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ABSTRACT

Respiratory syncytial virus (RSV) is the single most important cause of serious lower respiratory tract infections in young children, yet no highly effective treatment or vaccine is available. In the present study, we investigated the effect of prophylactic
treatment with the intact and F(ab=)2 forms of an anti-G protein monoclonal antibody (MAb), 131-2G, on the humoral and cellular adaptive immune responses to RSV rA2-line19F (r19F) challenge in BALB/c mice. The F(ab=)2 form of 131-2G does not decrease virus replication, but intact 131-2G does. The serum specimens for antibodies and spleen cells for memory T cell responses to RSV antigens were analyzed at 30, 45, 75, and 95 days postinfection (p.i.) with or without prior treatment with 1312G. The ratios of Th2 to Th1 antibody isotypes at each time p.i indicated that both forms of MAb 131-2G shifted the subclass
response from a Th2 (IgG1 and IgG2b) to a Th1 (IgG2A) bias. The ratio of IgG1 to IgG2A antibody titer was 3-fold to 10-fold
higher for untreated than MAb-treated mice. There was also some increase in IgG (22% ⴞ 13% increase) and neutralization
(32% increase) in antibodies with MAb 131-2G prophylaxis at 75 days p.i. Treatment with 131-2G significantly (P < 0.001) decreased the percentage of interleukin-4 (IL-4)-positive CD4 and CD8 cells in RSV-stimulated spleen cells at all times p.i., while
the percentage of interferon gamma (IFN-␥) T cells significantly (P < 0.001) increased >75 days p.i. The shift from a Th2- to a
Th1-biased T cell response in treated compared to untreated mice likely was directed by the much higher levels of T-box transcription factor (T-bet) (>45% versus <10%) in CD4 and CD8 T cells and lower levels of Gata-3 (<2% versus > 6%) in CD4 T
cells in peptide-stimulated, day 75 p.i. spleen cells. These data show that the RSV G protein affects both humoral and cellular
adaptive immune responses, and induction of 131-2G-like antibodies might improve the safety and long-term efficacy of an RSV
vaccine.
IMPORTANCE

The data in this report suggest that the RSV G protein not only contributes to disease but also dampens the host immune response to infection. Both effects of G likely contribute to difficulties in achieving an effective vaccine. The ability of MAb 131-2G
to block these effects of G suggests that inducing antibodies similar to 131-2G should prevent disease and enhance the adaptive
immune response with later RSV infection. The fact that 131-2G binds to the 13-amino-acid region conserved among all strains
and that flanking sequences are conserved within group A or group B strains simplifies the task of developing a vaccine to induce
131-2G-like antibodies. If our findings in mice apply to humans, then including the 131-2G binding region of G in a vaccine
should improve its safety and efficacy.

