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Abstract

Respiratory syncytial virus (RSV) is the leading cause of lower
respiratory tract illnesses in infants worldwide. Both RSV-G and
RSV-F glycoproteins play pathogenic roles during infection with
RSV. The objective of this study was to compare the effects of
anti–RSV-G and anti–RSV-F monoclonal antibodies (mAbs) on
airway hyperresponsiveness (AHR) and inflammation after primary
or secondary RSV infection in mice. In the primary infection model,
mice were infected with RSV at 6 weeks of age. Anti–RSV-G or
anti–RSV-F mAbs were administered 24 hours before infection or
Day12 postinfection. In a secondary infection model, mice were
infected (primary) with RSV at 1 week (neonate) and reinfected
(secondary) 5 weeks later. Anti–RSV-G and anti–RSV-F mAbs were
administered 24 hours before the primary infection. Both mAbs had
comparable effects in preventing airway responses after primary RSV
infection. When given 2 days after infection, anti–RSV-G–treated
mice showed significantly decreased AHR and airway inflammation,
which persisted in anti–RSV-F–treated mice. In the reinfection
model, anti–RSV-G but not anti–RSV-F administered during

primary RSV infection in neonates resulted in decreased AHR,
eosinophilia, and IL-13 but increased levels of IFN-g in
bronchoalveolar lavage on reinfection. These results support the use
of anti–RSV-G in the prevention and treatment of RSV-induced
disease.
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Clinical Relevance

In comparison to targeting respiratory syncytial virus (RSV)-F
glycoprotein, anti–RSV-G glycoprotein showed both preventative
and therapeutic effects after primary or secondary reinfection.
Targeting RSV-G glycoprotein can be an effective therapeutic
strategy not only to prevent primary infection but also to benefit
the consequences of reinfection.

Respiratory syncytial virus (RSV) is the
leading cause of pneumonia and
bronchiolitis in infants and young
children worldwide. Almost all children
are infected at least once by 2 years of
age, and 5 to 10% of these young
children experience severe lower
respiratory tract disease (1). Repeated

efforts to develop a vaccine against
RSV have failed, and therapeutic
options are limited (2). The development of
new therapeutic or prophylactic agents
remains a major challenge and clinical
priority (3).

The protective immune response to
RSV infection is primarily directed against

two viral surface glycoproteins: the F
(fusion) glycoprotein and G (attachment)
glycoprotein (4). The F glycoprotein is
highly conserved and is required to infect
cells. In contrast, the G glycoprotein is
highly variable and is not required to
infect cells. Currently, the only licensed
prophylactic agent for RSV infection in
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high-risk infants is palivizumab (Synagis),
a neutralizing humanized monoclonal
antibody (mAb) directed against RSV-F
glycoprotein. However, this mAb has not
proven to have significant efficacy when
given postinfection and may even be
deleterious when administered late (5).

Over the past decade, with recognition
of its enhancing role in the pathogenesis
of RSV infection, targeting G glycoprotein
has gained attention (3). In mice,
G glycoprotein has been linked to the
induction of Th2 cytokines (6, 7) and to
causing RSV-induced eosinophilia in
a vaccine-enhanced disease model (8).
G glycoprotein can modulate innate
immunity by suppressing Toll-like
receptor (TLR) 4 signaling triggered by F
glycoprotein (9) and plays a critical role
in cytotoxic T lymphocyte responses (10).
In addition, G glycoprotein has been
associated with increased levels of
substance P and decreased respiratory rates
in RSV-infected mice (11). Most of these
activities were mapped to a conserved
region in the G glycoprotein: a central
cysteine-noose region, the CX3C
chemokine motif at amino acid positions
182 to 186 (12). Fractalkine (CX3CL1) is
a chemokine implicated in extravasation of
antigen-specific killer T cells and natural
killer (NK) cells (13). G glycoprotein
competes with fractalkine for binding to the
receptor CX3CR1 (14). Recent studies
showed that anti–RSV-G mAbs had
therapeutic effects in a postinfection
treatment model, and they appeared to be
superior to anti–RSV-F mAbs at reducing
virus load and airway inflammation (15).

Given potential differences in the
activities of these two surface glycoproteins,
we compared the effects of anti–RSV-G
and anti–RSV-F mAbs on airway
hyperresponsiveness (AHR) and airway
inflammation in primary and secondary
RSV infection models in mice. The results
demonstrated that anti–RSV-G mAbs
exhibited both prophylactic and therapeutic
effects on AHR and airway inflammation
after primary RSV infection as well as
protective effects on responses to secondary
infection when administered during
primary neonatal RSV infection. These
results support the usefulness and potential
advantages for anti–RSV-G mAbs in the
prevention and treatment of RSV-induced
disease. Some of the results of these studies
have been previously reported in abstract
form (16).

