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Respiratory syncytial virus (RSV) readily infects and reinfects during infancy and throughout life, despite
maternal antibodies and immunity from prior infection and without the need for significant antigenic change. RSV
has two neutralization antigens, the F and G virion glycoproteins. G is expressed in both membrane-bound (mG)
and secreted (sG) forms. We investigated whether sG might act as a decoy for neutralizing antibodies by comparing
the in vitro neutralization of wild-type (wt) RSV versus recombinant mG RSV expressing only mG. wt RSV indeed
was less susceptible than mG RSV to monovalent G-specific and polyvalent RSV-specific antibodies, whereas
susceptibility to F-specific antibodies was equivalent. This difference disappeared when the virus preparations were
purified to remove sG. Thus, sG appears to function as a neutralization decoy. We evaluated this effect in vivo in
mice by comparing the effects of passively transferred antibodies on the pulmonary replication of wt RSV versus mG
RSV. Again, wt RSV was less sensitive than mG RSV to G-specific and RSV-specific antibodies; however, a similar
difference was also observed with F-specific antibodies. This confirmed that sG helps wt RSV evade the antibody-
dependent restriction of replication but indicated that in mice, it is not acting primarily as a decoy for G-specific
antibodies, perhaps because sG is produced in insufficient quantities in this poorly permissive animal. Rather, we
found that the greater sensitivity of mG versus wt RSV to the antiviral effect of passively transferred RSV antibodies
required the presence of inflammatory cells in the lung and was Fcy receptor dependent. Thus, sG helps RSV escape
the antibody-dependent restriction of replication via effects as an antigen decoy and as a modulator of leukocytes

bearing Fcy receptors.

Human respiratory syncytial virus (RSV) is the leading viral
agent of serious pediatric respiratory tract disease worldwide
(10). Yearly infections and deaths due to RSV worldwide are
estimated to be 64 million and 160,000, respectively (53). A
striking feature of RSV is its ability to infect neonates and
infants very early in life despite the presence of maternally
derived virus-neutralizing serum antibodies. Indeed, the peak
of serious RSV disease occurs at 2 months of age, a time in life
when maternal antibodies protect infants against most other
pathogens. Another striking characteristic of RSV is its ability
to reinfect and cause disease throughout life, sometimes even
during the same epidemic season, despite having only a single
serotype (17, 19, 20, 22; reviewed in reference 10). The ability
of RSV to infect very early in life despite maternal antibodies
and to reinfect throughout life despite immunity from prior
infection accounts for much of its impact on human health.

RSV has two major virion envelope proteins, the fusion F
and major attachment G glycoproteins, which are the two viral
neutralization antigens. The full-length RSV membrane-
bound G protein (mG), which is anchored by a transmembrane
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domain near the N terminus, also is expressed in a secreted
version (sG) that lacks the transmembrane domain due to an
alternative initiation of translation at the second Met (amino
acid 48) in the open reading frame, followed by proteolytic
trimming to make a new N terminus at amino acid position 66
(Fig. 1). In the medium of RSV-infected cells, approximately
80% of the total released G protein is present as sG, while the
remaining 20% is present as mG incorporated into virion par-
ticles (24, 39). Although the RSV G protein is characterized by
extensive sequence diversity among different viral isolates (8,
16, 26, 46, 49), all of the many available G protein sequences
contain the second Met at position 48, suggesting that the
expression of the secreted form is highly conserved and confers
some selective advantage. A number of other enveloped vi-
ruses express both membrane-bound and secreted forms of a
major surface glycoprotein and neutralization antigen, indicat-
ing that the expression of two forms of a neutralization anti-
gen, one anchored and one secreted, is a common theme in
animal virology (see Discussion). We were interested in inves-
tigating whether the RSV sG glycoprotein—and, by extrapo-
lation, the secreted forms of these other viral glycoproteins—
might help the virus evade host immunity. One possible
mechanism would be to function as a decoy molecule to bind
virus-neutralizing antibodies, thereby reducing the efficiency of
antibody-mediated virus neutralization. This question was ad-
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FIG. 1. The secreted and membrane-bound forms of the RSV G glycoprotein. Vertically aligned rectangles represent the same amino acid
sequence but differ with regard to being secreted (upper bar diagram, dotted) or membrane-bound (lower bar diagram, shaded). The transmem-
brane domain (TM) is depicted in black. The sequence of the first 100 amino acids of the protein is shown at the bottom to illustrate the two
alternative translational start sites at Met-1 and Met-48, the transmembrane domain, and the new N terminus that is generated at asparagine-66

by proteolysis (24, 39).

dressed in vitro in the present study by evaluating the relative
sensitivity of recombinant wild-type (wt) RSV, which expresses
both sG and mG, or an RSV mutant that expresses only mG
(designated mG RSV) to neutralization by RSV antibodies in
the presence or absence of sG. This was also studied in vivo in
a mouse model in which the replication of wt RSV and mG
RSV in the lungs was compared in animals that were passively
administered RSV G or F antibodies. There, we identified a
second effect of sG that involves modulation of the inflamma-
tory leukocyte response.

Previous studies provided conflicting results regarding the
level of replication, the level of inflammatory cell infiltration,
and the levels of cytokines that were induced by wt RSV versus
mG RSV. In one study, sG was found to decrease both virus
replication and pulmonary cell infiltration in mice (44),
whereas in the second study, sG promoted both replication and
pulmonary cell infiltration (29). In the present study, we ad-
dressed these disparate findings using wt RSV and mG RSV
preparations that had been sequenced completely, had mini-
mal adventitious changes, and were found to replicate compa-
rably in vitro and in vivo. The results showed that sG reduces
the sensitivity of wt RSV to passively transferred antibodies
through an effect that depends on the presence of pulmonary
Fc receptor-bearing leukocytes.

The evasion and manipulation of the host immune system by
virally expressed proteins is well known and has been described
with regard to the effects on antigen presentation, cellular
responses, inflammation, and other cytokine-mediated re-
sponses (2, 30, 38). The present report describes a new facet
involving the evasion of virus-neutralizing antibodies by two
distinct mechanisms.

MATERIALS AND METHODS

Viruses, cells, and analysis of viral proteins. Recombinant RSV was previ-
ously engineered to contain the Met-48-Ile and Ile-49-Val amino acid substitu-
tions that ablated the expression of sG, resulting in the virus mG RSV (48). We
recovered a fresh preparation of mG RSV from cDNA constructed as previously
described (48). Recombinant wt RSV and mG RSV were propagated in HEp-2
human epithelial cells (American Type Culture Collection, Manassas, VA) in 2%
fetal bovine serum (Invitrogen, Carlsbad, CA). The virus preparations used in
this study were sequenced in their entirety except for nucleotides 1 to 29 and
15192 to 15223 at the 3’ and 5’ ends, respectively, that were bound by reverse
transcriptase PCR (RT-PCR) primers and were not directly confirmed. Se-
quence analysis was performed directly on uncloned RT-PCR products. For the
experiment for which the results are shown in Fig. 2, the medium overlying the
virus-infected cells was collected and clarified by low-speed centrifugation (300 X
g at 4°C for 10 min) and used without further treatment. For the experiment for
which the results are shown in Fig. 3, virus in the clarified medium was purified

by ultracentrifugation in a discontinuous 30% to 60% (wt/wt) sucrose gradient
(8,000 X g at 4°C for 2 h). The virus was collected from the interface between the
two sucrose layers and aliquoted. For the experiments for which the results are
shown in Fig. 4 to 9, the viruses in the clarified medium were concentrated
20-fold (by volume) using Vivaspin 20 centrifugal concentrators with a pore size
of 300 kDa (Sartorius AG, Goettingen, Germany) according to the manufactur-
er’s recommendations. Since sG should readily pass through the concentrator
pores, its concentration should have remained essentially unchanged. Titration
of the viruses was performed by plaque assay on monolayers of HEp-2 cells with
immunostaining of the plaques by monoclonal antibodies specific to RSV F
protein (32).