R

espiratory syncytial virus (RSV) is a leading cause of serious
lower respiratory tract disease in infants and young children
worldwide (1) and leads to as many as 200,000 deaths (a very
rough estimate of a total that could be less or more) and 3 to 4
million hospitalizations in children ⬍5 years of age each year (1,
2). Unfortunately, there is no safe and effective licensed vaccine to
prevent RSV disease. A variety of vaccine candidates have been
evaluated since the first candidate vaccine (i.e., formalin-inactivated RSV [FI-RSV] vaccine). The FI-RSV vaccine caused vaccine-enhanced illness and two deaths in young vaccinees (3–6),
and since its failure, multiple live virus vaccines have been developed, as well as other vaccine platforms, including virus-like particles, peptide-based vaccines, protein subunit vaccines, and plasmid DNA-based vaccines (7–14). Many of these vaccines have
been evaluated in animals, and a few have been studied in humans
(13, 15). None, however, has shown sufficient promise to move
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toward licensure. It is likely that a better understanding of virus
and host factors that contribute to both disease and protective
immunity will help develop a safe and effective RSV vaccine.
Natural RSV infection induces only limited and short-term
protective immunity as humans experience repeat infections
throughout life (16, 17). The components of RSV that may provide protective immunity are not clearly understood, although it is
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clear that neutralizing antibody is an important contributor to
protection from disease. Partial protection is afforded the young
infant by a higher titer of maternally acquired neutralizing antibodies, the elderly by a higher titer of serum neutralizing antibodies, and high-risk infants by administration of immune prophylaxis (18–23). The increased risk of serious complications and
death and prolonged virus replication in immunocompromised
patients (24) suggests that cellular immunity is important to clearing infection and disease outcome.
RSV has been shown to evade immunity through a number of
mechanisms, including inhibition of type I interferon responses
by the NS1 and NS2 proteins (25) and modification of Toll-like
receptor 4 (TLR4) and the shared component of CD14 responses
by the F protein (26). It is becoming evident that the G protein also
plays a substantial role in evading the host immune response to
infection (27, 28) as well as inducing immune responses that contribute to disease. For example, the G protein is associated with a
lower frequency of interferon gamma (IFN-␥) and a higher frequency of interleukin-5 (IL-5)- and IL-6-expressing T cells (29)
and alterations in the production of cytokines in infected mice
(30). Examples of G-associated host responses that contribute to
disease pathogenesis include enhanced inflammation in FI-RSVvaccinated mice challenged with RSV (29, 31) and increased pulmonary levels of the tachykinin substance P (32) and mucous
production and breathing effort in RSV-challenged mice (33).
The G protein also decreased respiratory rates in mice (34).
Many of these links between the G protein and RSV disease
have been identified by the decrease in the disease manifestation
after administration of the anti-G protein monoclonal antibody
(MAb) 131-2G (35, 36). This MAb has been shown to block G-associated enhanced pulmonary inflammation and mucous production and increased breathing effort and decreased respiratory
rate in the mouse model (33, 34, 37–39). Since this MAb neutralizes virus in an Fc-dependent fashion in vivo (35), the F(ab=)2 form
of 131-2G does not neutralize RSV in vivo. Consequently, treatment with 131-2G F(ab=)2 provides a means to study 131-2G’s
effect on disease or immunity independent of virus replication
(33, 37, 38).
Given the effect of G protein on disease and immune responses, we chose to investigate its effect on the adaptive immune
response to RSV rA2-line19F (r19F) infection in the mouse with
the intact and F(ab=)2 form of MAb 131-2G. We chose the r19F
strain because in mice it induces a G-associated Th2-biased response not seen with the parent A2 strain (33, 40). The present
study shows the adaptive immune response to r19F also has a
substantial Th2 bias, and this bias can be switched to a Th1 bias by
administration of the anti-G protein MAb 131-2G.
MATERIALS AND METHODS
Animals. Animal studies were performed according to a protocol approved by the Emory University (Atlanta, GA) Institutional Animal Care
and Use Committee. Six- to 8-week-old, specific-pathogen-free, female
BALB/c mice (Charles River Laboratory, Wilmington, MA) were used in
all experiments. Mice were housed in microisolator cages and fed sterilized water and food ad libitum. Mice were intraperitoneally treated with
300 g anti-RSV G MAb 131-2G intact and F(ab=)2 forms or normal
mouse IgG intact and F(ab=)2 forms (Pierce Protein Research Products,
Rockford, IL). Two days later, they were challenged intranasally with 1 ⫻
106 50% tissue culture infective doses (TCID50) of r19F in serum-free
minimal essential medium (MEM) (50 l). At each time point, five mice
were examined in each group (Fig. 1).
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Virus preparation. Briefly, r19F was propagated in HEp-2 cells at 0.01
multiplicity of infection (MOI), and at day 5 postinfection (p.i.), loosely
capped flasks were transferred to a ⫺80°C freezer overnight. After thawing at 4°C, cells were scraped down, and the cell lysates were transferred to
50-ml conical tubes. The cell debris was removed by centrifugation at
3,000 rpm for 7 min at 4°C. The supernatants were pooled and purified by
centrifugation through a sucrose cushion (20% sucrose) at 16,000 ⫻ g for
4 h. After centrifugation, the supernatant and sucrose cushion were removed, and the pellet was dissolved in serum-free MEM. The viral pools
were divided into aliquots, quick-frozen in liquid nitrogen, and stored at
⫺80°C until they were used. A mock control was prepared in a similar
fashion but without purification through a sucrose cushion.
Virus infectivity titers were determined by microinfectivity assays as
previously described (41). Briefly, serial dilutions of the virus preparation
in MEM supplemented with 5% fetal bovine serum (FBS) (Fisher, Pittsburgh, PA), 2 mM L-glutamine (Gibco, Grand Island, NY), and 5,000
U/ml penicillin-streptomycin (Gibco, Grand Island, NY) solution were
inoculated onto subconfluent HEp-2 cells in 96-well microtiter plates.
After 2 h of adsorption at a 37°C temperature, 180 l of tissue culture
medium was added, and 5 days later, the cells were fixed with 80% acetone
in phosphate-buffered saline (PBS). Replication of virus was determined
by an RSV enzyme-linked immunosorbent assay (ELISA) using plates
with the acetone-fixed RSV-infected HEp-2 cells. The plates were blocked
with 5% bovine serum albumin (BSA) in PBS for 1 h at 37°C, and then
goat anti-RSV antibody (Millipore, Billerica, MA) was added, and the
plate was incubated for 1 h at 37°C. The plates were washed with PBS
containing 0.05% Tween 20 and then incubated for 1 h at 37°C with
horseradish peroxidase (HRP)-conjugated donkey anti-goat antibody
(Jackson ImmunoResearch, West Grove, PA). After a second washing,
color was developed with o-phenylenediamine (OPD) substrate (SigmaAldrich, St. Louis, MO), as indicated by the manufacturer. The enzyme-substrate reaction was terminated by the addition of a sulfuric acid solution, and
absorbance was measured at a wavelength of 450 nm. The Reed-Muench
method (42) was used to estimate the highest dilution titer that infected
50% of wells (TCID50).
Monoclonal antibody preparation. Monoclonal antibody 131-2G (3,
28) was purified from mouse ascitic fluid or hybridoma supernatant on a
protein G column. The F(ab=)2 fragments were generated by pepsin digestion (Sigma-Aldrich). Briefly, the digested MAb was passed through a
protein G-Sepharose column (GE Healthcare, Alpharetta, GA) to eliminate Fc fragments and undigested antibodies. Purified F(ab=)2 fragments
were dialyzed and concentrated using a Centricon spin column (Millipore, Temecula, CA) with a 30-kDa cutoff. The purity of the F(ab=)2
fragments was determined by SDS-PAGE (Bio-Rad, Hercules, CA) under
nonreducing conditions with only a band at 110 kDa detected. The band
at 110 kDa indicates IgG F(ab=)2, while a band at 150 kDa would indicate
intact IgG. The protein concentration was determined by the microbicinchoninic acid (micro-BCA) protein assay (Pierce Protein Research
Products, Rockford, IL). Endotoxin concentrations were determined using a Limulus amebocyte lysate chromogenic endpoint assay, in accordance with the manufacturer’s instructions (Lonza, Atlanta, GA).
Mammalian expression plasmids. The mammalian expression plasmids under the control of a cytomegalovirus (CMV) promoter for r19F F
protein-encoding genes were constructed using the pcDNA 3.1⫹ vector
(Invitrogen, Grand Island, NY). The human codon bias-optimized line
19F cDNA (GeneArt, Invitrogen) was transferred from the provided
pMArt shuttle vector to pcDNA3.1 by standard molecular biology methods. The pMArt plasmids containing the F gene and pcDNA 3.1⫹ vector
were digested with KpnI and XhoI restriction enzymes (New England
BioLabs, Ipswich, MA). Following digestion, the pcDNA 3.1 vector was
dephosphorylated using Antarctic phosphatase (New England BioLabs,
Ipswich, MA) and purified using the QIAquick gel extraction kit (Qiagen,
Valencia, CA). The dephosphorylated pcDNA 3.1 vector and r19F F gene
were ligated at a 1: 3 molar ratio using T4 DNA ligase and transformed in
competent Escherichia coli DH5␣ cells. The bacterial colonies were se-
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FIG 1 Effect of MAb 131-2G prophylaxis on serum antibody responses to RSV (left column) and F protein (right column) in BALB/c mice. BALB/c mice were
treated with intact (MAb Intact⫹r19F) or F(ab=)2 [MAb F(ab=)2⫹ r19F] 131-2G 2 days before challenge with 1 ⫻ 106 TCID50 of r19F (r19F) or mock-infected
tissue culture material (mock). RSV-specific antibody isotype IgG (A and B), IgG2a (C and D), IgG2b (E and F), and IgG1 (G and H) were measured with ELISA
against RSV tissue culture lysate or F protein plasmid-transfected HEK 293 cells as described in Materials and Methods. Results are presented as an average of data
from three separate experiments. Error bars represent the SEM from n ⫽ 5 mice per group. * or †, significant difference (P ⬍ 0.05), as determined by one-way
analysis of variance (ANOVA) and post hoc Tukey’s HSD test, compared with mock-challenged mice (*) or untreated, r19F-challenged mice (†).