Materials and Methods

Antibodies

Anti–RSV-G mAbs (3G12 and 3D3)
targeting the central conserved motif of
RSV-G glycoprotein (15) and control
human IgG were obtained from Trellis
Bioscience (South San Francisco, CA). The
3D3 binding site was mapped to residues
164 to 172, and the 3G12 binding site
was mapped to residues 167 to 176.
Anti–RSV-F mAb (palivizumab) was
purchased from MedImmune
(Gaithersburg, MD).

Animals

BALB/c mice were obtained from the
Jackson Laboratory (Bar Harbor, ME). Mice
were maintained under pathogen-free
conditions at the Biological Resource
Center, National Jewish Health. Mice were
used under an experimental protocol
approved by the Institutional Animal Care
and Use Committee of National Jewish
Health.

Virus preparation

Stocks of purified human RSV (strain A2)
were produced as previously described (17).

RSV Infection and Treatments

Mice were lightly anesthetized with inhaled
isoflurane before intranasal inoculation with
106 PFU of purified RSV (in 25 ml of
endotoxin-free phosphated buffered saline
[PBS]/mouse) on Day 0 at the indicated
age. Anti–RSV-G, anti–RSV-F, or control
Abs were administered intraperitoneally
one time at 15 mg/kg, on Days21 or12 in
the adult primary infection model or 1 day
before neonatal infection in the secondary
reinfection model. Secondary RSV infection
was performed 5 weeks after neonatal
primary infection. Airway function and
inflammation were assessed on Day 7 after
either primary or secondary RSV infection.

Assessment of Airway Function

Airway function was assessed in
anesthetized, mechanically ventilated
animals by measuring changes in lung
resistance in response to increasing doses of
inhaled methacholine as described (18).
Data are expressed as the percent change
from baseline lung resistance obtained after
inhalation of saline.

Airway Inflammation

Immediately after measurement of AHR,
lungs were lavaged with 1 ml of HBSS
through the trachea. Airway inflammation
was assessed by total and differential
counting of cells recovered in
bronchoalveolar lavage (BAL) fluid.

Measurement of Cytokine Levels

Levels of IFN-g and IL-4 were measured
in BAL fluid using commercial ELISA
kits according to the manufacturer’s
instructions (eBioscience, San Diego, CA), as
was IL-13 (R&D Systems, Minneapolis, MN).

Lung Viral Titers

Amounts of replicating virus in the lungs
were quantitated (titers) by culture plaque
assay combined with confirmatory
immunostaining of syncytia for RSV as
described previously (17).

Lung Cell Analysis

Mice were perfused with 10 ml of PBS before
lung extraction. The lungs were minced
and then digested with 2.5 mg/ml collagenase
D (Roche, Carlsbad, CA) for 30 minutes at
378C. EDTA was added to stop the digestion.
The cells were collected with a glass
Pasteur pipette and pressed through a 100-
mm nylon strainer to provide a single-cell
suspension. After digestion, erythrocytes
were removed by means of hypotonic lysis
with ACK lysis buffer. Single-cell suspensions
from the lung were resuspended in 35%
Percoll and centrifuged at 2,000 rpm for
20 minutes. Lung mononuclear cells were
collected and washed with PBS. Cells were
treated with Fc block (CD16/CD32; BD
Biosciences, San Jose, CA) before labeling
with fluorochrome-conjugated antibodies.
Antibodies against the surface markers CD3,
CD4, and CD8 were purchased from BD
Biosciences. Anti-mouse CX3CR1 was
obtained from R&D Systems. To assess IFN-g
production, cells from the lung and PBLN
were incubated with a cell stimulation
cocktail (plus protein transport inhibitors;
eBioscience) for 6 hours. Cells were then
stained with antibodies to CD3, CD4, CD8,
and CX3CR1; fixed; permeabilized; stained
with IFN-g antibody (BD Biosciences); and
analyzed by FACS. Appropriate isotype-
matched control antibodies were obtained
from BD Biosciences and R&D Systems. Flow
cytometry was performed with the LSR-II
(BD Biosciences). Data were analyzed using
FlowJo software (Tree Star, Ashland, OR).
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Statistical Analysis

All results were expressed as mean 6 SD.
Data were analyzed by ANOVA using the
StatView 4.5 statistical analysis software
package (Abacus Concepts, Piscataway,
NJ). Differences between the groups were
determined by multiple comparisons
using Fisher protected least significant
difference test. The P values for significance
were set to 0.05 for all tests.

