig. 3E and F), also consistent with previous studies
(68).

The role of G glycoprotein and G glycoprotein CX3C-
CX3CRI interaction in the development of enhanced disease
was examined in untreated, NRS-treated, anti-SP antibody-
treated, and anti-CX3CR1 antibody-treated FI-A2-vaccinated
mice challenged with CP52, A2, or R10C7G (Fig. 4). As pre-
dicted from earlier studies (67), CP52 challenge of untreated,
NRS-treated, or anti-SP antibody treated FI-A2-vaccinated
mice did not induce pulmonary eosinophilia (Fig. 4A and B)
compared to A2- or Bl-challenged FI-A2-vaccinated mice
(Fig. 3); however, PMN numbers in the lung were increased in
NRS-treated mice. Similarly, RI0C7G challenge of FI-A2-vac-
cinated mice did not induce pulmonary eosinophilia (Fig. 4E),
suggesting an important role for the G glycoprotein CX3C
motif in the induction of pulmonary eosinophilia. In addition,
anti-CX3CR1 antibody treatment considerably reduced pul-
monary eosinophilia in FI-A2-vaccinated mice challenged with
A2 (Fig. 4D), and as expected, PIV-3 challenge of FI-A2-
vaccinated mice did not induce pulmonary eosinophilia.

To determine if the G glycoprotein CX3C motif contributed
to the memory response associated with FI-RSV-enhanced
disease, untreated, NRS-treated, and anti-CX3CR1 antibody-
treated FI-R10C7G-vaccinated mice were challenged with A2
or R10C7G (Fig. 5). No pulmonary eosinophilia was detected
following any treatment, suggesting that the G glycoprotein
CX3C motif is important in sensitizing for pulmonary eosino-
philia.

As an indicator of severity of illness, body weights of FI-A2-
vaccinated mice were measured before and at 40 h after A2,
B1, CP52, or R10C7G challenge. There was a 15 to 22%
decrease in body weight of FI-A2-vaccinated mice challenged
with A2 or Bl but a considerably smaller decrease in body
weight of FI-A2-vaccinated mice challenged with CP52 or
R10C7G (8 to 16%). Similarly, A2-challenged FI-A2-vacci-
nated mice treated with anti-CX3CR1 antibody had less body
weight loss (9 to 17%) than NRS-treated mice (12 to 24%).
FI-R10C7G-vaccinated mice challenged with A2 or R10C7G
also showed less body weight loss (8 to 17%), which was un-
changed by the anti-CX3CR1 antibody treatment (10 to 18%).
Collectively, these results suggest that disease severity may be
affected by expression of the G and/or SH glycoprotein or by G
glycoprotein CX3C-CX3CR1 interaction.
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FIG. 1. The BAL cell numbers in the lungs of untreated FI-A2-vaccinated mice (A), anti-SP antibody (aSP)-treated or NRS-treated FI-A2-
vaccinated mice (B), anti-CX3CR1 antibody (aCX3CR1)-treated or NRS-treated FI-A2-vaccinated mice (C), and anti-CX3CR1 antibody-treated
or NRS-treated FI-R10C7G-vaccinated mice (D) were determined at 0, 8, 18, 24, and 40 h after A2, B1, CP52, PIV-3, or R10C7G challenge or
following treatment with uninfected Vero cell lysate (VCL). The mean number of BAL cells (+ standard error) from three independent

experiments examining three mice per treatment is shown.