lected on Luria broth agar-ampicillin plates. Single colonies were grown in
LB-ampicillin medium, and plasmids were purified using the Qiagen plasmid miniprep kit (Qiagen, Valencia, CA). The positive clones were
screened by KpnI and XhoI restriction endonuclease analysis, and authenticity of positive clones was confirmed by nucleotide sequence studies.
The recombinant clones were grown in large volumes of LB-ampicillin,
and plasmids were purified using the Qiagen EndoFree Giga kit (Qiagen,
Valencia, CA). The plasmids were quantified using a Nanodrop 800 spectrophotometer (Thermo Scientific, Waltham, MA), and aliquots were frozen at ⫺80°C until used for transfection of HEK 293cells.
Cell transfection. Calcium phosphate coprecipitates (CaP) loaded
with r19F F plasmid DNA (pDNA) were prepared according to the
method described by Lindell et al. (43) with some modifications. In brief,
sufficient volumes of stock solutions of pDNA (1.5 g/ml) and CaCl2 (2
M) were mixed and incubated for 10 min at room temperature. Then the
suspension was mixed with 2⫻ Hanks buffered salt solution (HBSS) and
added into MEM–5% FBS medium. The transfection suspension was
lightly vortexed and inoculated onto subconfluent HEK 293 cells in 96well microtiter plates. After 12 h of transfection at 37°C, tissue culture
medium was replaced with 200 l MEM–5% FBS, and 48 h later, the cells
were fixed with 70% ethanol in PBS. The plates were used for antibody
response analysis.
To determine the efficiency of F transfection in HEK 293 cells, we used
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the immunofluorescence staining method. Briefly, the fixed plates were
blocked with 5% BSA in PBS for 1 h at 37°C, and then goat anti-RSV
antibody (Millipore, Billerica, MA) was added, and the plate was incubated for 1 h at 37°C. The plates were washed with PBS containing 0.05%
Tween and then incubated for 1 h at 37°C with fluorescein isothiocyanate
(FITC)-conjugated rabbit anti-goat antibody (Jackson ImmunoResearch,
West Grove, PA). After a second washing, cells were stained with ProLong
Gold antifade reagent with 4=,6-diamidino-2-phenylindole (DAPI) (Invitrogen, Grand Island, NY) at room temperature. The cells were visualized with an AMG EVOS* fl digital inverted fluorescence microscope
(Fisher Scientific, Pittsburgh, PA) with a 20⫻ objective and analyzed using ImageJ software. Fifteen to 20 fields (20⫻ magnification) were examined per well.
Antibody responses. The kinetics and pattern of neutralizing and
binding antibodies were determined at 30 ⫾ 3, 45 ⫾ 3, 75 ⫾ 3, and 95 ⫾
3 days after infection for the various treatment groups. Anti-RSV IgG
binding antibodies were determined by enzyme immune assay (EIA)
against r19F (1 ⫻ 106 TCID50/well) lysate (or control lysate) or F proteintransfected HEK 293 cells (or control HEK 293 cells) incubated at 4°C
overnight. After blocking (5% BSA in PBS) for 1 h at 37°C, 100 l of 2-fold
serial dilutions of serum samples in PBS containing 0.05% Tween 20
(PBST) was added to appropriate wells and incubated for 2 h at 37°C.
Next, the plates were washed with PBST and then incubated for 1 h at
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TABLE 1 Flow cytometer surface staining antibodies
Type of staining and cell

Staining patterna

Clone

Source

Surface
CD3
CD4
CD8

CD3 (efluor450)
CD4 (efluor650NC)
CD8a (efluor605NC)

17A2
GK1.5
53-6.7

eBioscience
eBioscience
eBioscience

Anti-mouse CD62L-PE-Cy7
Anti-mouse CD44-Alexa Fluor 700

MEL-14
IM7

eBioscience
eBioscience

Regulatory T cells (Tregs)

Anti-mouse CD28-PerCP-Cy5.5
Anti-mouse CD25-PE-Cy7

37.51
PC61

eBioscience
eBioscience

Effector T cells (Tfh)

Anti-human/mouse CD45R-Alexa Fluor 700
Anti-mouse CD185 (CXCR5)-PE-Cy7

RA3-6B2
L138D7

Biolegend
Biolegend

Anti-mouse IFN-␥–PE
Anti-mouse IL-4–FITC
Anti-human/mouse T-bet–PerCP–Cy5.5
Anti-human/mouse Gata-3–eFluor660

XMG1.2
BVD6-24G2
4B10
TWAJ

eBioscience
eBioscience
eBioscience
eBioscience

Regulatory T cell (Tregs)

Anti-FoxP3-Alexa Fluor 488
Anti-mouse IL-10–APC

MF-14
JES5-16E3

Biolegend
Biolegend

Effector T cells (Tfh)

Anti-mouse Bcl-6–PE

BCL-DWN

eBioscience

Isotype controls

Rat Ig2b  isotype control-APC
Rat IgG1 isotype control-PE
Rat IgG1  isotype control-FITC
Rat IgG2b  isotype control-Alexa Fluor 488
Mouse IgG1  isotype control-PerCP-Cy5.5
Mouse IgG2b  isotype control-eFluor 660

eB149/10H5
eBRG1
eBRG1
RTK4530
MOPC-21
MPC-11

eBioscience
eBioscience
eBioscience
Biolegend
Biolegend
Biolegend

Memory T cells
Effector memory (TMEM)
Central memory (TCM)

Intracellular
Memory T cells

a

Conjugate abbreviations: PE, phycoerythrin; PerCP, peridinin chlorophyll protein; FITC, fluorescein isothiocyanate; APC, allophycocyanin.

37°C with HRP-conjugated goat anti-mouse immunoglobulin (diluted
1:1,000) antibody (Thermo Scientific, Waltham, MA). After a second
washing, color was developed with o-phenylenediamine (OPD) substrate
(Sigma-Aldrich), as indicated by the manufacturer. The enzyme-substrate
reaction was terminated by the addition of a sulfuric acid solution, and
absorbance was measured at a wavelength of 450 nm. IgG isotypes IgG1,
IgG2a, and IgG2b were detected with mouse anti-subtype antibodies
(SouthernBiotech, Birmingham, Alabama) and HRP-conjugated goat anti-mouse immunoglobulin. Serial dilutions (starting at 1:500) of serum
samples for each time points were tested by the ELISA. The cutoff value
(absorbance of 0.3678) was chosen as the mean optical density (OD) ⫹ 3
standard deviations for the 1:500 dilution of serum from mock-infected
mice for various IgG ELISAs. The highest dilution with absorbance above
the cutoff value was estimated from a standard curve generated from
standards for the various IgG ELISAs using linear regression.
The RSV neutralizing antibody titer was determined using 2-fold serially diluted heat-inactivated (56°C for 30 min) sera. Serum specimens
(75 l) were mixed with 100 TCID50 of RSV (25 l) in MEM–5% FBS, and
added to wells of a 96-well microtiter plate with HEp-2 cells (1.5 ⫻ 104/
well), and incubated for 3 days in a 5% CO2 incubator at 37°C. The plates
were washed with PBS, and the cells were fixed with 80% acetone followed
by blocking with PBS–5% BSA blocking buffer. RSV replication was detected with goat anti-RSV antibody (Millipore, Billerica, MA) and HRPconjugated donkey anti-goat antibody (Jackson ImmunoResearch, West
Grove, PA) as noted above for determination of the infectivity titer of the
virus preparation (33). Neutralization titers are expressed as the reciprocal of the serum dilution giving a 50% reduction in number of RSVpositive wells.
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Preparation of splenocytes. Mice were euthanized at the time points
indicated in the figures. The spleens were removed and placed separately
into complete RPMI supplemented with 10% FBS (Fisher Scientific, Pittsburgh, PA), 2 mM L-glutamine (Gibco, Grand Island, NY), 0.05 mM
2-mercaptoethanol (Sigma-Aldrich, St. Louis, MO), 1 mM HEPES
(Thermo Scientific, Waltham, MA), 5,000 U/ml penicillin-streptomycin
(Gibco, Grand Island, NY), and 0.5 mM sodium pyruvate (Sigma-Aldrich, St. Louis, MO). The tissues were minced and ground through a
sterile steel mesh to obtain a single-cell suspension. The splenocytes were
treated with red blood cell (RBC) lysing buffer (Sigma-Aldrich, St. Louis,
MO), and cells were isolated by centrifugation at 3,000 ⫻ g. Cells were
counted and resuspended at the stated cell concentration for the appropriate in vitro assay.
Stimulation of splenocytes with r19F. The spleen cells (1 ⫻ 106 cells/
well) were incubated for 24 h at 37°C in 96-well culture plates in the
presence of mock-infected tissue culture (negative control), concanavalin
A (1 g/ml) (positive control), an r19F MOI of 0.1, or UV-inactivated
r19F. The stimulated spleen cells (1 ⫻ 106 cells/well) were treated with
brefeldin A (BD GolgiPlug, San Jose, CA) for last 4 h, incubated with
FcR-blocking antibody (anti-CD16/CD32), and then stained for surface
markers with anti-CD3, anti-CD4, and anti-CD8 (Table 1). Before intracellular staining, cells were fixed and permeabilized with CytoFix/
CytoPerm (BD Biosciences, Mountain View, CA) solution and Perm/
Wash buffer (BD Biosciences, Mountain View, CA). Intracellular
cytokines were detected with anti-IFN-␥ and anti-IL-4 (Table 1). The
distribution and pattern of cell surface markers were determined for
100,000 lymphocyte-gated events analyzed on a BD LSRII flow cytometer
(BD Biosciences, Mountain View, CA), and the data were analyzed using
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TABLE 2 Effect of prophylactic administration of anti-RSV G protein
MAb 131-2G on RSV load in the lungs of BALB/c micea
RSV titer (TCID50/g of lung)b
Group