For viral protein analysis, sucrose gradient-purified virions were lysed using
NuPage LDS sample buffer (Invitrogen, Mountain View, CA), and the proteins
were electrophoretically separated under denaturing and reducing conditions on
4 to 12% gradient bis-Tris acrylamide gels (NuPage system; Invitrogen). Follow-
ing separation, the proteins were analyzed by silver staining using a SilverQuest
kit (Invitrogen), according to the manufacturer’s recommendations, or by West-
ern blotting. Magic XP marker proteins (Invitrogen) were used as molecular
weight markers. Quantitative analysis of the protein bands in scanned silver-
stained gels was performed with IP lab gel software (Signal Analytics Corp.,
Vienna, VA). For the Western blotting analysis, the separated proteins were
transferred to a Hybond-P membrane (GE Healthcare, Piscataway, NJ) and
incubated with the polyvalent mouse RSV-specific antibodies (see below), fol-
lowed by the goat anti-mouse immunoglobulin G (IgG) plus IgM labeled with
fluorescein (Invitrogen) (both at a 1:1,000 dilution). The fluorescent bands were
scanned with a Typhoon 8600 phosphorimager (Molecular Dynamics, Sunnyvale,
CA) and analyzed as described above.

Generation of polyvalent and monovalent RSV-specific antisera. To generate
the polyvalent RSV-specific serum, 26 10- to 12-week-old BALB/c mice or
C57BL/6 mice (Charles River Laboratories) under methoxyflurane anesthesia
were inoculated by the intranasal route with 5 X 10° PFU (in a volume of 100 1)
of wt RSV. Four weeks later, the animals were euthanized and sera were col-
lected and pooled. To generate monovalent serum specific to RSV G or F
protein, recombinant vaccinia viruses expressing the G (14) or F (33) gene of
RSV strain A2 (the same strain as was used for the construction of recombinant
wt RSV and mG RSV in the present study) were propagated in Vero cells
(American Type Culture Collection) containing 2% fetal bovine serum (Invitro-
gen). To harvest the virus, the cells were scraped into the medium, collected by
low-speed centrifugation as described above, subjected to three consecutive
cycles of freezing and thawing to disrupt the cells and release the virus particles,
and sonicated. The viruses were titrated on monolayers of Vero African green
monkey cells, and plaques were identified by crystal violet staining. The viruses
were used to inoculate 7- to 18-week-old BALB/c mice (Charles River Labora-
tories) (35 and 55 animals for the vaccinia viruses expressing RSV F or G,
respectively) under methoxyflurane anesthesia by intranasal and intradermal
inoculations in the footpad (50 wl into each site), with a combined dose of 3 X
10° or 3 X 107 PFU of vaccinia virus expressing RSV G or F, respectively, per
animal. For generation of the G-specific serum, the inoculations were repeated
4 weeks later. Four weeks after the last dose, the animals were euthanized and
serum samples were collected and pooled.

Determination of antibody titers. The titers of antibodies specific to the RSV
G and F protein in the polyvalent and monovalent mouse sera were determined
by enzyme-linked immunosorbent assay (ELISA) as follows. Immulon IB plates
(Thermo Scientific, Waltham, MA) were coated with 100 ng/well of purified G or
F protein diluted in carbonate buffer. The plates were then incubated overnight
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FIG. 2. Neutralization of 10*° to 10>* PFU/ml of unpurified wt RSV or mG RSV with various dilutions of normal (nonimmune) mouse serum (A),
polyvalent RSV-specific mouse antiserum (B), or monovalent mouse antiserum specific to the G (C) or F (D) protein. The viral titers shown are the
means of three replicate samples per each serum dilution, with the SE indicated. The limit of detection (Det. limit) in the assay is indicated except for
the F-specific serum, which was also 1.0 log,, PFU/ml. Statistical significances of the differences between the titers of the two viruses are shown.

at 4°C and washed three times with phosphate-buffered saline containing 0.05%
Tween 20 (PBST). Dilutions of mouse sera in PBST containing 1% fetal bovine
serum were applied to antigen-coated and noncoated wells; the plates were
incubated overnight at room temperature and washed as described above. A
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FIG. 3. Neutralization of wt RSV or mG RSV as described in the
legend to Fig. 2, except that the virus preparations were purified to
remove sG that is otherwise present in wt RSV preparations. (A) Nor-
mal (nonimmune) serum; (B) polyvalent RSV-specific antiserum;
(C) monovalent G-specific antiserum.

1:2,000 dilution of goat anti-human IgG conjugated to alkaline phosphatase
(Jackson ImmunoResearch, West Grove, PA) in PBST was added, and the plates
were incubated at room temperature overnight followed by washing as described
above. To develop the plates, 100 ul per well of alkaline phosphatase yellow
(pNPP) liquid substrate system for ELISA (Sigma-Aldrich, St. Louis, MO) was
added, the plates were incubated for 20 min at room temperature, and the
reaction was stopped by adding 50 wl per well of 1 N sodium hydroxide. The
optical density was determined at 405 nm, and the titer was defined as the inverse
dilution resulting in an optical density that was at least double that of the
background and was greater than 0.1. In the polyvalent serum raised by RSV
infection and used in the experiments for which the results are shown in Fig. 2
and 3, the reciprocal titers of the G- and F-specific antibodies were 16.3 and 18.3
log, units, respectively. In the polyvalent RSV-specific serum used in the exper-
iments for which the results are shown in Fig. 4, the respective titers were 18.3
and 20.3, respectively. In the monovalent RSV G-specific or F-specific sera, the
reciprocal titer of the G-specific or F-specific antibodies was 17.3 log, units in
each case. Following the passive antibody transfer (see below), serum neutral-
izing-antibody titers were determined by a 60% RSV plaque reduction assay as
previously described (9).

In vitro neutralization of wt RSV or mG RSV by sera of various specificities.
A total of 75 pl of Opti-MEM medium (Invitrogen) containing 1 X 10* PFU of
recombinant wt RSV or mG RSV and 10% guinea pig complement (Cambrex
Corporation, East Rutherford, NJ) were combined with 75 pl of various dilutions
of polyvalent RSV-specific, monovalent G- or F-specific, or control serum in
Opti-MEM medium and were incubated at 37°C for 1 h. The residual infectivity
was then determined by titration in HEp-2 monolayers as described above.