Results

Prophylactic Effects of Anti–RSV-G

and Anti–RSV-F mAbs in the

Response to Primary RSV Infection

Previous studies in a mouse model showed
a prophylactic effect of palivizumab on AHR

and airway inflammation (19). Mice were
infected on Day 0 at 6 weeks of age;
anti–RSV-G (3G12) or anti–RSV-F was
administered intraperitoneally at 15 mg/kg
on Day 21. Airway function and
inflammation were assessed on Day 17
after infection. As shown in previous
studies in this model, significant AHR and
airway inflammation developed on RSV
infection compared with sham control mice
(17). Administration of either anti–RSV-G
or anti–RSV-F significantly reduced AHR
when compared with RSV-infected,

control antibody-treated mice (Figure 1A).

Similar results were seen when the

antibodies were administered on Day 0,

just before infection (data not shown).
After primary RSV infection, the

number of total cells, lymphocytes, and

neutrophils recovered in BAL fluid were
significantly increased compared with
noninfected control mice. Treatment with
anti–RSV-G or anti–RSV-F on Day 21
significantly reduced the number of total
cells, lymphocytes, and neutrophils in BAL
fluid (Figure 1B). Few eosinophils were
detected in primary RSV-infected adult
mice in any of the groups. As illustrated in
Figure 1C, treatment with anti–RSV-G or
anti–RSV-F significantly reduced the levels
of IFN-g in BAL fluid but had no effect on
the low levels of IL-4 and IL-13 (data not
shown).

Virus replication and clearance were
examined by measuring the amounts of
replicating virus recovered from lung
tissue at different time points after
inoculation. RSV titers peaked at Day 14

Figure 1. Anti–respiratory syncytial virus (RSV)-G and anti–RSV-F monoclonal antibodies (mAbs) had comparable effects in preventing airway responses

after primary RSV infection when administered on Day21. (A) Airway responsiveness to inhaled MCh. (B) Bronchoalveolar lavage (BAL) cellularity. (C) BAL

fluid IFN-g levels. (D) Virus titers in the lung. Results from three independent experiments with 12 mice per group are expressed as mean6 SD. *P, 0.05,

**P , 0.01. Eos, eosinophil; Lym, lymphocyte; Mac, macrophage; MCh, methacholine; Neu, neutrophil; PBS, phosphate buffered saline.
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postinfection. Prophylactic administration
of anti–RSV-F and anti–RSV-G equally
inhibited RSV replication (Figure 1D).

Therapeutic Effects of Anti–RSV-G

and Anti–RSV-F in the Response to

Primary RSV Infection

Here, BALB/c mice were infected at
6 weeks of age and anti–RSV-G (3G12)
or anti–RSV-F was administered
intraperitoneally at 15 mg/kg on Day 12
after RSV infection, before the peak of viral
replication and inflammatory response
(17). Airway function and inflammation
were assessed on Day 17 after infection. As
shown in Figure 2A, when administered on
Day 12 after RSV infection, anti–RSV-
G–treated mice developed significantly

decreased AHR, whereas anti–RSV-
F–treated mice developed similar levels
of AHR as control antibody-treated
RSV-infected mice.

As shown in Figure 2B, treatment with
anti–RSV-F on Day 12 had no effect on
BAL cellularity, whereas treatment with
anti–RSV-G on Day 12 significantly
reduced numbers of lymphocytes and
neutrophils. After RSV infection, the levels
of IFN-g in BAL fluid were significantly
increased, but treatment with anti–RSV-G
or anti–RSV-F did not alter the levels
(Figure 2C).

At Day 14 postinfection, there was
a marked decrease in viral titers in mice
treated with anti–RSV-F, and the virus titer
was below limits of detection in anti–RSV-

G–treated mice. On Day 17 after infection,
the levels of virus were below the limits
of detection in both anti–RSV-F– and
anti–RSV-G–treated mice (Figure 2D).

Impact of Anti–RSV-G and Anti–RSV-F

Treatment on Day 12 on the Kinetics

of the Responses after Primary

RSV Infection

In light of the therapeutic benefit of
anti–RSV-G on AHR and airway
inflammation when administered on Day
12 after RSV infection, we determined the
effects of anti–RSV-G and anti–RSV-F
treatment on the natural history of the
responses to primary RSV infection. BALB/
c mice were infected at 6 weeks of age,
and anti–RSV-G or anti–RSV-F was

Figure 2. Anti–RSV-G was effective in preventing AHR and airway inflammation after primary RSV infection when administered 2 days after infection. (A)

Airway responsiveness to inhaled MCh. (B) BAL cellularity. (C) BAL fluid IFN-g levels. (D) Virus titers in the lung. Results from three independent

experiments with 12 mice per group are expressed as mean 6 SD. *P , 0.05, **P , 0.01.
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administered intraperitoneally at 15 mg/kg
on Day 12 after RSV infection. Airway
function and inflammation were assessed
on Day 17, 110, and 114 after infection
(Figure 3A).