Pulmonary cell trafficking associated with G and/or SH
glycoprotein expression and G glycoprotein CX3C-CX3CR1
interaction. The cell types that trafficked to the lungs of un-
treated, NRS-treated, or anti-SP or anti-CX3CR1 antibody-
treated FI-A2-vaccinated mice were examined following chal-
lenge with A2, B1, CP52, PIV-3, or R10C7G. The treatments
associated with significant cell trafficking differences are shown
in Table 1. The greatest difference occurred in FI-A2-vacci-
nated mice challenged with CP52, in which higher numbers of

DX5" cells, RB6-8C5™" cells, and CD11b™ cells trafficked to
the lungs between 24 and 40 h postchallenge. These data are
consistent with our previous findings (67), suggesting that G
and/or SH glycoprotein expression modifies trafficking of
DX5", RB6-8C5™", and CD11b™ cells. Interestingly, increased
numbers of DX57 cells trafficked to the lungs of FI-A2-vacci-
nated mice challenged with R10C7G, suggesting that the G
glycoprotein CX3C motif affects DX5" NK cell trafficking.
Similarly, anti-SP antibody treatment was also associated with
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FIG. 2. ELISA was used to determine the level of SP expression in cell-free BAL fluid from untreated FI-A2-vaccinated mice (A) or
FI-A2-vaccinated mice treated with anti-SP antibody (aSP), anti-CX3CR1 antibody (aCX3CR1), or NRS (B) at 0, 8, 18, 24, and 40 h after A2, B1,
CP52, PIV-3, or R10C7G challenge. The mean level of SP expression (*+ standard error) from three independent experiments examining three

mice per treatment is shown.

increased pulmonary trafficking of DX5™ cells and is consistent
with our previous findings (68). To address the association
between CX3C-CX3CR1 interaction and pulmonary cell traf-
ficking, FI-A2-vaccinated mice were treated with anti-
CX3CRI1 antibody. Anti-CX3CR1 antibody treatment was as-
sociated with decreased CD3 ™ cell trafficking at all time points
examined and with decreased trafficking of DX5* and RB6-
8C5™ cells at various time points p.i., suggesting that CX3C-
CX3CRI interaction is important in pulmonary recruitment of
these cell types.

To determine if the G glycoprotein CX3C motif affects the
memory response associated with FI-RSV vaccination, the cell

types that trafficked to the lungs in untreated, NRS-treated, or
anti-CX3CR1 antibody-treated FI-R10C7G-vaccinated mice
challenged with A2 or R10C7G were examined (Table 2).
Anti-CX3CR1 antibody treatment had the greatest effect on
cell trafficking, principally reducing CD3"and DX5™ cell traf-
ficking; however, DX5% and RB6-8C5" cell trafficking in-
creased at 40 h postchallenge. Interestingly, increased numbers
of DX5™ cells trafficked to the lungs of R10C7G-challenged
mice between 18 and 40 h p.i,, and increased RB6-8C5™ cells
trafficked at 40 h p.i., suggesting that the G glycoprotein CX3C
motif affects sensitization of the pulmonary cell response dur-
ing FI-RSV vaccination.

8002 ‘8 Jlaqwiadaq uo Ag biowse'IAl wolj papeojumoq


http://jvi.asm.org

9836 HAYNES ET AL. J. VIROL.

A FI-A2/A2 B FI-A2/B1
@8H @18H 0244 D40H E8H B18H O24H CI40H |
100 100
80 80
()] (]
2 60 2 60
2 2
S 40 2 40
® ®
20 20 :
o : O - ‘T .
LYM PMN EOS MAC LYM PMN  EOS
C FI-A2/A2/INRS D FI-A2/B1/NRS
|D8H B18H O24H O40H | [@8H @18H O24H O40H 9
5
100 100 2
3
80 80 - =
o o Q
Z 60 Z 60 2
2 2 =
2 40 o 40 %
x X 3
20 20 T 8
o et o —arl] B T
LYM LYM  PMN o
o
@D
3
&
E FI-A2/A2/aSP F FI-A2/B1/aSP ©
@8H @ 18H D24H OI40H | [B8H @18H O24H O40H } @
100 100
80 80
[
= 60 2 60
2 2
S 40 2 40
=X X
20 20 |
0 0 -
LYM PMN EOS  MAC LYM PMN EOS MAC

FIG. 3. The BAL cell types in the lungs of untreated FI-A2-vaccinated mice challenged with A2 (A) or B1 (B), challenged with A2 or Bl and
treated with NRS (C and D, respectively), or challenged with A2 or B1 and treated with anti-SP antibody (E and F, respectively), were determined
at 8, 18, 24, and 40 h after A2 or B1 challenge. The mean percentage of each BAL cell type (* standard error) was determined by H&E staining
and microscopic visualization from three independent experiments examining three mice per treatment. LYM, lymphocytes; EOS, eosinophils;
MAC, macrophages.