Study 1

Study 2

Study 3

r19F
MAb F(ab=)2 ⫹
r19F
MAb Intact ⫹
r19F
Mock

15,774.5 ⫾ 1,435.1
15,247.2 ⫾ 961.7

37,704.5 ⫾ 28,113.9
35,510.2 ⫾ 34,405.4

26,511.1 ⫾ 9,733.2
25,899.6 ⫾ 7,864.2

130.1 ⫾ 84.4*

389.1 ⫾ 220.9*

208.3 ⫾ 11.7*

0

0

0

BALB/c mice were treated with intact (MAb Intact⫹r19F) or F(ab=)2 [MAb F(ab=)2 ⫹
r19F] 131-2G 2 days before challenge with 1 ⫻ 106 TCID50 of r19F (r19F)- or mockinfected tissue culture material (mock) (n ⫽ 3 mice/group). Lung samples were
collected on day 5 p.i., and the viral titer was determined using the Reed-Muench
method (42) as described in Materials and Methods.
b
Data are means ⫾ SEM. *, significant decrease (P ⱕ 0.001, ANOVA) in virus titer of
intact 131-2G-treated mice compared to those for 131-2G-untreated and 131-2G MAb
F(ab=)2-treated mice.

TABLE 3 RSV-specific and RSV F protein-specific IgG1/IgG2a and
IgG2b/IgG2a ratios of serum antibody responses
Type of
response and
day

IgG1/IgG2a ratio

IgG2b/IgG2a ratio

r19F

MAb F(ab=)2 ⫹
r19F

r19F

MAb F(ab=)2 ⫹
r19F

RSV specific
Day 30
Day 45
Day 75
Day 95

1.09 ⫾ 0.37
0.56 ⫾ 0.22
1.68 ⫾ 0.19
1.11 ⫾ 0.22

0.32 ⫾ 0.14
0.13 ⫾ 0.05
0.14 ⫾ 0.01
0.31 ⫾ 0.08

1.20 ⫾ 0.40
1.24 ⫾ 0.31
2.71 ⫾ 0.53
1.84 ⫾ 0.21

0.39 ⫾ 0.08
0.23 ⫾ 0.08
0.20 ⫾ 0.12
0.26 ⫾ 0.08

RSV F protein
specific
Day 30
Day 45
Day 75
Day 95

3.59 ⫾ 1.97
0.59 ⫾ 0.42
1.40 ⫾ 0.52
1.01 ⫾ 0.62

0.48 ⫾ 0.21
0.11 ⫾ 0.02
0.13 ⫾ 0.03
0.15 ⫾ 0.19

1.80 ⫾ 0.84
1.36 ⫾ 0.43
2.23 ⫾ 0.46
1.65 ⫾ 0.59

0.16 ⫾ 0.07
0.10 ⫾ 0.06
0.08 ⫾ 0.02
0.32 ⫾ 0.09

a

FlowJo software (TreeStar, Ashland, OR). A significant increase in the
percentage of IFN-␥- or IL-4-positive RSV-stimulated splenocytes compared to the level in mock-stimulated splenocytes was considered a positive RSV response.
Stimulation of splenocytes with RSV CD4- and CD8-specific peptides. The spleen cells (1 ⫻ 106cells/well) were incubated for 6 h at 37°C in
96-well culture plates in the presence of RSV peptides for CD4 or CD8
epitopes. The CD4 peptide is aa 183 to 197 of the A2 G protein (44), the
CD8 peptide (M282–90) is aa 82 to 90 of the A2 M2 protein (45), and the
ovalbumin control peptide is at aa 323 to 339 (46). The stimulated spleen
cells (1 ⫻ 106 cells/well) were treated with brefeldin A (BD GolgiPlug, San
Jose, CA) for the last 4 h, incubated with FcR-blocking antibody (antiCD16/CD32), and then stained for surface markers (Table 1). Before intracellular staining, cells were fixed and permeabilized with CytoFix/
CytoPerm (BD Biosciences, Mountain View, CA) solution and Perm/
Wash buffer (BD Biosciences, Mountain View, CA). Intracellular
cytokines were detected using designated antibodies (Table 1). The distribution and pattern of cell surface markers were determined for 100,000
lymphocyte-gated events analyzed on a BD LSRII flow cytometer (BD
Biosciences, Mountain View, CA), and data were analyzed using FlowJo
software (TreeStar, Ashland, OR).
M2 tetramer staining. The spleen cells (1 ⫻ 106 cells/well) were
seeded in 96-well culture plates, incubated with FcR-blocking antibody,
and stained for surface markers with anti-CD3 and anti-CD8 (Table 1) in
the presence of M2 tetramer (allophycocyanin [APC]-conjugated H-2Kd
RSV M2) (Beckman Coulter, Indianapolis, IN) for 30 min at 4°C. The cells
were then additionally stained for intracellular IFN-␥ and IL-4 as described for peptide-stimulated splenocytes. The distribution and pattern
of cell surface markers were determined for 100,000 lymphocyte-gated
events analyzed on a BD LSRII flow cytometer (BD Biosciences, Mountain
View, CA), and data were analyzed using FlowJo software (TreeStar, Ashland, OR).
Statistical analyses. Unless otherwise indicated, groups were compared by one-way analysis of variance (ANOVA) and post hoc Tukey’s
honestly significant difference (HSD) test (with P ⱕ 0.05 considered statistically significant). All statistical analyses were performed using the statistical package R (R Developmental Core Team 2012). Data are shown as
means ⫾ standard errors of the means (SEM).