As shown in Figure 3B, AHR peaked
on Day 17 postinfection and declined
by Day 110 but remained significantly
higher than uninfected control mice. At
Day 114, AHR returned to baseline levels,
comparable to uninfected control mice.
Total cell numbers and lymphocyte
numbers recovered in BAL fluid were
significantly increased after RSV infection
and were highest at Days 17 and 110
postinfection. Peak numbers of neutrophils
were detected at Day 17 postinfection. The
number of total cells, lymphocytes, and
neutrophils all decreased by Day 114
postinfection (Figure 3C).

At Day 17 postinfection,
administration of anti–RSV-G (3G12) or
a second anti–RSV-G mAb (3D3) resulted
in significantly reduced AHR when
compared with either anti–RSV-F–treated
or control antibody-treated RSV infected
mice (Figure 3D). The number of
lymphocytes and neutrophils recovered in
BAL fluid were lower in anti–RSV-G
(3G12 and 3D3)-treated mice, whereas
anti–RSV-F treatment showed no effect
on BAL cellularity (Figure 3E). A decrease
in BAL fluid IFN-g levels was observed in
the 3D3-treated group (Figure 3F). At
Day 110 postinfection, even though AHR
in the control antibody-treated group
was lower than at Day 17 postinfection,
it was higher than in the anti–RSV-
G–treated group. Strikingly, the
anti–RSV-F–treated group showed
increased AHR, even higher than control
mice (Figure 3G), and this trend became
more obvious at Day 114, when AHR in
all other groups returned to baseline
values (Figure 3J). Anti–RSV-G treatment
reduced the number of lymphocytes at
Day 110 postinfection (Figure 3H),
whereas the anti–RSV-F–treated group
showed higher numbers of lymphocytes
and neutrophils at Day 114 (Figure 3K).
The levels of IFN-g in BAL fluid
were highest at Day 17 postinfection
and decreased at Days 110 and
114 postinfection. Anti–RSV-G– or
anti–RSV-F–treated groups had similar
levels of IFN-g in BAL fluid as the control
antibody-treated group at Days 110
(Figure 3I) and 114 postinfection
(Figure 3L).

To determine whether particular cell
types were targeted by anti–RSV-G
treatment, cells from the lung and PBLN
were stained and analyzed for expression of
CD3, CD4, CD8, and CX3CR1. We
determined that 30 to 40% of CD81 T cells
expressed CX3CR1, whereas only 1 to 3%
of CD41 T cells expressed CX3CR1. In
PBLN, the number of CD81CX3CR11

T cells in anti–RSV-G–treated group was
significantly higher than in control
antibody or anti–RSV-F–treated groups at
Days 110 and 114; on Day 17, the
numbers were lower in the anti–RSV-
G–treated group than the other groups
(Figure 3M). In the lung, the number of
CD81CX3CR11 T cells peaked on Day
110 in all RSV-infected groups, and
numbers were higher than in noninfected
mice (Figure 3N). Similar numbers of
CD81CX3CR11 T cells were detected in
both the anti–RSV-G– and anti–RSV-
F–treated groups and were lower than in
the control antibody-treated group. By
Day 114, the number of CD81CX3CR11

T cells in the anti–RSV-G– or anti–RSV-
F–treated groups decreased to levels
comparable to noninfected mice. In control
antibody-treated mice, this number was
significantly lower than in the other
groups. When IFN-g production in
CD81CX3CR11 T cells was examined by
intracellular staining, we found the
number of CD81CX3CR11 IFN-g1 T cells
in all RSV-infected groups increased on
Days 17 and 110 and were significantly
higher than in naive mice. However,
no differences in the numbers of
IFN-g–producing CD81CX3CR11 T cells
between antibody-treated groups
were detected in the PBLN or lung
(data not shown).