CD4" TCR VP usage is affected by G glycoprotein expres- address whether the G glycoprotein or G glycoprotein CX3C
sion or by the G glycoprotein CX3C motif. The T-cell epitope motif affected CD4" TCR VP expression in the primary im-
in G glycoprotein associated with enhanced pulmonary disease mune response to RSV infection, naive mice were infected
is dominated by TCR VB14" usage by CD4™ T cells (71). To with RSV (6340WT), with an RSV mutant virus lacking the G
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FIG. 4. The BAL cell types in the lungs of untreated FI-A2-vaccinated mice challenged with CP52 (A), FI-A2-vaccinated mice challenged with
CP52 and treated with NRS or anti-SP antibody (B and C, respectively), FI-A2-vaccinated mice challenged with A2 and treated with anti-CX3CR1
antibody (D), FI-A2-vaccinated mice challenged with R10C7G (E), or FI-A2-vaccinated mice challenged with PIV-3 (F) were determined at 8, 18,
24, and 40 h after CP52, R10C7G, or PIV-3 challenge. The mean percentage of each BAL cell type (* standard error) was determined by H&E
staining and microscopic visualization from three independent experiments examining three mice per treatment. LYM, lymphocytes; EOS,
eosinophils; MAC, macrophages.
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FIG. 5. The BAL cell types in the lungs of FI-R10C7G-vaccinated mice challenged with A2 (A), FI-R10C7G-vaccinated mice challenged with
A2 and treated with NRS or anti-CX3CR1 antibody (B and C, respectively), FI-R10C7G-vaccinated mice challenged with R10C7G (D),
FI-R10C7G-vaccinated mice challenged with R10C7G and treated with NRS (E) or FI-R10C7G-vaccinated mice challenged with R10C7G and
treated with anti-CX3CR1 antibody (F) were determined at 8, 18, 24, and 40 h after A2 or R10C7G challenge. The mean percentage of each BAL
cell type (* standard error) was determined by H&E staining and microscopic visualization from three independent experiments examining three
mice per treatment. LYM, lymphocytes; EOS, eosinophils; MAC, macrophages.
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TABLE 1. Pulmonary leukocyte trafficking in untreated and anti-SP antibody- or anti-CX3CRI1 antibody-treated FI-A2 vaccinated mice
challenged with B1, CP52, or R10C7G*

Mean total BAL cells/lung = SEM? in FI-A2-vaccinated mice challenged with:

Time (h) Phenotype A2 and treated with:
B1 CP52 R10C7G

NRS Anti-SP Anti-CX3CR1
0 CD3* 1,600 + 228 1,591 =+ 246 1,575 + 323 1,583 + 310 1,575 =292 1,583 = 312
B220" 1,335 = 113 1,283 + 122 1,229 + 230 1,291 + 357 1,229 + 446 1,291 + 244
DX5* 2,507 + 287 2,500 + 216 2,455 + 342 2,507 + 400 2,457 + 388 2,507 + 360
RB6-8C5™* 1,280 = 112 1,309 + 105 1,185 * 206 1,285 + 200 1,180 *+ 195 1,185 + 187
CD11b* 1,003 + 60 1,005 + 77 1,005 * 205 991 + 84 980 *+ 65 991 + 215

8 CD3* 3,585 + 355 3,793 + 405 3,586 + 333 3,710 + 405 1,955 + 3057 1,803 + 225¢
B220" 4,117 + 288 4,075 = 415 3,336 + 317 3,995 + 320 3,633 + 313 2,863 * 212