RESULTS

Viral load. As previously noted, r19F consistently infects BALB/c
mice, with the peak of pulmonary infection occurring on day 5 p.i.
Consistent with our previous results (33, 37, 38), the F(ab=)2 form
of 131-2G does not decrease virus replication, but intact 131-2G
does (Table 2).
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The effect of MAb 131-2G prophylaxis on the antibody response. We hypothesized that since r19F induced a Th2-biased
acute response to infection, it might also induce a Th2-biased
antibody response. Similarly, because both the F(ab=)2 form and
the intact form of MAb 131-2G shifted the acute response to a
Th1-type response (33), we thought it might also do so for the
antibody response. Serum was collected from mice of various
treatment groups and control mice on days 0, 30, 45, 75, and 95
p.i. All r19F-infected mice developed RSV-specific antibodies, and
the mock-infected mice did not. The peak values for total IgG and
for IgG subclass antibodies were detected in serum collected on

FIG 2 Effect of MAb 131-2G prophylaxis on neutralizing antibody response
to r19F infection in BALB/c mice. BALB/c mice were treated with intact (MAb
Intact⫹r19F) or F(ab=)2 [MAb F(ab=)2⫹ r19F] 131-2G 2 days before infection
with 1 ⫻ 106 TCID50 of r19F (r19F) or mock-infected tissue culture material
(mock). Neutralizing antibody titers were determined at 30 ⫾ 3, 45 ⫾ 3, 75 ⫾
3, and 95 ⫾ 3 days after infection by a microneutralization assay with r19F as
described in Materials and Methods. The error bar represents the SEM from
n ⫽ 5 mice per group. *, significant difference (P ⬍ 0.05), as determined by
one-way analysis of variance (ANOVA) and post hoc Tukey’s HSD test, compared with mock-infected mice.
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FIG 3 Effect of anti-RSV G protein MAb 131-2G treatment on the frequency of Tfh cells. BALB/c mice were treated with intact (MAb Intact⫹r19F) or F(ab=)2

[MAb F(ab=)2⫹ r19F] 131-2G 2 days before challenge with 1 ⫻ 106 TCID50 of r19F (r19F) or mock-infected tissue culture material (mock) (n ⫽ 5 mice/group).
Spleen cells were harvested at day 75 p.i. and stimulated with RSV-specific CD4 G peptide for 6 h. Tfh cells were determined by staining with CD4, CXCR5, and
Bcl-6 antibodies. (A) Representative dot plots from flow cytometric analysis of CXCR5 and Bcl-6. (B) Percentage of CXCR5⫹ and Bcl-6⫹ CD4 T cells from
corresponding dot plot quadrants. The error bar represents the SEM for n ⫽ 5 mice. * or †, significant difference (P ⬍ 0.05), as determined by one-way analysis
of variance (ANOVA) and post hoc Tukey’s HSD test, compared with mock-infected mice (*) or untreated, r19F-infected mice (†). The values for ovalbumin
(Ova) stimulation are for MAb-treated mice, but values are similar for all groups.

day 45 p.i. (Fig. 1). There was a slightly higher titer in serum from
131-2G F(ab=)2-treated compared to untreated r19F-infected
mice that was significant on days 30, 75, and 95 for both the RSV
and anti-F protein antibody ELISAs (Fig. 1A and B).
The patterns of anti-RSV (Fig. 1A, C, E, and G) and anti-F
protein (Fig. 1B, D, F, and H) antibody responses were similar. For
both, the subclass antibody responses showed the greatest differences between untreated and MAb-treated infected mice. As we
hypothesized, r19F-infected mice had a Th2 IgG antibody subclass
pattern (i.e., higher titers of IgG1 and IgG2b than IgG2a antibodies), while the 131-2G-treated mice had a Th1 pattern response
(Fig. 1C, E, and G). The ratio of IgG1 to IgG2a antibody titers was
3-fold to 10-fold higher for untreated compared to F(ab=)2 MAbtreated mice. For untreated mice, this ratio was ⬎1.0, except for
day 45 p.i., when the ratios were 0.59 and 0.56 for anti-RSV and
anti-F protein antibodies, respectively. The values for F(ab=)2
MAb-treated, infected mice were always ⬍0.5 and 0.13 (antiRSV) and 0.11 (anti-F protein) on day 45 p.i. (Table 3). Mice
treated with either form of 131-2G also had higher, although not
significantly higher, serum neutralizing antibody titers than untreated, r19F-infected mice at 30, 75, and 95 days p.i. (Fig. 2).
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Thus, binding G with MAb 131-2G shifted the antibody response
from a Th2 to Th1 pattern and maintained a higher titer of antibody longer than the untreated, r19F-infected mice.
To identify possible mechanisms for the effect of 131-2G treatment on antibody responses, we studied follicular helper T cells
(Tfh) induced by the various treatments. The initial antibody response is linked to antibody-secreting cells and the later antibodies to long-lived plasma cells (LLPCs) and the memory B cells. B
cells develop into LLPCs and memory B cells in germinal centers
(GCs). Tfh cells facilitate B cell trafficking to GCs and subsequent
development into LLPCs and memory B cells in the GCs (47). Tfh
cells are identified by the presence of the surface marker CXCR5
and the transcription factor Bcl6 (48, 49). The increase in the
percentage of Tfh cells (i.e., CXCR5⫹ and Bcl6⫹ CD4 T cells) in
peptide-stimulated, day 75 p.i. spleen cells in treated compared to
untreated mice suggests a mechanism for a higher titer of antibodies late p.i. (Fig. 3). The increase in Tfh T cells might have increased the number of B cells migrating to GCs and developing
into LLPCs and memory B cells.
The effect of MAb 131-2G prophylaxis on CD4 and CD8 T
cell responses. The T cell response induced by RSV-stimulated
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FIG 4 Effect of anti RSV G protein MAb 131-2G treatment on the frequency of the indicated cells after RSV stimulation. (A) IL-4-positive T cells. (B)
IFN-␥-positive T cells. BALB/c mice were treated with intact (MAb Intact⫹r19F) or F(ab=)2 [MAb F(ab=)2⫹ r19F] 131-2G 2 days before challenge with 1 ⫻ 106
TCID50 of r19F (r19F) or mock-infected tissue culture material (mock) (n ⫽ 5 mice/group). Spleen cells were harvested at the indicated time points and
stimulated with r19F, UV-inactivated r19F, mock-infected tissue culture, or ConA for 24 h. The error bar represents the SEM from n ⫽ 5 mice. * or †, significant
difference (P ⬍ 0.05), as determined by one-way analysis of variance (ANOVA) and post hoc Tukey’s HSD test, compared with mock-infected mice (*) or
untreated, r19F-infected mice (†).