Prophylactic Effects of Anti–RSV-G

and Anti–RSV-F on the Responses to

Secondary RSV Infection

To determine whether the prophylactic
administration of anti–RSV-G or
anti–RSV-F during primary RSV infection
reduced airway responses to RSV
reinfection, mice were initially infected with
RSV as neonates and reinfected 5 weeks
later, a time when no residual AHR or
airway inflammation was detected after
recovery from primary infection
(Figure 4A). Airway function and
inflammation were assessed on Day 17
after secondary infection. Anti–RSV-G or
anti–RSV-F mAbs were administered 1 day

before neonatal primary infection. As
illustrated in Figure 4B, mice initially
infected as neonates developed enhanced
AHR and airway eosinophilia on
reinfection with RSV. Administration of
anti–RSV-G but not anti–RSV-F during
primary neonatal infection resulted in
decreased AHR on reinfection to levels
observed in mice receiving primary
infection at this age. In parallel,
anti–RSV-G but not anti–RSV-F
significantly reduced the number of
eosinophils in the BAL fluid; there were no
differences in the numbers of macrophages,
lymphocytes, or neutrophils in the
treated and untreated groups (Figure 4C).
In BAL fluid, anti–RSV-G but not
anti–RSV-F during primary infection
increased IFN-g levels (Figure 4D) and
decreased IL-13 levels (Figure 4E) in
reinfected mice.

Virus replication and clearance were
examined by measuring the amounts of
replicating virus recovered from lung
tissue at different time points after
primary neonatal RSV infection. Similar
to infection of adult mice, RSV titers
peaked at Day 14 postinfection; there were
no significant differences detected
between the two age groups, indicating
similar rates of viral replication
and clearance. Prophylactic
administration of anti–RSV-F and
anti–RSV-G equally inhibited RSV
replication (Figure 4F).

Discussion

To date, no RSV subunit or live virus
vaccine has proven effective in human
clinical trials. The most widely used
intervention today is palivizumab,
a humanized murine mAb against the
RSV-F glycoprotein. Although effective in
reducing hospitalizations in susceptible
infants and young children, there remains
breakthrough disease when used
prophylactically. Moreover, palivizumab
has not been effective as postinfection
therapy and may even be deleterious
when administered postinfection (5).
Emerging data support targeting of
the G glycoprotein (3). In the present
study, comparisons of anti–RSV-F
(palivizumab) and anti–RSV-G were
examined in both prophylactic and
postinfection approaches as well as in
a secondary, reinfection model. The
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Figure 3. (See figure legend on following page)
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anti–RSV-G mAbs were derived from B
lymphocytes of recovering patients
and targeted the conserved but
poorly immunogenic central motif of
the G glycoprotein (15). Relative to
palivizumab, anti–RSV-G showed
comparative efficacy when administered
1 day before infection, preventing airway

inflammation and development of
RSV-induced AHR. These data
correspond to their viral neutralization
potency (20). However, when
administered 2 days postinfection, the
anti–RSV-G showed superiority over
anti–RSV-F in all measures of airway
inflammation and AHR.

The surface glycoproteins G and F
are the major glycoproteins involved in
RSV infection. Two major antigenic
subtypes, A and B, are defined primarily
on the basis of the differences in the G
glycoprotein. Deletion of G glycoprotein
substantially reduces virus replication
in vivo (21). Detailed study of G

Figure 3. The effects of anti–RSV mAbs on the kinetics of airway responses. (A) Experimental protocol. (B) AHR kinetics after primary RSV infection. (C)

BAL cellularity kinetics. (D–F) Airway responsiveness to inhaled MCh (D), BAL cellularity (E), and BAL fluid IFN-g levels (F) at Day 17 postinfection. (G–I)

Airway responsiveness to inhaled MCh (G), BAL cellularity (H), and BAL fluid IFN-g levels (I) at Day 110 postinfection. (J–L) Airway responsiveness to

inhaled MCh (J), BAL cellularity (K), and BAL fluid IFN-g levels (L) at Day 114 postinfection. The number of CD81CX3CR11 T cells in the PBLN (M) and in

the lung (N) on Days 17, 110, and 114 were determined by flow cytometry. Results from three independent experiments with 12 mice each group per

time point are expressed as mean 6 SD. *P , 0.05, **P , 0.01.
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glycoprotein structure revealed a CX3C
motif located in the cysteine noose central
region of the RSV-G glycoprotein and
flanking N- and C-terminal residues
spanning residues 148 to 198 that are
highly conserved across all strains (12).
In the current study, two anti–RSV-G
mAbs, screened from human B cells by
a high-throughput single-cell phenotyping

technology (CellSpot) were used (15).
Both mAbs recognized tightly clustered
epitopes limited to fewer than 20 residues
in the conserved central cysteine-noose
region and were shown to improve
viral neutralization potency in vitro and
enhance reduction of infectious virus in
both prophylaxis and postinfection
treatment models in mice (15).