Infection of mice and replication of wt RSV or mG RSV in lungs following the
passive transfer of RSV-specific antibodies. Eight- to 10-week-old BALB/c mice
(Charles River Laboratories, Wilmington, MA) (Fig. 4, 5, 6, 8, and 9) or 9-week-
old Fcy receptor knockout (KO) mice on a BALB/c background (Taconic,
Germantown, NY) (Fig. 7) were used in the study. For the passive-transfer
experiments (Fig. 4, 7, and 8), the animals were injected by the intraperitoneal
route with 0.5 ml of the indicated dilution of polyvalent RSV-specific or mono-
valent G-specific or F-specific serum in PBS or with PBS alone. The next day, the
serum samples were collected in some experiments, and the animals were inoc-
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FIG. 4. Replication of wt RSV or mG RSV in the lungs of mice in the presence of RSV-specific antibodies of various specificities. (A) Map
of the experiment. (B to D) Pulmonary titers of wt RSV or mG RSV in mice that had previously received passive intraperitoneal transfer of the
indicated dilutions of polyvalent RSV-specific serum (B), monovalent RSV G-specific serum (C), or monovalent RSV F-specific serum (D). The
passive transfer was on day —1, infection was on day 0, and the tissue harvest was on day 4. The limit of detection (Det. limit; 1.7 log,, PFU/g of
lung tissue) is indicated by an arrow. Mean viral titers and SE are shown. Groups A to F in each panel involved the following respective numbers
of mice per group (and the numbers in parentheses indicate the number of mice in that group that lacked detectable virus): panel B, 6, 6, 6, 7,
6, and 6 (2); panel C, 5, 6, 6, 6, 6 (3), and 6 (5); panel D, 6, 5, 6, 6, 6, and 6 (2). For the animals in which virus was not detected, an arbitrary value
of 1.4 log,, PFU/g (twofold below the detection limit) was assigned for the purpose of calculating the means; in the case of group F in panel C,
this resulted in a mean titer of 1.45 log,, PFU/g that was below the detection level and is indicated with a plus. The n-fold reduction in the viral
titers in the antibody-administered groups compared to that in the PBS-administered groups receiving the same virus are shown above the bars
of the former groups. For each antibody-administered group, the statistical significance of the reduction versus the PBS-administered group
infected with the same virus is shown. The differences between the viral titers of PBS-treated mice in different experiments depicted in panels B,

C, and D are related to slightly variable titers of viral inoculums, as determined by their back titration.

ulated intranasally under methoxyflurane anesthesia with 6 X 10° PFU of wt
RSV or mG RSV, which had been concentrated with Vivaspin concentrators as
described above, in a volume of 100 pl. On day 4 after infection, the mice were
euthanized; the lungs were isolated, homogenized in Leibowitz L-15 medium
(Invitrogen) containing antibiotics, and clarified by low-speed centrifugation as
described above; and the supernatants containing the virus were divided into
aliquots and frozen. The viral concentrations were determined by plaque titra-
tion as described above. For some passive-transfer experiments, as well as for
histopathological and immunohistochemical studies and for the quantitation of
cytokines and chemokines (see below), mice were given daily intramuscular
injections of triamcinolone acetonide suspension (Kenalog-40) (Bristol Myers
Squibb Company, Princeton, NJ) at a dose of 30 mg/kg and were infected as
described above.

Histopathological and immunohistochemical analyses of lung tissues. Lung
tissues were fixed in 10% neutral buffered formalin and embedded in paraffin,
and 4-pm sections were processed for staining with hematoxylin and eosin.
Additional lung sections were stained for F4/80 (macrophage marker) or CD3
(T-cell marker) using rat anti-mouse F4/80 (Serotec, Inc., Raleigh, NC) or rabbit

anti-human CD3 (Dako, Glostrup, Denmark), respectively, as the primary anti-
bodies. For F4/80, a secondary biotinylated goat anti-rat IgG antibody (Biocare
Medical, Concord, CA) was applied after incubation with the primary antibody,
followed by a horseradish peroxidase-streptavidin complex (Biocare Medical).
For CD3, a biotinylated goat anti-rabbit IgG secondary antibody (Vector Lab-
oratories, Burlingame, CA) was applied, followed by R.T.U. Vectastain Elite
ABC reagent (Vector). The staining of both F4/80 and CD3 was completed with
DAB chromogen.

Analysis of pulmonary cytokines and chemokines. On day 4 after infection, the
mice were euthanized, the lungs were isolated, and RNA from one lung of each
mouse was isolated with TRIzol reagent (Invitrogen, Carlsbad, CA), according to
the manufacturer’s recommendations, and additionally purified by two consec-
utive phenol-chloroform extractions, followed by ethanol precipitation. Quanti-
tative analyses of the pulmonary mRNA for the cytokines and chemokines were
performed using Tagman gene expression assays (Applied Biosystems, Foster
City, CA), according to the manufacturer’s recommendations. Quantitation
was done by the comparative threshold cycle (C;) method, where AAC, =
AC(target) — AC;(mock). Here, AAC; is the change in the expression of the
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FIG. 5. Weights of mice infected with wt RSV or mG RSV and
treated or mock-treated with triamcinolone. (A) Map of the experi-
ment. (B) Body weight expressed as a percentage of the original weight
on day —1. The groups included the following numbers of mice that
were mock-treated or treated with triamcinolone, respectively: wt
RSV, 5 and 4; mG RSV, 5 and 4; and mock-infected, 3 and 3. In the
wt RSV/triamcinolone group, one mouse was found dead on day 4, and
the mean titer was calculated based on three mice. In the no-triamcin-
olone treatment group, significant differences for the wt RSV-infected
mice compared to the mG RSV-infected mice were observed on days
1, 2, and 3; in the triamcinolone treatment group, a significant differ-
ence was observed on day 3 only (indicated with asterisks). Similar data
were obtained in a separate independent experiment (not shown).

target RNA of interest in the infected-cell sample compared to that of the
mock-treated control, expressed as log, units. AC,(target) is the C for the target
RNA in the infected-cell sample normalized to the C; for an internal house-
keeping gene, and AC(mock) is the C; for the target RNA in the mock-treated
control normalized to the C; for an internal housekeeping gene. C; is the
number of cycles needed to reach a threshold value.

A second lung from each mouse was homogenized in cold Pierce radioimmu-
noprecipitation assay buffer with Halt protease inhibitor, Halt phosphatase in-
hibitor, and EDTA (Thermo Scientific, Rockford, IL), and the lysates were
prepared according to the radioimmunoprecipitation assay buffer manufacturer’s
recommendations. Quantitative analyses of the cytokines and chemokines in the
lysates were performed with Quantikine immunoassays (R&D Systems, Minne-
apolis, MN) according to the manufacturer’s recommendations.

Statistical analysis of the data. Differences in the viral titers in mouse lungs
were evaluated by the Student’s ¢ test and considered significant when the P value
was <0.05. Data are shown as means * standard errors of the means (SE).