splenocytes was assessed by intracellular cytokine staining. The
splenocytes were stimulated with (i) an MOI of 0.1 of purified
r19F RSV, UV-inactivated r19F, or mock-infected tissue culture
material (negative control) or 1 g/ml concanavalin A (positive
control) or (ii) RSV major histocompatibility complex class I
(MHC-I)- and MHC-II-restricted peptides or an albumin negative-control peptide antigen. We also stained unstimulated
splenocytes with an RSV MCH-I tetramer. We hypothesized that
the memory T cell response induced by r19F infection would be
Th2 biased, and prophylaxis with the F(ab=)2 or intact form of
MAb 131-2G would switch this Th2 bias to a Th1 bias.
The r19F-stimulated splenocytes from days 45 and 75 p.i from
untreated, infected mice had a significant increase in the percentage of IL-4-positive CD4 and CD8 T cells compared to negative
controls (i.e., RSV-stimulated splenocytes from mock-infected
mice or negative-control-stimulated splenocytes from RSV-infected mice). Of note, the total number of CD8 T cells was decreased in MAb-treated mice, which is consistent with previous
work showing the RSV G protein can increase CD8 T cells (50). In
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contrast, infected mice treated prophylactically with either form
of MAb 131-2G compared to untreated mice had a significantly
lower percentage of IL-4-positive T cells. The percentage of IL-4positive T cells was similar to that for the controls. Both treated
and untreated infected mice had similar levels of IFN-␥ expression
in CD4 and CD8 T cells on day 45 p.i., but the percentage of
IFN-␥-positive T cells was significantly higher for MAb-treated
mice on day 75 p.i. The percentage of IFN-␥-positive T cells remained at ⬃day 45 levels for MAb-treated mice and substantially
decreased in untreated, r19F-infected mice (Fig. 4).
For the tetramer studies, we stained unstimulated splenocytes
with the M282–90 tetramer that is specific for the immune dominant MHC class I H-2Kd restricted epitope (SYIGSINNI) of the
RSV M2-1 protein (45) (Fig. 5). With MAb 131-2G prophylaxis,
we noted an increase in the percentage of tetramer-positive CD8 T
cells (Table 4). Although there were relatively few tetramer-positive cells, with MAb 131-2G treatment, there was a noticeable
decrease (61.54% ⫾ 21.81%) in the percentage of IL-4-positive
and increase (31.42% ⫾ 23.12%) in the percentage of IFN-␥-
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cells. CD8 TCM and TEM T cells showed no increase in Gata-3
expression for treated or untreated r19F-infected mice (Fig. 5, 6,
and 7).
Next, we studied the regulatory T cells (Tregs), which are associated with controlling the immune-response and avoiding
autoimmune- and immune response-induced disease (55, 56).
During RSV infection, Treg cells limit antigen-specific T cell responses, suppress inflammation, and may help to control viral
replication (57–60). Our results show that prophylaxis with MAb
131-2G slightly (P ⱕ 0.05) increased the percentages of FoxP3⫹
and Foxp3⫹ IL-10⫹ CD4 T cells compared to untreated r19Finfected mice (Fig. 8 and 9).
DISCUSSION

FIG 5 Enumeration of RSV M2-specific CD8⫹ T cells using MHC class I
tetramers. BALB/c mice were treated with intact (MAb Intact⫹r19F) or
F(ab=)2 [MAb F(ab=)2⫹ r19F] 131-2G 2 days before challenge with 1 ⫻ 106
TCID50 of r19F (r19F) or mock-infected tissue culture material (mock) (n ⫽ 5
mice/group). Spleen cell suspensions obtained from the study groups were
stained with anti-mouse CD3e-Alexa Fluor 700-, anti-mouse CD8-FITC-, and
APC-labeled M2-specific H-2Kd tetramer. Error bars represents the SEM from
n ⫽ 5 mice per group. * or†, significant difference (P ⬍ 0.05), as determined by
one-way analysis of variance (ANOVA) and post hoc Tukey’s HSD test, compared with mock-infected mice (*) or untreated, r19F-infected mice (†).

positive tetramer-positive CD8 T cells compared to untreated,
r19F-infected mice at day 45 p.i. (Fig. 5).
The studies of splenocytes stimulated with RSV MHC class I
and II restricted peptides confirmed the findings with RSV stimulation and tetramer staining. With peptide stimulation, we also
found that r19F infection induces a Th2-biased response that
changes to a Th1 bias with MAb 131-2G prophylaxis. Stimulation
of splenocytes collected 75 days p.i. showed the percentage of IFN␥-positive CD4 and CD8 T cells was significantly increased in
MAb-treated compared to untreated, r19F-infected mice. The
most notable difference between the two groups, however, was the
significant decrease in the percentage of IL-4-positive cells with
MAb treatment (Fig. 5, 6, and 7).
To understand the mechanism associated with this switch to a
Th1-type response with 131-2G prophylaxis, we looked at expression of the transcription factors T-bet and Gata-3 in central memory (TCM, CD62L highCD44⫹), and effector memory (TEM,
CD62L lowCD44⫹) CD4⫹ and CD8⫹ cells. T-bet regulates differentiation to the Th1 lineage by inducing lineage-restricted target
genes, such as the IFN-␥ and IL-12 genes (51, 52), and Gata-3
regulates differentiation to Th2 by inducing genes coding for IL-4,
IL-5, and IL-13 (52–54). Peptide stimulation of day 75 p.i. splenocytes showed that the prophylactic treatment with 131-2G significantly (P ⱕ 0.001) increased the percentage of T-bet⫹ cells, coincident with the increase in IFN-␥⫹, CD4 and CD8 TCM and TEM
cells (Fig. 5 and 6). In contrast, the treated, r19F-infected mice had
a marked decrease in Gata-3⫹ and IL-4⫹ CD4 TCM and TEM T
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One obstacle to developing an RSV vaccine has been the difficulty
in inducing long-term protective immunity, as evidenced by the
repeated infections throughout life and the incomplete protection
afforded recipients of immune prophylaxis. We and others have
previously shown that the G protein induces host immune responses that contribute to pulmonary inflammation, pulmonary
eosinophilia, and/or weight loss during primary infection in mice
or RSV-challenged FI-RSV-vaccinated mice (29, 31, 37–39). We
also showed that the RSV G protein in r19F-infected mice contributes to increased pulmonary mucous production, pulmonary Th2
cytokine levels, and breathing effort, and administration of the
anti-G protein MAb 131-2G blocked many of these effects (33). In
the present report, we show that binding the G protein with MAb
131-2G also shifts the adaptive immune response from a Th2 to a
Th1 bias and likely increases the duration of the antibody response, as indicated by higher antibody titers ⬎75 days p.i.
The decrease in Th2-associated cytokines and antibodies was
the most prominent effect of prophylactic treatment with either
form of MAb 131-2G. MAb 131-2G treatment led to a Th1 pattern
with higher IgG2a and lower IgG1 and IgG2b antibody titers in
infected mice, while untreated infected mice had a Th2 pattern
with higher IgG1 and IgG2b and lower IgG2a antibody titers. This
difference in antibody subclass patterns was evident at all times
studied and for both anti-RSV and anti-F protein antibodies. The
shift from Th2- to Th1-biased CD4 T cell and CD8 T cell responses
with MAb treatment was evident for spleen cells stimulated with
purified RSV and with class I-and class II-restricted peptides and
TABLE 4 Changes in the unstimulated spleen T cells after prophylaxis
with intact or F(ab=)2 forms of MAb 131-2G 75 days after infectiona
%/1 ⫻ 106 splenocytes of b:
M282–90 ⫹
CD8