The pathogenesis of RSV lower
respiratory tract infection is not completely
understood, but it is likely mediated both
by the direct effects of the virus and by
the host inflammatory response. Many
features of the response to RSV are
shared in humans and mice. In humans,
neutrophils predominate in the BAL fluid
and infiltrate the small airways in severe

Figure 4. Anti–RSV-G mAb reduces the response to secondary RSV infection when administered during neonatal primary infection. (A) Experimental

protocol. (B) Airway responsiveness to inhaled MCh. (C) BAL cellularity. (D) BAL fluid IFN-g levels. (E) BAL fluid IL-13 levels. (F) Virus titers in the lung after

primary neonatal RSV infection. Results from three independent experiments with 12 mice per group are expressed as mean6 SD. *P, 0.05, **P, 0.01

indicate significant differences between anti–RSV-G antibody-treated mice and control antibody-treated mice. N/D, not detected.

ORIGINAL RESEARCH

150 American Journal of Respiratory Cell and Molecular Biology Volume 51 Number 1 | July 2014



bronchiolitis (22). However, the lower
airways have not been sampled in milder
cases. The dynamics of innate neutrophil
and adaptive T-cell responses in infants
with severe RSV infection has been studied
and showed a peak of blood neutrophilia
between Days 7 and 9 after the onset of
symptoms, whereas a robust CD81 T-cell
response peaked between 11 and 15 days
after the onset of symptoms (23). In the
mouse, RSV infection induces primarily
a lymphocytic inflammatory response.
However, higher doses of RSV induce airway
neutrophilia in the early stages of infection
(24). In the present model, RSV infection
induced neutrophil recruitment in the
lungs at Days 2 to 4 postinfection
and the peak of CD81 T cells appeared
at Day 110.

There are few if any comparative data
examining the response in infants after
primary and secondary infection, which
is feasible in mice, as reported here.
Direct viral cytopathology played an
initial role in the pathogenesis of RSV-
induced disease in the model (25).
By limiting RSV replication, direct
cytopathology induced by virus was
reduced. At the same time, by decreasing
the viral antigen load, the magnitude
of the inflammatory response, which
contributes to the severity of the illness,
was diminished. It is expected
that anti–RSV-F and anti–RSV-G
had prophylactic effects on airway
inflammation by reducing viral load.

Both RSV-G and RSV-F glycoproteins
can initiate host inflammation through
direct interactions with host inflammatory
cells, for example, F glycoprotein binding
to TLR4 (26) and G glycoprotein
binding to CX3CR1 (14). Neutralizing
antibodies can directly block these
interactions and lead to reduced numbers
of airway infiltrating cells (15, 19, 27, 28).
Airway inflammation, initiated either by
innate immune responses or neurogenic
responses, contribute to development of
AHR (29). In both humans (30) and
mice (31), inoculation of RSV induces
an inflammatory response characterized
by airway neutrophilia. Although not
necessarily linked, anti–RSV-F or
anti–RSV-G administered 1 day before
infection resulted in reductions in AHR,
which were associated with reduced
airway inflammation. Thus, in a
prophylactic mode, both targeted
antibodies were effective.

Differences in efficacy were more
obvious when treatment was initiated
after infection. Anti–RSV-F failed to
demonstrate therapeutic effects in RSV
disease in animals (19) or humans (5),
even though the viral titer was lower after
treatment. These results suggested that
once infection was established, host
responses continued to contribute to
disease pathogenesis. Host responses can
be divided into those deemed protective or
pathogenic. In general, the protective
responses are cell-mediated immune
responses characterized by Th1 cytokine
production, whereas pathogenic responses
involve Th2 responses associated
with airway eosinophilia, goblet cell
metaplasia, mucus production, and AHR.
Consequently, effective therapy may
require not only antiviral potency but also
activity to enhance protective host
response elements. A number of studies
have implicated RSV-G glycoprotein in the
pathogenesis of RSV disease through
effects on the profile of lymphocyte
cytokine and chemokine expression.
BALB/c mice immunized with vaccinia
virus expressing G glycoprotein or
purified G glycoprotein produce an
exaggerated CD41 T-cell response with
increased Th2-type cytokine production
and airway eosinophilia when challenged
with RSV (8). The underlying
mechanisms are not fully elucidated but
may be related to the CX3C chemokine
motif. This motif is located in the central
conserved cysteine-noose region and
appears to mimic CX3C chemokine.
CX3C–CX3CR1 interactions facilitate virus
infection and are capable of modifying
pulmonary leukocyte migration and
activation (14). A nonneutralizing
anti–RSV-G glycoprotein mAb (131-2G)
has been shown to inhibit RSV-G
glycoprotein binding to CX3CR1 and
RSV-G glycoprotein-induced chemotaxis
(14). This antibody has been shown to
reduce virus replication through antibody-
dependent cell cytotoxicity and decrease
airway inflammation independent of
Fc interactions or effects on virus
replication (32).