RESULTS

In vitro, sG protects RSV from neutralization by G-specific
but not F-specific antibodies. Recombinant RSV was previ-
ously engineered to contain two codon substitutions, Met-48-
Ile and Ile-49-Val, in the G open reading frame (Fig. 1). These
mutations were previously shown to completely abrogate the
expression of the sG protein and did not affect the translation
of the full-length G protein or change the hydrophobicity of
the transmembrane domain (39, 48). The resulting mutant
(mG RSV) lacking the sG protein was demonstrated to repli-
cate with wt-like efficiency in cell culture and in the lungs of
seronegative mice (48). The virus preparations used in this
study were sequenced in their entirety (except for short seg-
ments at each genome end representing sites of primer binding
[see Materials and Methods]) by direct analysis of the un-
cloned RT-PCR products. This showed that the sequence of
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the wt RSV preparation was identical to its cDNA clone
(which had previously been shown to encode wt virus on the
basis of causing respiratory tract disease in chimpanzees) ex-
cept for a single nucleotide substitution at position 12205 (L
gene) that resulted in an amino acid change (Thr-1236-Ile) and
a single nucleotide substitution at position 12329 (L gene) that
did not change the amino acid coding and was considered to be
silent. This specific preparation of virus replicated in cell cul-
ture and in mice with an efficiency consistent with being a wt
virus, suggesting that these changes were phenotypically silent.
The mG RSV, whose cDNA was isogenic to wt RSV apart
from the engineered change in G, contained a single nucleo-
tide substitution at position 9849 (L gene) that did not affect
the amino acid coding and thus was considered to be silent.

To determine whether sG might serve as a decoy molecule
for RSV-specific antibodies, we compared the sensitivity of wt
and mG RSV to neutralization in vitro by polyvalent mouse
antiserum made in response to infection with RSV (and shown
by ELISA to contain high levels of G-specific and F-specific
antibodies [see Materials and Methods]) or by monovalent
F-specific or G-specific mouse antiserum made in response to
infection with recombinant vaccinia virus expressing the RSV
F or G glycoprotein. The virus-antibody mixtures were incu-
bated for 1 h at 37°C in the presence of 5% guinea pig com-
plement (to enhance neutralization of the viruses by the anti-
bodies and to better mimic the in vivo situation), and residual
infectivity was determined by plaque titration.

Initially, we evaluated preparations of both wt RSV and mG
RSV that were produced in cell culture but which had not been
further purified and thus contained plentiful sG protein in the
case of wt RSV but not mG RSV. We found that the polyvalent
RSV-specific serum neutralized mG more efficiently than wt
RSV (Fig. 2B). This difference was evident at low serum dilu-
tions (dilutions of 1:10 to 1:80), whereas at high dilutions the
neutralizing activity diminished and the difference between the
two viruses disappeared, as would be expected. An even
greater difference in neutralization between the two viruses
was observed with the G-specific monovalent serum (Fig. 2C).
At a serum dilution of 1:160, the residual infectivity of wt
RSV was >1,200 PFU/ml, while that of mG was below the
detection limit of 10 PFU/ml (>120-fold difference). In con-
trast, incubation with the F-specific serum resulted in equiv-
alent neutralization of the two viruses (Fig. 2D), confirming
that the difference in susceptibility was specific to G.

The reduced susceptibility of wt RSV to G-specific antibod-
ies in vitro depends on sG. We then purified wt RSV and mG
RSV by ultracentrifugation in sucrose gradients to remove sG
from the preparation of wt RSV. The ultracentrifugation of
RSV in sucrose gradient was previously demonstrated to com-
pletely separate the virus from the sG protein (23). With the
removal of sG, wt RSV and mG RSV became equally suscep-
tible to neutralization by the polyvalent RSV-specific (Fig. 3B)
and monovalent G-specific (Fig. 3C) antisera. Since the level of
incorporation of full-length G protein into the viral particles
may affect their susceptibility to neutralization by G-specific
antibodies both in vitro and in vivo (below), we compared the
levels of G protein in purified particles of wt RSV and mG
RSV. We analyzed the protein content by denaturing gel elec-
trophoresis and silver staining, followed by densitometric anal-
ysis of the protein bands, as well as by Western blotting with
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FIG. 6. Histopathology and influx of macrophages and T cells in the lungs of mice infected with wt RSV or mG RSV and treated or
mock-treated with triamcinolone from the same experiment as shown in Fig. 5. Lungs were harvested 4 days postinfection and were fixed and
embedded in paraffin. Thin-layer sections were stained with hematoxylin and eosin (A), antibody specific to the F4/80 antigen (B), which is a
marker for macrophages and other myeloid cells, or antibody specific to CD3, a marker for T cells (C). Scores for all of the mice in the experiment
are shown in Table 1. For each virus and treatment combination, the sections shown in A, B, and C represent adjacent tissue slices.

primary antibodies specific to the total RSV proteins and fluo-
rescently labeled secondary antibodies, followed by phosphor-
imager analysis of the protein bands. We found no consistent
difference between the two viruses in the ratios of G versus P
protein or G versus M protein in either the silver stain or
Western blot analysis (data not shown), suggesting that the

abrogation of sG translation by introducing the two conserved
mutations does not affect the level of incorporation of the
full-length G protein into the viral particles. This is consistent
with the expectation that ablation of the expression of sG
would not affect the expression of mG, since the Met-48 trans-
lational start site of sG is downstream from the Met-1 start site
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FIG. 7. Replication of wt RSV or mG RSV in the lungs of mice that had received RSV G-specific and F-specific antibodies and were treated with
triamcinolone. (A) Map of the experiment. (B, C) Pulmonary titers of the viruses in mice that received a 1:20 dilution of monovalent G-specific antiserum
(B) or a 1:30 dilution of monovalent F-specific antiserum (C) with control groups that received PBS instead of antiserum. Groups A, B, C, and D included
5, 6, 6, and 3 mice in panel B and 3, 4, 5, and 5 mice in panel C, respectively. Panels B and C depict the results of two independent experiments. For
each of the four treatments (B and C), no statistical difference was observed between the log, titers of wt RSV and mG RSV.

of mG. These results indicated that the presence of sG in the
preparation of wt RSV helped the virus evade neutralization
by G-specific antibodies, thus showing that sG can act as an

antigen decoy.

In vivo, sG protects RSV not only from G-specific antibodies
but also from F-specific antibodies. We next sought to deter-
mine if sG could function as a decoy for virus-neutralizing
antibodies in vivo. For practical purposes, this was evaluated in
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FIG. 8. Replication of wt RSV or mG RSV in the lungs of Fc receptor y KO mice that had received a 1:20 dilution of monovalent F-specific
antiserum or PBS as a control. (A) Map of the experiment. (B) Pulmonary titers of wt RSV and mG RSV. The n-fold reductions of the viral titers
in the antibody-administered groups compared to that of the PBS-administered groups with the statistical significances of the differences are shown
above the bars for the latter groups. Each group contained four mice, with the exception of the wt RSV group injected with PBS, which contained
five mice. Det. limit, limit of detection.
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FIG. 9. Production of cytokines and chemokines in the lungs of
mice treated or mock-treated with triamcinolone and infected with wt
RSV or mG RSV, following the experimental scheme shown in Fig.
5A. Groups of mice treated with triamcinolone are indicated with a
“t.” (A) Q-RT-PCR analysis of pulmonary mRNA. The difference in
mRNA abundance in the infected-cell sample (normalized to an in-
ternal housekeeping mRNA control) compared to that of the mock-
treated sample (normalized to an internal housekeeping control) was
expressed in log, units. The values of the mock group were equal to 1.
(B) Analysis of cytokine and chemokine expression at the protein level
by ELISA, expressed as pg per g of lung tissue. All of the cytokines and
chemokines shown in panel A also were analyzed in panel B, but the
results are shown only for those where there was a clear change
compared to the mock. Mean values = SE are calculated based on four
mice per group infected with wt RSV or mG RSV and treated with
triamcinolone; all other groups contained three mice per group. Sta-
tistically significant differences between the values for the wt RSV-
infected groups and the mG RSV-infected groups are indicated with
asterisks.