Group

CD3

r19F
MAb F(ab=)2 ⫹
r19F
MAb Intact ⫹
r19F
Mock infected

23.78 ⫾ 1.87 53.86 ⫾ 1.02 37.58 ⫾ 1.00 0.80 ⫾ 0.12
24.92 ⫾ 1.19 62.86 ⫾ 1.76 28.18 ⫾ 0.96* 4.12 ⫾ 0.28

CD4

CD8

24.38 ⫾ 2.18 68.52 ⫾ 0.92 26.22 ⫾ 1.16* 3.60 ⫾ 0.46
25.64 ⫾ 1.90 69.74 ⫾ 2.14 24.44 ⫾ 2.42

0.01 ⫾ 0.04

BALB/c mice were treated with intact (MAb Intact ⫹ r19F) or F(ab=)2 [MAb F(ab=)2 ⫹
r19F] 131-2G 2 days before challenge with 1 ⫻ 106 TCID50 of r19F-infected or mockinfected tissue culture material (n ⫽ 5 mice/group). The spleen cells were harvested on day
75 postchallenge.
b
*, significant difference (P ⬍ 0.05) as determined by one-way analysis of variance
(ANOVA) and post hoc Tukey’s HSD test, comparing MAb 131-2G-treated mice with
untreated r19F-challenged mice.
a
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FIG 6 Effect of anti RSV G protein MAb 131-2G treatment on the frequency of peptide-induced T-bet and IFN-␥ or Gata-3 and IL-4 secretion in CD4, TMEM,

or TCM T cells. BALB/c mice were treated with intact (MAb Intact⫹r19F) or F(ab=)2 [MAb F(ab=)2 ⫹ r19F] 131-2G 2 days before challenge with 1 ⫻ 106 TCID50
of r19F (r19F) or mock-infected tissue culture material (mock) (n ⫽ 5 mice/group). Spleen cells were harvested at day 75 p.i. and stimulated with RSV G
protein-specific CD4 epitope peptide or ovalbumin (Ova) control peptide. Error bars represent the SEM from n ⫽ 5 mice per group. * or †, significant difference
(P ⱕ 0.001), as determined by one-way analysis of variance (ANOVA) and post hoc Tukey’s HSD test, compared with mock-infected mice (*) or untreated,
r19F-infected mice (†).

unstimulated cells stained with a class I restricted tetramer. The
data for expression of the transcription factors T-bet and Gata-3
in CD4 cells and T-bet in CD8 T cells suggest these transcription
factors direct the Th1 (T-bet)- or Th2 (Gata-3)-biased responses.
T-bet regulates differentiation to the Th1 lineage by inducing lineage-restricted target genes, such as IFN-␥ and IL-12 (51, 52), and
Gata-3 regulates differentiation to Th2 by inducing genes for IL-4,
IL-5, and IL-13 (52–54). The peptide-stimulated splenocytes from
MAb-treated, r19F-infected mice preferentially expressed T-bet,
and those from untreated, r19F-infected mice preferentially expressed Gata-3. Since T-bet in T cells helps direct B cell switching
to the IgG2a subclass, the increase in T-bet with MAb treatment
likely contributed to the increase in IgG2a titers. Since we did not
detect Gata-3 in CD8 T cells from r19F-infected, untreated mice, it
does not appear to be involved in the increase in IL-4 levels in CD8
T cells.
The switch from a Th2- to a Th1-biased response with 131-2G
treatment is consistent with our earlier studies that showed
131-2G prophylactic treatment in FI-RSV-vaccinated, infected
mice or in unvaccinated, r19F-infected mice shifted the pulmonary inflammatory response from a Th2 to a Th1 bias (33, 37). It
also is consistent with a recent report by Jorquera et al. that described the response in mice to a nanoparticle G peptide vaccine
that includes the binding site for MAb 131-2G. In this report,
RSV-challenged mice vaccinated with the nanoparticle peptide
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vaccine compared to an intact G vaccine had a higher percentage
of M282–90 tetramer-positive T cells in the lung and in the spleen
(36). They also noted nanoparticle-vaccinated mice had more
IFN-␥ than IL-4-expressing T cells (Th1-type response) in splenocytes stimulated with the M282–90 peptide. In contrast, there were
more IL-4- than IFN-␥-expressing T cells (Th2-type response) in
mice vaccinated with intact G.
The suggestion of a more durable antibody response in MAbtreated mice was seen for anti-RSV antibodies, anti-RSV F protein, and RSV neutralizing antibodies. This difference was most
prominent later after infection (i.e., ⱖday 75 p.i.). The data on T
follicular helper (Tfh) cells suggest a mechanism by which this
occurred. The late antibody response is governed by long-lived
plasma cells (LLPC) and memory B cells that develop in germinal
centers (GCs) in secondary lymphoid organs (61). The Tfh cells
play a key role in B cell trafficking to GCs and GC B cells developing into LLPCs and memory B cells. Tfh cells develop from CD4 T
cells and are characterized by expression of chemokine (C-X-C
motif) receptor 5 (CXCR5) and express the transcription factor
Bcl-6 (47, 49, 62–64). Bcl-6-deficient mice display defective T-dependent antibody responses and have limited antibody affinity
maturation due to the absence of GCs (65–67). Bcl-6 expression is
also associated with decreased Gata-3 and IL-4 expression by T
cells (65, 68). Our data suggest that the presence of G protein
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FIG 7 Effect of anti-RSV G protein MAb 131-2G treatment on the frequency of peptide-induced T-bet and IFN-␥ or Gata-3 and IL-4 secretion in CD8, TMEM,
or TCM T cells. BALB/c mice were treated with intact (MAb Intact⫹r19F) or F(ab=)2 [MAb F(ab=)2⫹ r19F] 131-2G 2 days before challenge with 1 ⫻ 106 TCID50
of r19F (r19F) or mock-infected tissue culture material (mock) (n ⫽ 5 mice/group). Spleen cells were harvested at day 75 p.i. and stimulated with the peptides
or ovalbumin (Ova) control peptide. Error bar represents the SEM from n ⫽ 5 mice per group. *or †, significant difference (P ⱕ 0.001), as determined by one-way
analysis of variance (ANOVA) and post hoc Tukey’s HSD test, compared with mock-infected mice (*) or untreated, r19F-infected mice (†).