Based on these observations, we
hypothesized that anti–RSV-G might
have better treatment outcomes than
anti–RSV-F. When administered 2 days
after RSV infection, anti–RSV-G–treated
mice developed significantly lower levels
of AHR and significantly reduced

numbers of lymphocytes and neutrophils
in BAL fluid; in contrast, anti–RSV-F
treatment showed no alterations in these
outcomes. These results are similar to
previous studies demonstrating that
when administered 3 days postinfection,
anti–RSV-G was more potent in
reducing lower respiratory tract
infection, pulmonary inflammation, and
proinflammatory cytokine production
(15, 32).

The superiority of anti–RSV-G
became more apparent when
administered 2 days postinfection and
followed for up to 14 days postinfection.
In nontreated mice, AHR and airway
inflammation peaked at 7 days and
declined to baseline at 14 days
postinfection. The efficacy of anti–RSV-G
was shown at 7 days and persisted though
14 days. Strikingly, after anti–RSV-F
treatment on Day 12, AHR and airway
inflammation did not subside but
persisted and were even enhanced with
time. Given the natural decline in
untreated but infected mice, it suggests
that anti–RSV-F interfered with a
protective pathway or resulted in the
persistence of a pathogenic pathway.
Because F glycoprotein can trigger release
of “protective” cytokines such as IL-12,
IL-6, and TNF-a through TLR4 activation
(26), the immunomodulatory effects of
the F glycoprotein may have been
attenuated by anti–RSV-F treatment
administered late. Of interest, mutations
in TLR4 that reduce receptor activity were
overrepresented in infants hospitalized
with RSV (33). On the other hand,
RSV-G glycoprotein modulates
suppressor of cytokine signaling family
of proteins (SOCS) expression that
negatively regulates cytokine expression
and results in inhibition of type 1 IFN
and IFN-stimulated gene-15 expression
(34). Targeting the G glycoprotein, as in
this study, resulted in reduction of AHR
and airway inflammation. A second
potential benefit of anti–RSV-G is that
RSV-G competes with fractalkine
(CX3CL1) for binding to CX3CR1 (14).
CD8 T cells expressing CX3CR1 play
a major role in the cytotoxic response to
RSV infection. CX3CR1 has been shown
to be expressed preferentially on
polarized Th1 compared with Th2 cells
(35). The number of CD41CX3CR11 and
CD81CX3CR11 T cells in the BAL was
significantly higher at Day 112
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postinfection in mice infected with RSV
mutant viruses lacking the G or G protein
CX3C motif compared with wild-type
infected mice. However, this increase was
not detected at Day 16 postinfection.
These results indicate the potential for
a long-term effect of RSV G protein on
migration or survival of CD41CX3CR11

and CX3CR11 CD81 T cells in the lung
(10). By analogy, blocking RSV-G
glycoprotein may have enhanced the
numbers of CX3CR11 cytotoxic T cells
accumulating in the lung, thereby limiting
the consequences of infection even when
administered after infection. In our study,
we found that the number of PBLN
CD81CX3CR11 T cells in the anti–RSV-
G–treated group was significantly higher
than in the control antibody-
or anti–RSV-F–treated groups at
Days 110 and 114 (Figure 3M). These
results suggested that anti–RSV-G
treatment enhanced the migration of
CD81CX3CR11 T cells from the
circulation to the PBLN. On Day 17, the
results showed an opposite trend, which
may have been related to the timing of
soluble G protein release. In the lung, the
situation was more complicated than in
PBLN (Figure 3N). It seems that at later
time points, CX3CR1 might serve as the
major chemokine receptor responsible
for CD81 T cell migration to the lung
after RSV infection as the number of
CD81CX3CR11 T cells in all RSV-
infected groups peaked on Day 110
and was significantly higher than in
naive mice. However, anti–RSV-G
treatment did not show any differences
from anti–RSV-F treatment, and
both treatments resulted in lower
CD81CX3CR11 T cell accumulation
than in the control antibody-treated
group on Day 110. These results
suggested the effects of anti–RSV-G
might not be solely on the migration of
T cells but might have other effects, for
example, on G glycoprotein–mediated
increases in levels of substance P and
decreased respiratory rates in RSV-
infected mice (11). As with TLR4
polymorphisms, human polymorphisms
associated with reduced activity of
CX3CR1 were overrepresented in infants
with severe RSV disease (36). Because
CX3CR1 is also expressed on dendritic
cells (37) and NK cells (38) in
addition to T cells, whether blocking
RSV-G glycoprotein has other effects

through these cell types is unknown at
this point.