DX5* 2,693 + 280 5,847 + 732¢ 6,058 = 422°¢ 2,865 + 415 1,531 + 2557 1,401 = 1944
RB6-8C5™* 5,010 =+ 361 11,103 =+ 340¢ 4,800 + 442 4,610 + 338 5,699 + 4457 4,585 * 374
CD11b* 4,590 + 372 10,820 + 448° 4,248 + 420 4,801 + 382 5,262 + 367 4,399 + 401

18 CD3* 20,965 * 760 3,335 + 418° 23,645 *+ 826 19,499 + 756 21,310 = 996 8,101 + 4857
B220" 14,005 =+ 441 5,117 £ 336° 12,241 + 1,010 15,897 + 528 16,820 =+ 800 15,810 * 854

DX5* 4,355 + 294 10,115 = 505¢ 5,178 £ 309° 4,701 = 480 9,240 + 9157 5,120 = 3007

RB6-8C5™* 12,200 =+ 585 11,951 + 1,015 9,459 + 509 12,133 =+ 880 9,050 =+ 605 4,055 + 421¢

CD11b* 12,083 + 921 18,770 + 779 10,295 *+ 1,066 12,805 + 1,105 9,310 + 719 5,333 + 4687

24 CD3* 16,830 + 1,125 13,785 + 1,002 14,650 + 1,007 16,115 + 1,264 20,952 + 1,186 14,145 + 9957
B220" 12,500 = 741 11,055 =+ 890 14,452 * 945 11,231 + 880 7,792 + 543 12,773 * 596

DX5* 3,850 + 377 15,455 + 863¢ 8,317 + 405¢ 4,020 + 411 9,074 + 595¢ 2,119 = 2407
RB6-8C5™* 9,300 =+ 580 18,737 £ 921°¢ 10,555 =+ 990 10,197 + 848 9,112 + 525 9,855 * 427
CD11b* 10,553 + 608 18,743 + 886° 10,021 =+ 573 10,011 =+ 841 9,311 + 625 9,965 =+ 492

40 CD3* 84,500 + 1,198 34,157 = 978° 77,054 + 1,527 86,471 +2322 61,952 = 1,790 49,631 = 1,465/

B220" 5,803 =+ 650 16,655 = 1,035¢ 5,239 + 291 5,623 * 577 6,377 + 452 6,227 * 310

DX5* 3,225 + 317 12,003 + 674¢ 4,933 + 338° 3,535 + 317 5,142 + 3307 1,899 = 220¢
RB6-8C5™* 13,505 =+ 1,004 193,200 = 1,377¢ 12,065 = 805 13,005 =+ 856 10,425 + 799 10,975 =+ 788
CD11b* 8,665 + 627 39,300 + 1,225° 10,023 + 719 8,735 + 603 11,203 + 880 9,055 + 501

“ FI-A2-vaccinated BALB/c mice were challenged with B1, CP52, or R10C7G. BAL cells were collected from four to six untreated, anti-SP antibody-treated, or
anti-CX3CR1 antibody-treated mice per experiment at 0, 8, 18, and 40 h postchallenge.

> Data represent the mean total BAL cells expressing CD3, B220, DX5, RB6-8CS5, or CD11b per lung, from three separate experiments. The total number of BAL
cells expressing a particular phenotype was determined by multiplying the mean total number of BAL cells by the mean percentage of cells expressing that phenotype.

Boldface values indicate a significant difference (P < 0.05).
¢ Comparison of virus infection to B1 infection.
@ Comparison of treatment to NRS treatment.

gene (6340AG), or with RSV lacking the G glycoprotein CX3C
motif, R10C7G, and TCR VB expression by BAL cells was
examined at day 7 p.i. (Fig. 6A). 6340WT infection was asso-
ciated with high TCR VB8, VB9, and VB14 expression and
with lower TCR VB4, VB6, VB10, and VB13 expression (Fig.
6A). In contrast, high TCR VB6 expression and considerably
lower TCR VB9 and VB14 expression followed 6340AG or
R10C7G infection, suggesting that the G glycoprotein or G
glycoprotein CX3C motif affects CD4" TCR VB expression.