during infection (i.e., not bound by antibody) may hamper development of the T-dependent, long-lived, high-affinity antibodies.
RSV has been noted to affect a number of immune responses,
including impairment of lymphoproliferation (69), decreased
CD8⫹ T cell response by human peripheral blood mononuclear
cells (PBMCs) when infected in vitro (70), increased apoptosis of
peripheral lymphocytes during acute infection in infants (71), increase in IL-10 and regulatory T cells in lungs of infected mice
(72–75), and altered dendritic cell stimulation of T cells in mice
(76, 77) and in human PBMCs or cord blood mononuclear cells in
vitro (78–80). The G protein specifically has been associated with
suppressing a number of immune responses, including induction
of Toll-like receptor 3 (TLR3) or 4, IFN-␤ (81), proinflammatory
responses of lung epithelial cells (82), lymphoproliferation (83),
and activation of dendritic cells (84, 85). G has also been noted to
downregulate type I IFN production by inducing suppression of
cytokine signaling (SOCS) (86) and to enhance cytotoxic T cell
responses (87, 88).
The finding that G protein affects the Th1 versus Th2 bias of
the later humoral and cellular memory responses and duration of
antibody responses is novel. These effects of the G protein have
not been previously noted, probably in part because few studies
have assessed memory responses late after infection. In addition,
unlike the more commonly used A2 virus, the r19F virus used in
this study induces a strong Th2-biased response and the shift from
a Th2 to a Th1 response was the most prominent finding in this
study.
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RSV G protein is approximately 50% conserved among predominant RSV strains, but contains two conserved regions: the
cytoplasmic/transmembrane region (aa 1 to 66) and a central conserved region (CCR) from aa 148 to 198 (89, 90). Within the
central conserved region of RSV G protein is a CX3C chemokine
motif between aa 182 and 186 that functionally mimics the CX3C
chemokine fractalkine (FKN [CX3CL1]) (91) and is one possible
contributor to these effects of the G protein. The CX3CL1CX3CR1 interaction has been found to induce chemotaxis and
leukocyte migration, as well as affect proliferation and survival of
immune cells. The CX3CL1-CX3CR1 interaction has been linked
to a number of inflammation-associated diseases, including
Crohn’s disease, rheumatoid arthritis, allergic asthma, systemic
lupus erythematosis, and atherosclerosis (92). In animal studies,
the CX3CR1-CX3CL1 interaction has been associated sometimes
with increased disease and other times with a decrease in disease.
For example, in studies of LACK (Leishmania homolog of receptors for activated C kinase) antigen or ovalbumin-induced allergic
pulmonary inflammation, CX3CR1⫺/⫺ mice did not develop disease, while CX3CR1⫹/⫹ mice developed Th2-biased responses
and disease (93). In these experiments, the presence of CX3CR1
was also associated with maintenance of both Th1 and Th2 T cells
in the lungs. In a study of experimental autoimmune encephalitis
(EAE), Garcia et al. (94) found that CX3CR1⫺/⫺ mice developed
more inflammation, more severe neurologic disease, and more
IFN-␥-positive and IL-17-positive T cells than CX3CR1⫹/⫹ mice.
Thus, the CX3CL1-CX3CR1 interaction has been noted to affect
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FIG 8 Representative dot plots from flow cytometric analysis of the effect of anti RSV G protein MAb 131-2G treatment on the frequency of T-bet and IFN-␥
or Gata-3 and IL-4 secretion in TCM T cells. BALB/c mice were treated with intact (MAb Intact⫹r19F) or F(ab=)2 [MAb F(ab=)2⫹ r19F] 131-2G 2 days before
infection with 1 ⫻ 106 TCID50 of r19F (r19F) or mock-infected tissue culture material (mock) (n ⫽ 5 mice/group). Spleen cells were harvested at day 75 p.i. and
stimulated for 6 h with (A) G peptide specific for CD4 epitope (B) M2 peptide specific for CD8 epitope. The ovalbumin (Ova) peptide is used as a negative control
for the peptide stimulations.

the type, magnitude, and maintenance of adaptive immune responses, but how this interaction affects a specific disease varies.
In RSV infection, we have previously shown that G proteinCX3CR1 interaction increases inflammation in RSV-challenged
FI-RSV-vaccinated mice (31), decreased migration of CX3CR1⫹
T cells to the lungs of infected mice (34), and decreased rate of
breathing in mice given the G protein intravenously (34). We have
not yet determined what, if any, role the G protein-CX3C motif
plays in downregulation of adaptive immune responses.
There are other immune active sequences in this region of G,
and their function would likely be blocked by 131-2G. For example, T cell epitopes that induce a Th2-biased response that includes induction of pulmonary eosinophilia and increased pulmonary IL-4, IL-5, IL-10, and IL-13 levels have been described in
this region of the G protein (95–98). Polack et al. (85) noted that
amino acid sequences in the G central conserved region (CCR-G)
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inhibited proinflammatory responses to RSV infection and inhibited Toll-like receptor (TLR) induction of cytokines. They noted
that this inhibition was not affected by treatment with antiCX3CR1 antibodies and, therefore, was not associated with binding to CX3CR1. This region of G is also associated with increased
cytotoxic T cell activity in mice (87, 99). Interestingly, we noted a
decrease in the percentage of CD8 compared to CD4 cells but
more tetramer-positive CD8⫹ T cells when G is bound by 131-2G.
Further study is needed to determine which regions of the G protein affect the adaptive immune response to RSV infection and the
mechanisms for the effect.
The data in this report suggest that the G protein not only
contributes to disease but also dampens the host immune response to infection. Both effects of G likely contribute to difficulties in achieving an effective vaccine. The ability of MAb 131-2G to
block these effects of G suggests that inducing antibodies similar
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FIG 9 Effect of anti-RSV G protein MAb 131-2G treatment on the frequency of RSV-specific Treg cells. BALB/c mice were treated with intact (MAb
Intact⫹r19F) or F(ab=)2 [MAb F(ab=)2⫹ r19F] 131-2G 2 days before infection with 1 ⫻ 106 TCID50 of r19F (r19F) or mock-infected tissue culture material
(mock) (n ⫽ 5 mice/group). Spleen cells were harvested at day 75 p.i. and stimulated with CD4 peptide or ovalbumin (Ova) control peptide for 6 h. Treg cells were
determined by staining with CD4, CD8, FoxP3, and IL-10 antibodies. Error bars represent the SEM from n ⫽ 5 mice per group. * or †, significant difference (P ⬍
0.05), as determined by one-way analysis of variance (ANOVA) and post hoc Tukey’s HSD test, compared with mock-challenged mice (*) or untreated,
r19F-challenged mice (†).

to 131-2G should prevent disease and enhance the adaptive immune response with later RSV infection. Enhancing the adaptive
immune response to later infection should increase duration of
protection. The fact that 131-2G binds to the 13-aa region conserved among all strains and flanking sequences are conserved
within group A or within group B strains simplifies the task of
developing a vaccine to induce 131-2G-like antibodies. If our
findings in mice apply to humans, then including the 131-2G
binding region of G in a vaccine should improve its safety and
efficacy. Studies of the role of the G protein human disease and
immune responses are needed to determine how G peptides might
be best used in a vaccine.
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