In the present study, a secondary or
reinfection model was used to compare
prophylactic administration of anti–RSV-
G or anti–RSV-F during primary
infection on reinfection. This
experimental approach was used for
reasons that differentiate it from other
single-infection approaches. First, it has
clinical relevance. Given the fact that RSV
infection does not lead to enduring
immunity, many infants experience
RSV reinfection, often with serious
consequences (39). Currently, the anti-F
antibody is licensed for prophylactic use
for high-risk infants. We used the
reinfection model to compare outcomes
after second virus exposure after
prophylactic use of these antibodies
before initial exposure. Second, in
this model, neonatal RSV infection
predisposes to the development of airway
eosinophilia and enhanced AHR via an
IL-13–dependent mechanism after
reinfection, whereas initial infection
at a later age protects against the
development of these altered airway
responses after reinfection (17). This
Th2-biased response in neonates at initial
infection appeared mediated, at least in
part, by increases in TSLP release, up-
regulation of OX40 ligand expression on
dendritic cells (40), and lower IFN-g
responses (41). Given purported
associations between RSV infection and
asthma (42), it is important to determine
whether blocking RSV-G or RSV-F
during neonatal infection has effects on
responses after reinfection that could be
linked to asthma development such as the
cytokine milieu and excessive mucus
production. The third reason for use of
this model follows on the implications
from the vaccine-enhanced disease
models. Sensitization to G glycoprotein
led to Th2 responses associated with
pulmonary eosinophilia after challenge
with RSV; on the other hand,
sensitization to F glycoprotein led to
a Th1-dominant response (43). These
results suggested that G and F
glycoproteins had distinct
immunomodulatory roles on the
consequences of RSV infection. When
administered to neonates before initial
infection, both anti–RSV-F and
anti–RSV-G mAbs reduced the viral load.
Although passive administration of

antibodies to RSV prevents productive
infection, it may not prevent abortive
replication of the virus as indicated by
detection of viral RNA by real-time PCR
(44). Anti–RSV-G treatment during
neonatal primary infection resulted, on
reinfection, in lower AHR, and reduced
airway eosinophilia and IL-13 levels. In
contrast, anti–RSV-F treatment did not
show any effect. IL-13 is essential to the
development of mucus production and
AHR in models of allergic airway
inflammation (45). In the present model,
IL-13 was required for development of
the asthma-like phenotype after
reinfection of mice initially infected as
neonates (17). The decreased levels of
IL-13 in anti–RSV-G–treated mice likely
contributed to the lower AHR and
reduced airway eosinophilia. IL-13 is
produced from both CD41 (Th2) and
CD81 (Tc2) T cells. In neonatally
infected mice, the increased levels of
IL-13 on reinfection suggest a bias toward
Th2-like responses. It is known that
neonatal mice exhibit an impaired IFN-g
response after primary RSV infection
compared with their older counterparts
(17). Anti–RSV-F might even accentuate
this lower Th1 response, given the findings
that the interaction of RSV-F–TLR4
contributes to a Th1 response (43). On the
other hand, anti–RSV-G might block Th2
responses triggered by CX3C–CX3CR1
interactions. A second possibility is that
anti–RSV-G interferes with the known TSLP
release after initial RSV infection (40). As
with allergen (46), RSV-G glycoprotein
interactions with lung epithelial cells
might induce TSLP release, initiating the
cascade leading to Th2-like responses
on reinfection. By intercepting this
interaction, anti–RSV-G administered to
infected neonates could limit activation of
the TSLP-initiated cascade, preventing
skewing of the immune response when
RSV is reencountered later in life. Because
neonatal mice have been shown to exhibit
Th2 skewing of their immune responses,
encounter with RSV-G glycoprotein but
not the F glycoprotein may have further
enhanced the Th2 phenotype as seen in
earlier vaccination trials. By blocking the
RSV-G glycoprotein, this skewing,
initiated by the RSV-mediated epithelial
cell release of TSLP, may have been
attenuated.

In summary, this study demonstrates
that anti–RSV-G and anti–RSV-F mAbs have
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similar prophylactic activities on RSV-
induced AHR and airway inflammation.
However, anti–RSV-G showed benefits when
administered in a therapeutic mode. In
addition, anti–RSV-G, but not anti–RSV-F,
given before neonatal infection, significantly

reduced airway inflammation,
eosinophilia, and AHR on reinfection.
The results support the use of these
novel human anti–RSV-G mAbs in
both prophylactic and therapeutic
applications. n
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