the mouse model, but it is important to note that rodents are
only semipermissible for RSV replication, with only scattered
infected cells. Thus, the amount of sG elaborated by RSV
replication in the respiratory tract of the mouse would be
considerably less than that in the natural human host, such that
its effect might be reduced in the animal model. BALB/c mice
were injected intraperitoneally with polyvalent RSV-specific
serum at dilutions of 1:20 and 1:40 or with PBS. The next day
(day 0), the mice were infected intranasally with unpurified wt
RSV or mG RSV. On day 4, corresponding to the peak of RSV
replication in mice (18), the animals were sacrificed (Fig. 4A),
and the viral titers in the lungs were determined by plaque
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titration (Fig. 4B). In animals infected with wt RSV, the prior
administration of the 1:40 dilution of polyvalent serum did not
reduce the pulmonary viral titers. In contrast, in mG-infected
animals, viral titers were reduced by 15-fold. Moreover, the
administration of the 1:20 dilution of serum resulted in a mar-
ginal (2.6-fold), statistically insignificant reduction in wt RSV
titers, while the titers of mG RSV were reduced 257-fold. This
indicated that mG RSV was much more sensitive than wt RSV
to the antiviral effect of polyvalent antibodies in vivo, although
it did not address whether G or F antibodies or both were
mediating the effect.

We next tested the effect of monovalent G-specific antibod-
ies on RSV replication in vivo (Fig. 4C). The administration of
a 1:20 dilution of serum resulted in only a marginal (2.4-fold),
statistically insignificant reduction in the pulmonary wt RSV
titers, while titers of mG RSV were reduced 8.2-fold. The
administration of a 1:5 dilution of serum resulted in a 17-fold
reduction of wt RSV titers and, at minimum, a 31-fold reduc-
tion of mG RSV titers. In this case, the reduction of mG RSV
titers is likely to be underestimated, since in three of the six
animals infected with wt RSV and in five of the six animals
infected with mG RSV, viral titers were below the limit of
detection. These data suggest that the sG protein produced by
wt RSV decreased the ability of passively transferred polyva-
lent RSV-specific and monovalent G-specific antibodies to re-
strict the replication of RSV in mouse lungs. We next tested
whether we could observe a similar effect in animals injected
with monovalent F-specific antibodies, which were expected to
provide a negative control as it did in vitro (Fig. 4D). To our
surprise, the administration of F-specific serum also resulted in
a greater restriction of replication of mG RSV than wt RSV. In
animals injected with a 1:40 dilution of F-specific serum, titers
of wt RSV were not reduced, while titers of mG RSV were
reduced 7.6-fold. The administration of a 1:20 dilution of F-
specific serum resulted in 12-fold and 53-fold reductions of wt
RSV and mG RSV, respectively.

Thus, in the mouse model, sG decreased the ability of either
G- or F-specific antibodies to restrict the replication of RSV.
This indicated that the mechanism of action of sG in this
system cannot simply involve acting as a decoy to sequester
G-specific neutralizing antibodies and instead must employ
some other mechanism. One possibility is that the antibody-
dependent restriction of virus replication effected by sG might
involve its immunomodulatory activities, activities that remain
to be fully defined (see the introduction). Of particular inter-
est, a number of immune cell types bear Fc receptors that can
bind antibody and contribute to viral clearance by the opson-
ization of complexes of antibody bound with free virus. In
addition, virus replication can be restricted by antibody-depen-
dent cellular cytotoxicity (ADCC) in which Fc-bearing inflam-
matory cells kill RSV-infected epithelial cells that have been
bound by antibodies. Interestingly, the different susceptibilities
of wt RSV and mG RSV to passively transferred antibodies
were most pronounced when the polyvalent RSV-specific an-
tibodies were used (Fig. 4B), compared to the G-specific (Fig.
4C) or F-specific (Fig. 4D) antibodies, suggesting that the
effects of the G- and F-specific antibodies were additive.

The greater sensitivity of mG RSV to RSV antibodies is
reversed by anti-inflammatory treatment. If ADCC- and/or
antibody-mediated opsonization was mediating the decrease in
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TABLE 1. Histopathological changes and influx of immune cells caused by infection with wt RSV or mG RSV in mice treated or mock-
treated with triamcinolone

Histopathological changes in lungs”

i iamci Macroph nd other
vine friameinolone _ Lung lymp h ocytes'and Lung interstitial lesions r‘:l(;:lzi; gc‘:l: (;14(;;03 CD3™" T-cell foci
perivascular/peribronchiolar cuffs S
staining)

wt RSV No ++/++/++/+/++ +/++/++/+/++ ++/++ ++/++
Yes —/=1- —/={— /- -/-

mG RSV No ++/++/+/++/+ ++/++/+/++/+ ++/++ ++/++
Yes o e /- -/-

Mock No =/=/= —/=/- /- —/=
Yes —/=1- —/={— /- -/-

“ Each of the indicated disease parameters was scored from — to ++, and the scores for individual animals are shown separated by slashes.

> An abscess in one lobe; other lobes normal.

the replication of RSV in the lungs, then the elimination of the
influx of inflammatory cells into the lung should abrogate the
difference in replication of wt RSV and mG RSV in passively
immunized mice. To address this, we first compared the extent
of the gross pulmonary inflammation and histopathology in-
duced by infection with wt RSV versus mG RSV. We also
evaluated whether inflammation caused by the two viruses
could be reduced or eliminated by the administration of a
glucocorticoid anti-inflammatory drug. Glucocorticoid treat-
ment is known to reduce inflammation in response to pulmo-
nary viral infections; this has been shown to result in increased
viral replication, indicating that the inflammatory response
contributes to restricting virus replication (12, 36).

Groups of mice were infected with wt RSV or mG RSV or
were mock-infected, with or without the daily administration of
anti-inflammatory glucocorticoid triamcinolone acetonide be-
ginning 1 day prior to infection (Fig. 5A). To evaluate the
overall disease, the mice were weighed daily. In mice that did
not receive triamcinolone, infection with wt RSV caused a
substantial weight loss, with a maximum reduction of 9% ob-
served on day 2 postinfection (Fig. 5B, left). In contrast, infec-
tion with mG RSV did not cause any significant weight loss.
Thus, the ability to express sG was associated with increased
disease. In mice treated with triamcinolone, all of the groups
including the mock-treated control sustained substantial losses
of weight on days 2 to 3 (Fig. 5B, right), consistent with the
previously published data and presumably related to the cata-
bolic effect of glucocorticoid hormones (41). However, no sig-
nificant difference was observed between the groups except on
day 3, when there was a slightly greater loss of weight for
the wt RSV-infected group compared to that of the mG
RSV-infected group.