CD4" TCR Vg expression in FI-RSV-vaccinated mice chal-
lenged with 6340WT, 6340AG, or R10C7G was considerably
different (Fig. 6B) from the primary immune response to RSV
infection (Fig. 6A). Following 6340WT challenge, TCR VB8
expression was dominant, with high TCR VB6 and V14 ex-
pression and some increase in TCR VB9 and VB10 expression.
Challenge with R10C7G resulted in a similar pattern of in-
crease in TCR VB expression, but to lower levels than with
6340WT. In contrast, there was minimal TCR V@ expression,
with the exception of some increase in VB6 expression, follow-
ing 6340AG challenge. These data suggest that the CD4* TCR
VB response is affected by G glycoprotein expression and the
G glycoprotein CX3C motif.

CC and CXC chemokine mRNA expression is modified by G
glycoprotein expression, the G glycoprotein CX3C motif, and
CX3C-CX3CR1 interaction. The type of inflammatory cell in-
filtrate in the lungs is associated with the pattern of chemo-
kines expressed, and RSV G glycoprotein expression has been
linked to altered CC (MIP-1a and MIP-1B) and CXC (MIP-2)
chemokine mRNA expression by BAL cells (64). CC and CXC
chemokine mRNA expression by BAL cells was examined in
untreated, virus-free Vero cell lysate-treated, NRS-treated,
and anti-SP or anti-CX3CR1 antibody-treated FI-A2- or FI-
RC10C7G-vaccinated mice between 8 and 40 h postchallenge
with A2, B1, CP52, or R10C7G. The treatments associated
with the greatest difference in chemokine mRNA expression
are shown in Tables 3 and 4. Consistent with our previous
studies (64), BAL cells expressed increased MIP-1a, MIP-13,
and MIP-2 mRNAs at 8 h after CP52 challenge of NRS-treated
FI-A2-vaccinated mice, and MIP-2 mRNA expression was re-
duced by anti-SP antibody treatment (Table 3). These data
suggest that G and/or SH glycoprotein expression during RSV
challenge alters CC and CXC chemokine mRNA expression.

At 40 h postchallenge, anti-CX3CR1 antibody treatment of
FI-A2-vaccinated mice was associated with increased MIP-1a
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TABLE 2. Pulmonary leukocyte trafficking in untreated, NRS-treated, or anti-CX3CR1 antibody-treated FI-R10C7G-vaccinated mice

challenged with A2 or R10C7G*

Mean total BAL cells/lung = SEM? in FI-R10C7G-vaccinated mice challenged with:

Time (h) Phenotype A2 and treated with:
A2 R10C7G
NRS Anti-CX3CR1
0 CD3 1,600 = 270 1,564 + 234 1,612 = 300 1,609 = 261
B220 1,335 = 105 1,115 = 94 1,132 = 89 1,293 = 144
DXS 2,007 = 227 2,112 = 186 2,020 = 196 2,507 = 227
RB6-8C5 1,280 = 87 1,310 = 118 1,291 = 104 1,338 = 125
CD11b 1,003 = 112 1,023 = 115 1,013 = 98 1,028 = 124
8 CD3 3,663 = 317 3,505 = 339 3,700 = 360 2,463 = 3224
B220 3,665 + 354 3,601 = 320 3,275 = 344 3,705 = 371
DXS 2,671 = 278 2,077 = 249 2,865 = 312 1,875 = 300¢
RB6-8C5 8,447 £ 533 8,000 = 500 8,610 = 545 6,177 = 509¢
CD11b 11,100 = 1,020 9,495 = 602 9,887 = 557 7,987 + 5187
18 CD3 9,559 = 597 8,567 + 488 10,499 =+ 585 5,500 = 5014
B220 8,600 = 521 7,625 + 436 8,709 = 510 3,711 = 3714
DXS 3,003 = 346 8,355 + 515°¢ 4,001 = 377 2,465 + 5834
RB6-8C5 8,095 + 552 8,655 = 520 8,633 + 555 8,265 + 914
CD11b 5,900 = 458 5,930 = 500 6,005 = 488 6,091 = 603
24 CD3 18,115 = 2,407 17,411 £ 1,249 17,031 £+ 1,086 10,995 + 1,164¢
B220 10,073 = 1,104 10,031 = 1,008 10,099 = 1,015 9,855 + 647
DXS 4,435 + 383 10,005 =+ 935¢ 4,520 = 404 3,599 + 644/
RB6-8C5 7,275 £ 455 8,633 = 580 7,377 = 487 8,455 + 561
CD11b 6,003 = 476 5,167 = 230 5,909 + 482 5,565 = 263
40 CD3 63,655 = 3,726 62,450 = 3,139 62,867 + 3,224 47,103 = 2,166
B220 9,099 = 576 8,803 = 515 7,985 = 509 7,997 + 528
DXS 900 = 240 19,225 * 2,472¢ 977 = 241 19,115 + 2,601¢
RB6-8C5 9,750 = 604 21,875 * 2,844° 9,805 * 635 21,500 =+ 2,773¢
CD11b 14,401 = 1,114 2,433 = 190° 14,773 £ 1,137 2,507 + 2294

“ FI-R10C7G-vaccinated BALB/c mice were challenged with A2 or R10C7G. BAL cells were collected from four to six untreated, NRS-treated, or anti-CX3CR1

antibody-treated mice at 0, 8, 18, and 40 h postchallenge.

’ Data represent the mean total BAL cells expressing CD3, B220, DX5, RB6-8C5, or CD11b per lung from three separate experiments. The total number of BAL
cells expressing a particular phenotype was determined by multiplying the mean total number of BAL cells by the mean percentage of cells expressing that phenotype.

Boldface values indicate a significant difference (P < 0.05).
¢ Comparison of R10C7G infection to A2 infection.
@ Comparison of anti-CX3CR1 antibody treatment to NRS treatment.

and MIP-2 mRNA expression by BAL cells from A2-chal-
lenged mice (Table 3). Similarly, MIP-la and MIP-2 mRNA
expression was increased in NRS-treated FI-A2-vaccinated
mice challenged with R10C7G, suggesting that G glycoprotein
CX3C-CX3CR1 interaction modifies MIP-la and MIP-2
mRNA expression. Interestingly, anti-SP antibody treatment
reduced MIP-1a and MIP-2 mRNA expression by BAL cells
from R10C7G-challenged mice, suggesting a role for SP mod-
ulation of the chemokine response.

To address whether absence of the G glycoprotein CX3C
motif during vaccination affects CC or CXC chemokine expres-
sion, mice were vaccinated with FI-R10C7G, treated with NRS
or anti-SP or anti-CX3CR1 antibody, and challenged with A2
or R10C7G (Table 4). At 40 h after A2 challenge, BAL cells
from NRS-treated FI-R10C7G-vaccinated mice expressed
higher levels of MIP mRNAs (Table 4) than BAL cells from
similarly challenged FI-A2-vaccinated mice (Table 3), suggest-
ing that the G glycoprotein CX3C motif affects expression of
MIPs. Interestingly, anti-SP antibody treatment reduced MIP
mRNA expression, and anti-CX3CR1 antibody treatment re-
duced MIP-1a and MIP-1B8 mRNA expression. Consistent with
the findings for R10C7G challenge of NRS-treated FI-A2-

vaccinated mice (Table 3), BAL cells from NRS-treated FI-
R10C7G-vaccinated mice challenged with R10C7G expressed
high levels of MIP-1a and MIP-2 mRNAs that were decreased
in anti-SP antibody-treated mice.

