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Respiratory syncytial virus (RSV) is a primary cause of morbidity and life-threatening lower respiratory
tract disease in infants and young children. Children with acute RSV bronchiolitis often develop respiratory
sequelae, but the disease mechanisms are poorly understood. Mounting evidence suggests that RSV may
mediate persistent infection. Using immunohistochemistry to identify RSV and RSV-infected cell types, we
show that RSV infects primary neurons and neuronal processes that innervate the lungs through a process that
involves RSV G protein and the G protein CX3C motif. These findings suggest a mechanism for disease

chronicity and have important implications for RSV disease intervention strategies.

Respiratory syncytial virus (RSV) is the single most impor-
tant cause of serious lower respiratory tract disease in infants
and young children worldwide and is now recognized to be an
important pathogen of the elderly and patients with compro-
mised cardiac, pulmonary, and immune systems (7, 13, 19).
The signature of RSV infection is bronchiolitis, but infection
may also cause a range of illnesses including pneumonia, otitis
media, and apnea (13). Natural RSV infection provides limited
protective immunity, and humans may experience repeated
infections and disease throughout life. The mechanisms that
contribute to inadequate RSV resistance are not well under-
stood; however, evidence indicates that RSV proteins may
modulate immunity (19). The RSV NS1 and NS2 gene prod-
ucts have been shown to antagonize the alpha, beta, and
gamma interferon response (6, 18), and the RSV G protein has
been implicated with altered cytokine and chemokine expres-
sion by pulmonary leukocytes (19). In addition, RSV G protein
contains an evolutionary conserved CX3C chemokine motif
capable of interacting with CX3CR1 and antagonizing the ac-
tivities of CX3CL1 (19, 20). It is likely that these immune
evasion strategies benefit virus replication, but they may also
affect viral persistence. RSV primarily infects respiratory epi-
thelial cells; however, several studies have shown that RSV
may infect and persist in alveolar macrophages of guinea pigs
for up to 60 days postinfection (p.i.) (9), persist in bovine B
cells infected with bovine RSV (23), and persist in the lungs of
mice for more than 100 days postinfection (17). RSV persis-
tence may be important in disease sequelae or chronicity and
has important implications for the development of RSV vac-
cine candidates (15) and disease intervention strategies.

RSV infection is associated with exaggerated neurogenic
inflammation in the airways, and studies in rodents have linked
the tachykinin neuropeptide substance P as a primary mediator
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of neurogenic inflammation (14, 19). RSV G protein expres-
sion is associated with increased pulmonary levels of substance
P (22), and sensory neurons in the lung express CX3CR1 on
their cell surfaces (4, 8). On the basis that RSV G protein binds
CX3CRI1 (20), that CX3CR1 is expressed on neurons (8), and
that RSV may mediate persistent infection (9, 17, 23), we
postulated that RSV may infect immune-privileged neuronal
cells in the lungs of BALB/c mice.

To determine whether RSV infects neuronal cells and the
importance of G protein or the G protein CX3C motif for
infection, primary cortical neuronal cultures were prepared
from 16-day-old embryos of Swiss-Webster mice (Harlan
Sprague-Dawley, Indianapolis, IN) as described previously (1,
10, 11). Briefly, mice were euthanized, the neocortexes were
collected and digested with trypsin, and the neuronal cells were
plated onto culture wells treated with poly-p-lysine (50 pwg/ml).
The primary neurons were grown in modified Eagle’s medium
(GIBCO BRL, Grand Island, NY) in 5% CO, at 37°C. Ara-c
(Sigma) was added to the cultures 3 days after plating at a final
concentration of 1 uM to prevent the proliferation of nonneu-
ronal cells. Neuronal cell cultures were infected at a multiplic-
ity of infection (MOI) of 1 with RSV strain A2 (RSV/A2),
recombinant RSV/A2 (6340WT), recombinant RSV/A2 lack-
ing the G protein gene (6340AG), or with a RSV/A2 point
mutant having a CYS—ARG amino acid change at position
186, ablating the CX3C motif (R10C7G) (16) termed RSV/
ACX3C as previously described (21), or treated with unin-
fected Vero cell lysate (control). RSV infection was confirmed
by immunohistochemistry using monoclonal antibody specific
to RSV N protein (clone 130-12H) (3). Briefly, at day 5 p.i.,
neuronal cultures were fixed with 4% paraformaldehyde in
PBS for 1 h at room temperature, treated with 0.1% Triton
X-100 for 10 min, and blocked for 1 h with 5% normal mouse
serum (Sigma) diluted in PBS (blocking buffer). Anti-RSV N
protein monoclonal antibody was diluted 1:500 in blocking
buffer, added to the fixed cultures, and incubated at 4°C for
48 h. Cultures were washed three times with PBS and incu-
bated with appropriate dilutions of secondary antibodies con-
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FIG. 1. Expression of RSV G and N proteins in primary cortical neurons at day 5 post-RSV infection. Mouse primary neurons were infected
(MOI of 1) with wild-type RSV strain A2 (RSV/A2), recombinant RSV derived from strain A2 (6340WT), 6340WT lacking the G protein gene
(6340AG), or with a RSV strain A2 point mutant having a CYS—ARG amino acid change at position 186 (A2/ACX3C). At 5 day p.i., neurons
were fixed with 4% paraformaldehyde and viral antigens were detected using anti-RSV N monoclonal antibodies. RSV N protein expression was
detected in only cells infected with RSV/A2 and 6340WT, not in cells infected with mutant RSV, i.e., 6340AG and A2/ACX3C. Magnification, X32.