On day 4 postinfection, the lungs were harvested and ana-
lyzed by histopathological examination of fixed thin-layer sec-
tions. The examination of lung sections stained with hematox-
ylin and eosin demonstrated that infection with wt RSV or mG
RSV resulted in a substantial lymphocyte infiltration and for-
mation of perivascular and peribronchial cuffs; however, no
difference was observed between the two viruses (Fig. 6A and
Table 1). Similarly, immunostaining of the thin-layer sections
for the F4/80 antigen, which is a marker of myeloid cells,
mostly macrophages, or for CD3, a T-cell marker, revealed a
strong influx of both types of cells following infection with
either virus, but no difference was observed between the two

viruses (Fig. 6B and C; Table 1). Treatment with triamcinolone
eliminated the histopathological changes and the influx of my-
eloid cells and T lymphocytes associated with infection by
either virus (Fig. 6A to C; Table 1). These data suggest that the
reduced sensitivity of wt RSV to the antiviral activity of RSV-
specific antibodies, mediated by sG, is not a consequence of an
altered level of gross pulmonary pathology or inflammation,
although the possibility remained that it might be associated
with modulation of the numbers of certain cell populations not
identified in this gross analysis or, alternatively, with cell func-
tion.

Next, we evaluated the effect of this anti-inflammatory treat-
ment on the sG effect in passively immunized animals. Groups
of mice were treated with triamcinolone as in the previous
experiments and injected with PBS or polyvalent antibodies
specific to the F or G protein (Fig. 7A). The day after the
antibody administration, the mice were infected with wt RSV
or mG RSV. On day 4 after infection, the viral titers in the
lungs were determined by plaque titration (Fig. 7B and C). The
administration of triamcinolone eliminated the difference in
sensitivity of mG RSV and wt RSV to passively transferred
antibodies. Indeed, triamcinolone appeared to completely ab-
late the ability of the passively administered antibodies to
restrict RSV replication in vivo. Specifically, in the absence of
triamcinolone, the passive transfer of a 1:20 dilution of G-
specific serum provided a substantial reduction in the titers of
mG RSV (Fig. 4C), whereas no reduction was observed in the
presence of the same dose of serum in the presence of triam-
cinolone (Fig. 7B). Similarly, with the F-specific serum, the
administration of a 1:40 or 1:20 dilution in the absence of
triamcinolone provided substantial reductions in mG RSV rep-
lication (Fig. 4D), whereas the administration of a 1:30 dilution
of the same F-specific serum in the presence of triamcinolone
had no effect on the virus titer (Fig. 7C). These data indicate
that the increased sensitivity of the replication of mG RSV
versus wt RSV to passive RSV antibodies was eliminated by
anti-inflammatory treatment, an observation consistent with
the idea that ADCC- and/or antibody-mediated opsonization
was active in restricting the replication of RSV in the lungs of
mice.

The greater sensitivity of mG RSV to antibody-dependent
neutralization depends on Fc receptors. A large number of
immune cell types bear Fc receptors, and it was of interest to
address whether these were involved in the anti-RSV effects
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indicated above. This was investigated using KO mice lacking
the Fc receptor vy chain in the BALB/c background, which is
the same background as that used in the experiments pre-
sented above. The vy chain is a subunit of the FcyRI, FcyRIII,
and FceRI receptors in mice; the FcyRI and FeyRIII receptors
bind IgG, and FceRI is the high-affinity receptor for IgE.
Groups of FcR +y chain KO mice were injected with PBS or
RSV F-specific antibodies and infected with wt RSV or mG
RSV (Fig. 8A). The dose of F serum that was used, 1:20, was
high and previously was shown to strongly reduce the replica-
tion of mG RSV and wt RSV, with the effect greater for mG
RSV (Fig. 4D). On day 4 after infection, the lungs were har-
vested for virus titration. In the Fc receptor y KO mice ad-
ministered PBS, the titers of the two viruses were equal and
were similar to that in wt BALB/c mice (Fig. 4), about 10*
PFU/g. In mice that received the antibodies, the titers of wt
RSV and mG RSV were reduced by similar levels, 5.7-fold
(P < 0.05) and 9.3-fold (P < 0.05), respectively. This is in
contrast with the normal mice, in which the administration of
F-specific serum resulted in a much greater restriction of mG
RSV replication than wt RSV replication (Fig. 4). These data
suggest that inflammatory cells bearing Fc receptors are par-
tially responsible for mediating the antiviral effects of passively
transferred antibodies but are fully responsible for the differ-
ence in the sensitivities of wt RSV and mG RSV to these
antibodies. Thus, in mice, sG secreted by wt RSV exerts its
effect by decreasing the ability of Fc-bearing cells to mediate
an antiviral effect. However, Fc receptors involving the vy chain
probably do not account for the entire effect of the antibody-
dependent restriction of replication, since the passive F anti-
bodies still effected a reduction in virus replication compared
to the PBS-treated control. This perhaps is not surprising,
since Fc receptors involving the vy chain do not account for all
of the receptors for IgG, and the Fc receptors for IgA and IgM
do not contain the vy chain.

wt RSV is a more-potent inducer of pulmonary cytokines
and chemokines than mG RSV. The above data indicate that
wt RSV and mG are similar in their replication in vivo and in
their induction of an inflammatory response in the lung, at
least on a gross level, indicating that sG does not appear to
affect either of these properties of the viruses in mice. How-
ever, sG decreased the ability of FcyR-bearing cells to restrict
the replication of RSV in the lungs of mice. Taken together,
these results suggest that sG affected the functioning, rather
than the influx, of FcyR-bearing inflammatory cells. To further
explore the functionality of inflammatory cells in the lungs of
wt RSV- and mG RSV-infected mice, the production levels of
selected cytokines and chemokines or their mRNAs in whole
lung extracts were compared. Since whole lung extracts would
include mRNA and protein contributions from both resident
cells and infiltrating cells, the levels of cytokines and chemo-
kines or their mRNAs were also compared in mice depleted of
the infiltrating cells by triamcinolone. The cytokines and che-
mokines or their mRNAs affected by this treatment probably
originated largely from the inflammatory cell infiltrate, al-
though the steroid probably also affected the cytokine/chemo-
kine output of resident immune cells and pulmonary epithelial
cells. Groups of mice were infected with either virus or were
mock-infected with or without daily injections of triamcino-
lone, similarly to the previous experiment. On day 4 postinfec-
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tion, the animals were euthanized and the lungs were isolated.
One lung from each mouse was used for the isolation of total
RNA, and the other lung was homogenized and lysed for
protein detection. We selected for analysis the Th1-promoting
cytokines gamma interferon (IFN-y) and interleukin-12 (IL-
12) (the p40 unit, which is also shared by IL-23); the Th2
cytokines IL-4 and IL-13; the lymphocyte growth factor IL-6;
the Thl suppressor and anti-inflammatory factor IL-10; and
the chemokines macrophage inflammatory protein 1o (MIP-
la) and RANTES. All samples were analyzed for the selected
cytokines and chemokines at the mRNA level by quantitative
RT-PCR (Q-RT-PCR) (Fig. 9A). The levels of cytokines and
chemokines present also were assayed at the protein level by
ELISA: those cytokines and chemokines that were detected at
levels above those in the mock-infected mice are shown in
Fig. 9B.