DISCUSSION

FI-RSV vaccination or G glycoprotein sensitization is linked
with enhanced inflammation in BALB/c mice challenged with
live RSV (21, 22, 24, 49, 51). The mechanisms that contribute
to this process are not fully defined. In this study, we present
data that indicate that the G glycoprotein, and in particular the
G glycoprotein CX3C motif, contributes to FI-RSV vaccine
disease through a process that may be associated with the
induction of SP. We have previously shown, and confirm in this
study, that the absence of the G and SH glycoproteins in the
challenge virus given to FI-A2-vaccinated mice reduces pul-
monary expression of SP, enhances MIP mRNA expression in
BAL cells, and does not induce pulmonary eosinophilia. In this
report, we expand these observations to show that challenge
viruses given to FI-A2-vaccinated mice that lack the G glyco-
protein or an intact G glycoprotein CX3C motif similarly fail to
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FIG. 6. CD4" TCR Vg (VD) usage by BAL cells in the lung following 6340WT, 6340AG (6340DG), or R10C7G infection of naive mice (A) or
FI-A2-vaccinated mice (B) was determined at day 7 p.i. by flow cytometry. The results represent the mean (= standard error) of CD4" TCR VB
expression in total BAL cells collected and pooled from three mice in three individual experiments.

induce pulmonary eosinophilia. The link to the G glycoprotein
CX3C motif and FI-RSV vaccine disease is further substanti-
ated by the results showing that antibodies that block G gly-
coprotein CX3C-CX3CR1 interaction, i.e., antibodies against
CX3CR1, block pulmonary eosinophilia in FI-A2-vaccinated
mice challenged with A2. Importantly, the CX3C site also
appeared to affect the memory response that predisposed to
eosinophilia; i.e., mice vaccinated with FI-RSV from a strain of
RSV that lacks an intact CX3C site did not develop pulmonary
eosinophilia when challenged with A2. The G glycoprotein
CX3C site was also linked to weight loss, suppression of pul-
monary MIP mRNA expression, elevated SP levels, and pat-
terns of TCR VB usage.

Previously, several T-cell epitopes in the central conserved
region of the G glycoprotein have been associated with sensi-

tization for enhanced disease (61). Interestingly, these regions
contain or are proximal to the CX3C motif, i.e., amino acids
182 to 186 in the G glycoprotein. We have previously shown
that G glycoprotein CX3C binds to CX3CR1, and this inter-
action induces leukocyte chemotaxis (65). The mechanisms by
which CX3C-CX3CR1 interaction contributes to FI-RSV-en-
hanced disease are yet to be fully understood, but they may be
linked to induction of pulmonary SP expression. Our data
suggest that G glycoprotein induction of SP is linked to G
glycoprotein CX3C-CX3CR1 interaction, and treatment with
anti-SP antibody reduces G glycoprotein-associated enhanced
pulmonary eosinophilia. It is possible that the G glycoprotein
CX3C motif interacts with CX3CR1 expressed on neurons and
some immune cells in the lung (18, 19, 28, 29, 32, 37, 46),
inducing excitatory effects that mediate the release of SP. Pul-
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TABLE 3. CC and CXC chemokine mRNA expression by BAL cells at 8 or 40 h postchallenge of FI-A2-vaccinated mice”

Increase in mRNA expression” after the following virus challenge and treatment:

Time (h) Chemokine A2 B1 CP52 R10C7G
NRS Anti-SP Anti-CX3CR1 NRS Anti-SP NRS Anti-SP NRS Anti-SP
8 MIP-1a 1.5 0.9 0.7 14 0.8 2.2¢ 0.9 1.8 1.0
MIP-1B 1.1 0.9 0.8 0.9 1.0 2.6° 1.3 0.8 0.8
MIP-2 1.2 1.0 1.1 1.1 0.9 5.2¢ 2.6° 1.4 0.8
40 MIP-1a 1.0 1.0 9.5¢ 1.0 0.9 0.9 0.9 3.9¢ 2.2¢
MIP-1B 0.9 0.9 0.8 0.9 0.9 1.0 1.0 0.8 0.7
MIP-2 1.0 1.0 5.8¢ 0.9 0.8 1.0 0.9 2.6° 1.5¢