jugated with fluorescent dyes for 1 h at room temperature.
Where counterstaining was required, Nissl staining dye (Mo-
lecular Probes, Eugene, OR) was added for 10 min. After the
PBS wash, stained cells were observed by using an epifluores-
cence microscope (Olympus, Japan).
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RSV infection of primary neuronal cell cultures was de-
tected following infection with either RSV/A2 or 6340WT (Fig.
1). RSV infection of neuronal cell cultures was not detected
following heat inactivation (60°C, 1 h) or following 1 wg/ml
anti-CX3CR1 monoclonal antibody blockade (data not
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FIG. 2. Codetection of RSV N antigen and neuronal markers in primary neurons at day 5 post-RSV infection. Primary neurons infected with
RSV/A2 were fixed at 5 day p.i. RSV N protein was detected together with neuronal markers Nissl (A), MAP2 (B), PGP9.5 (C), and neurofilament
(D). RSV N antigen staining was merged with each of the neuronal markers. RSV N antigen staining overlapped with each of the neuronal
markers, indicating that RSV infects primary neurons (Magnification, X32). No staining was detected in negative control neuronal cells (Fig. 1).
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FIG. 3. Detection of RSV N antigen in neuronal processes in lung tissue. Lung tissues from mice infected with 10° PFU RSV/A2, 6340WT,
6340AG, or A2/ACX3C virus were fixed and subjected to immunohistochemistry using monoclonal antibodies to RSV N protein or neurofilament.
RSV N protein staining was merged with neurofilament staining. Overlapping staining was observed in only the lungs of mice infected with
wild-type RSV (RSV/A2 and 6340WT), not in lungs of mice infected with mutant RSV (6340AG and A2/ACX3C) (Magnification, X16).

shown), and no staining was detected in negative control neu-
ronal cells (control). To determine the distinguishing features
of the neuronal cell types that were susceptible to RSV infec-
tion, primary neuronal cell cultures were infected with
RSV/A2 (MOI of 1), fixed at day 5 p.i., and costained with
anti-RSV N protein monoclonal antibody and Nissl counter
staining (Fig. 2A) anti-MAP-2 (Chemicon, Temecula, Califor-
nia) (panel B), anti-PGP9.5 (Chemicon) (panel C), or antineu-
rofilament antibodies (Sigma) (panel D). The results showed
that RSV may infect cells containing Nissl substance (12) (Fig.
2A), microtubule-associated protein (MAP-2; Fig. 2B), neu-
ron-specific protein-gene product 9.5 (PGP9.5) (5) (Fig. 2C),
or cells with neurofilaments (Fig. 2D), indicating that RSV
may infect neurons.

Based on the findings that RSV infects up to 5% of primary
neuronal cells (Fig. 1) and because the lungs are innervated
with sensory neurons (2), we determined whether RSV in-
fected neurons in the lungs of six-week-old, specific-pathogen-
free female BALB/c mice (Harlan Sprague-Dawley). Mice
were anesthetized with Avertin (2,2,2-tribromoethanol) and
intranasally challenged with 10° PFU of RSV/A2, 6340WT,
6340AG, or RSV/ACX3C. At day 5 p.i., lungs were removed,
fixed, sectioned as previously described (10), and costained
with anti-RSV N protein monoclonal antibody and antineuro-
filament antibodies (Fig. 3). Briefly, fresh frozen lung tissues
were sectioned at 20 pm by Cryostat, fixed in cold acetone for
10 min, treated with 0.1% Triton X-100 for 10 min, and
blocked for 1 h with 10% normal serum diluted in PBS. Pri-
mary antibodies were diluted in blocking buffer and incubated
with the lung sections for 48 h at 4°C. Lung sections were
washed three times with PBS and incubated with secondary
antibodies conjugated with a fluorescent dye for 1 h at room
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FIG. 4. Codetection of RSV N protein and neuronal marker
PGP9.5 in RSV-infected lung tissue. (A) RSV N protein was detected
primarily in the epithelial walls surrounding small bronchioles (longi-
tudinal section), and Hoechst staining shows only a few RSV-positive
cells (most likely epithelial cells). (B) RSV N protein staining over-
lapped with neuronal marker PGP9.5 in nervous fibers in a small
bronchiole (transversal section). These nerve fibers may come from
one neuron (Magnification, X32).
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temperature. Sections were examined under an epifluores-
cence microscope.

The immunohistochemistry results showed that only
RSV/A2 or 6340WT infected neuronal cells in the lungs of
mice, which was primarily observed around the small bronchi,
suggesting that RSV infection is reduced in the absence of
RSV G protein and the G protein CX3C motif. To determine
the distinguishing features of lung neuronal cells that may be
infected with RSV, 20-pm lung sections were prepared from
RSV/A2-infected mice at day 5 p.i. and costained with anti-
RSV N protein monoclonal antibody and Hoechst’s to coun-
terstain (Fig. 4A) or with antibodies against PGP9.5 (panel B).
The results showed that RSV infects PGP9.5" neurons in the
lungs of mice. The proportion of neuronal cells in the lungs
infected with RSV/A2 was relatively low (1 to 5%) but similar
to that of primary neuronal cell cultures (Fig. 1).

Together, these observations show that RSV may infect lung
neuronal cells by a process associated with RSV G protein and
that RSV infection of primary neuronal cell cultures is linked
to expression of RSV G protein and the G protein CX3C
motif. These findings suggest that RSV infection of immune-
privileged cell types in the lung may be a mechanism that
contributes to persistence and have important implications in
understanding RSV disease chronicity as well as in RSV dis-
ease intervention and live-attenuated vaccine strategies.
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