The Q-RT-PCR analysis demonstrated a strong induction of
all the selected cytokines and chemokines in response to wt
RSV infection (Fig. 9A). In mice infected with mG RSV, the
levels of IL-6, IFN-y, MIP-1a, and RANTES were significantly
reduced compared to those of the wt RSV-infected animals,
while the levels of IL-4, IL-10, IL-12/23 p40, IL-13, and tumor
necrosis factor alpha tended to be lower, but the differences
were not statistically significantly different. Treatment of the
animals with triamcinolone sharply reduced the induction of
cytokines and chemokines by either virus. However, there was
one exception, namely, that triamcinolone treatment resulted
in only a marginal (~25%) reduction in the level of RANTES
expression in wt RSV-infected mice. This was observed only
with wt RSV: in mG RSV-infected mice, RANTES expression
was strongly reduced, as with the other cytokines and chemo-
kines. Thus, IL-6, IFN-y, and MIP-1a mRNAs were differen-
tially expressed (wt RSV > mG RSV) in a triamcinolone-
sensitive fashion.

An examination of the cytokine and chemokine protein
expression by ELISA demonstrated that only IL-4, IFN-y, IL-
12/23 p40, MIP-1a, and RANTES were induced detectably at
the protein level by the viral infection. The level of induction of
three of these proteins (IFN-y, MIP-1a, and RANTES) was
significantly less in mG RSV-infected mice than in wt RSV-
infected mice; the induction of these same species also was less
at the mRNA level, as already noted. Treatment with triam-
cinolone sharply reduced the induction of cytokines and che-
mokines at the protein level in both the wt RSV- and mG
RSV-infected mice compared to that in the mock-infected
mice. Similarly to the Q-RT-PCR data, the one exception was
RANTES in the wt RSV-infected animals, for which the
reduction associated with triamcinolone was only twofold.
This suggests that the sG protein enhances the induction of
RANTES even in triamcinolone-treated animals, an effect that
was not further analyzed. These data suggest that sG has an
immunomodulatory role in RSV infection that augments the
expression of inflammatory cytokines and chemokines, includ-
ing IL-6, IFN-y, MIP-1q, and, perhaps, RANTES.

DISCUSSION

We evaluated whether the secreted sG protein of RSV
might serve as an antigen decoy to bind G-specific antibodies
and thereby help the virus evade neutralization. Since sG is
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secreted substantially more rapidly and in substantially greater
abundance than G present in released progeny virus (24, 39),
we hypothesized that it might flood the local environment of
the infected tissue in vivo to sop up G-specific antibodies. This
would not affect neutralization by antibodies specific to F, the
other RSV neutralization antigen, but nonetheless would in-
crease the opportunity for progeny RSV to escape neutraliza-
tion and infect nearby cells. Consistent with this hypothesis, we
found that the sG present in the medium supernatants of
permissive infected tissue cultures rendered wt RSV less sen-
sitive than mG RSV to neutralization by sera containing G-
specific antibodies. However, the decoy activity of sG that we
demonstrated in vitro did not appear to play a significant role
when mice were given antibodies by passive transfer and in-
fected with wt RSV or mG RSV. This may reflect a deficiency
of the mouse model. RSV replication in mice is highly re-
stricted and involves only scattered infected cells, and it is
reasonable to suspect that the concentration of sG achieved in
the respiratory fluid in mice was too low to be effective. The
situation would be very different in humans, fully permissive
hosts, where the extent of RSV replication is much higher (51)
and would result in a substantially higher level of sG in the
respiratory fluids.

The antigen decoy effect of sG probably does not signifi-
cantly protect the initial RSV inoculum, since whatever sG is
present in the inoculum presumably would be diluted in respi-
ratory fluids. However, sG secreted by RSV-infected epithelial
cells following the first and subsequent rounds of replication
would be at a higher local concentration and would function to
decrease the ability of G-specific antibodies present due to
maternal transfer or previous infection to neutralize the newly
released RSV. It should be noted that serum IgG antibodies
reach the mucosal surface by the inefficient mechanism of
transudation, such that the concentration at the luminal sur-
face is only a small fraction of the amount present in the
serum. Therefore, sG secreted by RSV-infected epithelial cells
would have to be effective against relatively low levels of G-
specific IgG antibodies. The decoy activity of sG also would be
effective against IgA and might also interfere with the antiviral
activity of IgA during transcytosis through epithelial cells. The
sG secreted by RSV-infected epithelial cells also would be
effective against G-specific antibodies elaborated during infec-
tion, especially early in the primary response when the con-
centration of G-specific antibodies would be low. It has been
found that during infection with wt virus, the IgA-specific re-
sponse to RSV G is not affected by the age of the vaccinee,
whereas that to the F protein is decreased in young infants
(31). If G-specific antibodies indeed constitute a more impor-
tant arm of the response during primary infection in young
infants, the decoy activity of sG might play a correspondingly
larger role in young infants. The net effect of this sG antigen
decoy effect would be to permit the wt RSV virus to achieve
higher titers and an increased duration of shedding, both of
which would foster transmission of the virus.

In contrast, in the mouse model, the antibody-mediated re-
striction of replication by sG was observed not only with G-
specific but also with F-specific antibodies. This raised the
possibility that the effect in this setting is mediated by the
immunomodulatory effects of the protein, effects that remain
poorly understood. We hypothesized that sG might interfere
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with the influx and/or functioning of macrophages, neutrophils,
natural killer cells, and other immune cells that bear Fc recep-
tors and contribute to viral clearance by the phagocytosis of
antibody-antigen complexes as well as by ADCC. For example,
alveolar macrophages and neutrophils are known to contribute
to the clearance of influenza virus by binding to virus-antibody
complexes through their Fc receptors followed by phagocytosis
(15, 25), macrophages have been shown to reduce viral loads
during RSV infection (35), and natural killer cells are crucial
for RSV clearance (3). Therefore, we evaluated whether the
greater sensitivity of mG RSV to passive antibodies could be
reversed by interfering with the influx or functioning of im-
mune cells, thus mimicking the proposed effect of sG. In some
experiments, we reduced inflammation by the administration
of triamcinolone, an anti-inflammatory glucocorticoid. This
had the effect of making wt RSV and mG equally sensitive to
passive antibodies. A similar effect was observed using Fc KO
mice. Thus, both experiments supported the idea that sG
spared wt RSV from the antibody-mediated restriction of rep-
lication by interfering with Fc-bearing inflammatory cells.

The exact mechanism by which this occurs remains unknown.
The available data on the effect of sG on inflammation are con-
troversial. A spontaneous mutant of RSV that does not make sG
was shown to increase the production of inflammatory mediators
including RANTES (CCLY) and IL-8 (CXCL-8) in infected A549
cells compared to wt RSV (4). Similarly, in infected mice, this
same mutant was associated with increased airway inflammation
compared to wt RSV (44). One caveat is that partial sequencing
of the mutant revealed multiple mutations not related to the
expression of sG that might have had untoward effects (4). For
example, the replication of this mutant in mice was increased
compared to the wt RSV control (44), which might also have
contributed to the observed increased inflammation. These two
studies suggested that the expression of sG is associated with
reduced inflammation. However, an independent study by Maher
et al. (29) came to the opposite conclusion. That study employed
a recombinantly derived RSV mutant in which the expression of
sG was ablated by a single amino acid substitution introduced by
reverse genetics, similarly to mG RSV in the present study. How-
ever, the viruses used by Maher et al. apparently had not been
sequenced to evaluate the possible contributions of adventitious
mutations. Maher et al. found that virus lacking sG was associated
with reduced pulmonary cellular infiltration and chemokine pro-
duction in mice compared to those of wt RSV (29). This suggests
that sG expressed by wt RSV is a proinflammatory factor. How-
ever, the level of replication of the mutant in mice was reduced
compared to its wt RSV control, which might also have contrib-
uted to the decreased inflammation. The basis for these differing
results is not known, although one possibility is that the sG™ virus
reported by Maher et al. or its respective wt RSV control also
contained additional, unidentified, adventitious mutations that
influenced replication or the inflammatory response.