¢ Vaccinated BALB/c mice were challenged with A2, B1, CP52, or R10C7G and treated with NRS, anti-SP antibody, or anti-CX3CR1 antibody as indicated. BAL
cells from three or four mice per experiment were collected at 8 or 40 h postchallenge or after virus-free Vero cell lysate control treatment, the mRNA was isolated,
and chemokine expression was quantified by Typhoon 9410 variable-mode imaging. Mean band density ratios were determined for CC or CXC chemokine mRNA
expression in three separate experiments by dividing the mean band density of GAPDH housekeeping gene expression by the mean band density of the chemokine.

b Virus-specific increases in CC or CXC chemokine mRNA expression are shown and were determined by dividing the mean band density ratio for Vero cell lysate
treatment by the mean band density for the virus treatment. Boldface values indicate a significant difference (P < 0.05).

¢ Comparison of response to A2 infection and similar treatment.
@ Comparison of response to NRS control.

monary leukocytes have been shown to express SP receptors,
and SP receptors have been shown to increase following RSV
infection, particularly on CD4* T lymphocytes (63). G glyco-
protein CX3C-CX3CR1 interaction may also modify the activ-
ities of CX3CR1" cells. We have previously shown that G
glycoprotein and 12-mer G glycoprotein CX3C peptides can
compete with fractalkine for CX3CR1 binding and alter frac-
talkine-mediated responses (65). Fractalkine has been shown
to be important in chemoattraction and activation of dendritic
cells (8, 25, 38, 52). Thus, G glycoprotein CX3C-CX3CR1
interaction may modify dendritic cell recruitment or activation
and affect the associated molecular or chemical signals impor-
tant in T-cell activation, including MIPs and SP (10, 41, 53).
Consistent with this hypothesis, we show that MIP mRNA
expression by BAL cells is altered by the G glycoprotein CX3C
motif or CX3C-CX3CRI1 interaction. A potential effect that
may be linked to modified MIP-1a or MIP-13 mRNA expres-
sion is altered eosinophil trafficking, as these chemokines have
been shown to facilitate eosinophil trafficking (3, 9, 40, 45, 48,
57, 76). Importantly, we show that the absence of the G gly-
coprotein CX3C motif or CX3C-CX3CR1 interaction during
FI-RSV vaccination or RSV challenge reduces or eliminates
pulmonary eosinophilia and decreases pulmonary SP expres-
sion. MIP expression also appears to be important in the de-
velopment of FI-RSV-enhanced disease, as MIP-1a has been

TABLE 4. CC and CXC chemokine mRNA expression by BAL
cells at 40 h postchallenge of FI-R10C7G-vaccinated mice”

Increase in mRNA expression” after the following virus
challenge and treatment:

Chemokine

A2 R10C7G
NRS Anti-SP Anti-CX3CR1 NRS Anti-SP
MIP-1a 3.9 1.8¢ 1.9¢ 2.9¢ 1.6
MIP-18 8.9 1.3¢ 0.94 L1° 1.0
MIP-2 5.5 1.6¢ 5.2 5.1 1.8¢

“ See Table 3, footnote a.
» See Table 3, footnote b.
¢ See Table 3, footnote c.
4 See Table 3, footnote d.

shown to activate STAT1 (74) and STAT1 has been implicated
in enhancement of illness associated with RSV infection (12).

The results of this study underscore the importance of un-
derstanding the host response to viral proteins being consid-
ered as vaccine candidates. The results show that enhanced
disease associated with FI-RSV vaccination may be reduced by
eliminating G glycoprotein expression, the G glycoprotein
CX3C motif, or CX3C-CX3CRI1 interaction. This study sug-
gests new approaches for development of inactivated RSV
vaccines and for treatments for RSV disease.
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