In the present study, we similarly compared the host re-
sponse to wt RSV versus mG RSV using recombinantly de-
rived viruses that, as noted in Results, had minimal adventi-
tious mutations. The two viruses replicated to similar levels,
eliminating differences in viral load as a possible confounding
factor. We found no apparent difference between wt RSV and
mG RSV with regard to the modulation of gross lung histopa-
thology or in the magnitude of pulmonary macrophage and
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T-cell infiltration in mice. However, the levels of expression of
a number of selected cytokines and chemokines were generally
less in mice infected with mG RSV than wt RSV. This indi-
cated that sG expressed by wt RSV has a proinflammatory
effect, which is consistent with, but less dramatic than, the
results of Maher et al. (29). Thus, sG indeed has the potential
to affect the antibody-dependent restriction of replication
through its immunomodulatory activities. However, since this
was not associated with gross differences in lung histopathol-
ogy and inflammatory cell content, the effect probably is not at
the level of inflammatory cell influx. The finding that the ability
to express sG was associated with the increased expression of
inflammatory cytokines and chemokines seemed contradictory
to a role in helping the virus evade the host response, since
inflammation typically helps restrict virus replication. How-
ever, our results did provide a clue for a possible mechanism,
one involving the effects on immune cell function. Specifically,
we found that the level of IFN-y induced by wt RSV was
significantly greater than that produced by mG RSV at both
the mRNA and the protein levels (Fig. 9). A recently published
study demonstrated that interferon +y induced in lungs in re-
sponse to influenza virus infection causes the functional sup-
pression of pulmonary macrophages (47) and may also account
for the observed functional suppression of granulocytes during
influenza virus infection (1). In addition, purified sG protein
was demonstrated to mediate a dose-dependent suppression of
lymphoproliferative responses of peripheral blood mononu-
clear cells to an unrelated antigen (37). Taken together, these
studies suggest that sG may act to suppress the antibody-
mediated restriction of replication by interfering with the func-
tioning, rather than the influx, of immune cells. This will be
investigated further in future studies.

The observation that sG reduces the antibody-dependent
restriction of RSV replication has implications for the devel-
opment of a live attenuated RSV vaccine. All of the current
live attenuated RSV vaccine candidates have an unmodified
version of the G gene and thus express both the mG and sG
forms of the glycoprotein (54). Candidate live vaccine strains
have been shown to infect and induce antibody responses in 1-
to 2-month-old infants despite the presence of maternal RSV-
specific antibodies (27, 55). The present study suggests that the
expression of sG contributes to the ability of RSV to infect
young infants that possess maternal antibodies and, on that
basis, would be an important element of a live pediatric RSV
vaccine. Specifically, the expression of sG by current vaccine
strains likely makes the viruses less susceptible to restriction by
maternal antibody and likely improves the vaccine “take.” A
second factor for consideration is the other immunomodula-
tory effects of sG, although they are incompletely understood.
Of the three independent groups that have examined the ef-
fects of sG (including the present study), two (including the
present study) provided evidence that sG has proinflammatory
effects, as already noted. These effects might contribute to
vaccine reactogenicity but also might enhance immunogenicity.
The G protein also has additional immunomodulatory effects,
although it is not known whether these are specific to mG, sG,
or both forms. For example, G contains a CX3C motif and has
been shown to function as a mimic of the CX3C chemokine
fractalkine, an activity that appears to impede the influx of T
lymphocytes and NK cells (21). The G protein also has been
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shown to inhibit the production of proinflammatory cytokines
and chemokines in response to agonists of Toll-like receptors
2,4, and 9 (34). The G protein is also required for the induc-
tion of an efficient RSV-specific cell-mediated response (6). In
general, these additional immunomodulatory effects of G re-
main insufficiently understood for a prediction of how they
might influence an RSV vaccine.

The ability of RSV to evade maternal antibodies and infect
very young infants, who are particularly vulnerable to respira-
tory tract disease due to small size, narrow airways, and im-
munologic immaturity, accounts for much of its pediatric im-
pact. Similarly, the ability of RSV to reinfect RSV-experienced
individuals augments its impact later in life, particularly in the
elderly. Other respiratory viruses, such as influenza virus and
the parainfluenza viruses, are less able to infect and cause
significant disease during the first several months of life. This
presumably reflects a greater sensitivity of these other viruses
to preexisting antibodies compared to RSV, even though all of
these viruses share a similar tropism in the respiratory tract.
Consistent with a greater sensitivity to neutralizing antibodies,
reinfection by influenza virus depends on antigenic shift or
drift, rhinoviruses exist in a multitude of serotypes in order to
evade host immunity, and parainfluenza viruses have four se-
rotypes for the same reason. In contrast, RSV has a single
serotype, with intrasubgroup diversity, yielding at most only a
fourfold difference in cross-neutralization between strains. Re-
infection occurs readily and frequently in nature and in exper-
imental clinical settings, even by antigenically indistinguishable
strains (17, 19, 20, 22). The individual parainfluenza serotypes
also can reinfect without the expedient of substantial intrase-
rotype antigenic variability but not to the extent of RSV. One
difference between RSV and these other respiratory viruses is
the expression of sG. The present study provides the first
available explanation for the unusual ability of RSV to evade
neutralizing antibodies present from maternal transfer or pre-
vious infection. This activity probably also helps shield the
virus from neutralization by the burgeoning immune response
during infection.

The secreted forms of viral envelope proteins can be pro-
duced by diverse strategies in addition to the one described
above for RSV. For example, Ebola virus has a single virion
glycoprotein GP that is anchored by a transmembrane domain
near the C terminus. However, in all known strains of the virus,
translation of the unmodified GP mRNA yields a version of
the glycoprotein that lacks the transmembrane domain and is
secreted; expression of the full-length glycoprotein depends on
cotranscriptional stuttering by the viral polymerase on a spe-
cific editing motif, which shifts the reading frame and creates
the full-length open reading frame (42, 50). Like the full-length
glycoprotein, sG contains major virus-neutralizing epitopes
(13, 52). The Env glycoprotein of all strains of human immu-
nodeficiency virus is processed by proteolysis into the N-ter-
minal GP120 subunit and the C-terminal GP41 transmem-
brane subunit (40), with the former being present in the viral
particle but also being abundantly shed into the medium (43).
The single glycoprotein G of rabies virus, which has a trans-
membrane domain near the C terminus, is also produced in a
secreted form lacking this domain, presumably due to proteo-
Iytic cleavage (11). Secreted forms of envelope proteins also
have been identified for vesicular stomatitis virus (7, 28), mu-
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rine leukemia virus (5), herpes simplex virus (45), and Epstein-
Barr virus (38). Thus, it is possible that secreted versions of
envelope proteins of a variety of viruses help these viruses to
evade the antiviral activities of antibodies by acting as antigen
decoy molecules, or through their immunomodulatory effects,
or both.
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