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We analyzed the protective mechanisms induced against respiratory syncytial virus subgroup A (RSV-A)
infection in the lower and upper respiratory tracts (LRT and URT) of BALB/c mice after intraperitoneal
immunization with a recombinant fusion protein incorporating residues 130 to 230 of RSV-A G protein
(BBG2Na). Mother-to-offspring antibody (Ab) transfer and adoptive transfer of BBG2Na-primed B cells into
SCID mice demonstrated that Abs are important for LRT protection but have no effect on URT infection. In
contrast, RSV-A clearance in the URT was achieved in a dose-dependent fashion after adoptive transfer of
BBG2Na-primed T cells, while it was abolished in BBG2Na-immunized mice upon in vivo depletion of CD41,
but not CD81, T cells. Furthermore, the conserved RSV-A G protein cysteines and residues 193 and 194,
overlapping the recently identified T helper cell epitope on the G protein (P. W. Tebbey et al., J. Exp. Med.
188:1967–1972, 1998), were found to be essential for URT but not LRT protection. Taken together, these results
demonstrate for the first time that CD41 T cells induced upon parenteral immunization with an RSV G protein
fragment play a critical role in URT protection of normal mice against RSV infection.

Respiratory syncytial virus (RSV) causes frequent and re-
peated infections in humans worldwide that are responsible for
mild to severe clinical symptoms. In adults, infection is gener-
ally confined to the upper respiratory tract (URT), while in-
fection of the lower respiratory tract (LRT) accounts for severe
pneumonia and bronchiolitis in infants and immunocompro-
mised individuals (44). Reinfections are common despite the
development of mucosal and systemic immune responses
which indeed fail to confer protection, although they progres-
sively diminish the respiratory disease. Identification of the
components necessary for the induction of a complete and safe
immune protective response is a prerequisite for the develop-
ment of an efficient RSV vaccine.

Evidence suggests that protection of the LRT may be
achieved primarily through high levels of circulating antibodies
(Abs), whereas protection of the URT may be primarily me-
diated by secretory immunoglobulin A’s (IgAs) (26, 27, 52). In
addition, T cells play an important mechanistic role in respi-
ratory tract protection since prolonged virus shedding or se-
vere/fatal RSV infection occurs in patients with deficiencies in
cellular immunity (16).

Among RSV proteins, F and G glycoproteins generate the
most potent immune protective responses in animal models
(10, 40). F protein is highly conserved among all RSV isolates;
it induces cross-reactive Abs as well as a predominant T helper
1 (Th1)-type T-cell response and virus-specific cytotoxic CD81

T cells (21, 31, 33, 49). In contrast, apart from a conserved

central domain incorporating two disulfide bonds (9, 48), G
protein is characterized by an extensive variability between and
even within RSV subgroups, which might play a role in re-
peated infections. This protein confers protective immunity
that tends to be group specific. In addition, priming of mice
with purified G protein results in adverse anti-RSV Th2-type
T-cell responses upon RSV subgroup A (RSV-A) challenge,
responsible for extensive lung eosinophilia (1, 17, 45). This
immunopathologic response has been recently associated with
the presence of a Th cell epitope located between residues 184
and 198 of RSV G protein (47).

In a novel approach to RSV vaccines, we recently reported
that a fusion protein, designated BBG2Na, induces a strong
and long-lasting protection against RSV infection in mice with-
out priming for RSV-enhanced pathology (11, 36, 37). Inter-
estingly, this protein comprises residues 130 to 230 of RSV-A
(Long strain) G protein (G2Na), including the conserved cen-
tral domain and the immunopathology-associated Th cell
epitope, fused to the albumin binding region of streptococcal
protein G (BB). Surprisingly, protection is induced in both the
LRT and URT and is maintained for at least 48 weeks after
three intraperitoneal (i.p.) injections of 20 mg of alum-ad-
sorbed BBG2Na (37). Such a protective efficacy has never
previously been reported with other subunit vaccines adminis-
tered similarly. In the lungs, viral clearance is achieved within
24 h following intranasal (i.n.) challenge. In contrast, complete
elimination of nasal RSV-A requires 2 to 3 days. Passive trans-
fer of immune sera confirmed the capacity of anti-BBG2Na
serum Abs to prevent and eliminate RSV-A in the LRT (37).
In contrast, URT infection was not affected, suggesting that
URT and LRT protection rely on separate immune mechanisms.

To identify these mechanisms, we investigated the relative
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contributions of Abs and lymphocyte populations to the anti-
RSV protection of mouse LRT and URT. We also used a
panel of site-specific and deletion mutants to map the residues
implicated in BBG2Na-mediated protection. Our data demon-
strate that different epitopes and separate immune mecha-
nisms account for LRT and URT protection in mice after
immunization with this recombinant RSV G protein fragment.
In addition, we demonstrate for the first time that CD41 T
cells play an essential role in RSV protection of the URT.

MATERIALS AND METHODS

Gene assembly, vector constructions, and expression and purification of
BBG2Na and derived deletion and substitution mutants. Gene assembly, vector
constructions, expression, and first-step protein purification of BBG2Na and
BBG2DCa (BBGnat and BBGcys, respectively, in reference 37) were undertaken
as previously described (37). Gsera was derived from G2Na by alternative PCR
site-directed mutagenesis (30), such that the conserved Cys residues at positions
173, 176, 182, and 186 were each mutated to Ser. Six deletion mutants were
generated by PCR from a G2Na template using a single 59 oligonucleotide
(59-CGA GAA TTC CAT GCA GAC CCA GCC GAG-39), incorporating a
unique EcoRI site (underlined), and a series of nested 39 oligonucleotides (59-
ATCAAGCTTATTTGTTCGGGATAC-39, 59-ATCAAGCTTACGGTTTTTT
GTTCGGGATACG-39, 59-ATCAAGCTTATTTGCCCGGTTTTTTGTTC-39,
59-ATCAAGCTTAGGTTTTTTGCCCGG-39, 59-ATCAAGCTTAGGTCGTG
GTTTTTTGCCCG-39, and 59-ATCAAGCTTACGGGATGGTTTTGC-39),
each incorporating a unique HindIII site (underlined). Resultant gene fragments
encode residues 140 to 200 (G200a), 140 to 198 (G198a), 140 to 196 (G196a), 140
to 194 (G194a), 140 to 192 (G129a), and 140 to 190 (G190a), respectively, of the
RSV-A G protein (Fig. 1).

All PCR amplicons were digested with EcoRI and HindIII, purified, and
subcloned into pvaBB308 expression vector (pABP308 in reference 28). Gene
fragment sequences were confirmed by Taq DNA polymerase cycle sequencing
on an automated DNA sequencer (model 373A; Perkin-Elmer Applied Biosys-
tems, Foster City, Calif.). Resultant vectors pvaBBG2Sera, pvaBBG200a,
pvaBBG198a, pvaBBG196a, pvaBBG194a, pvaBBG192a, and pvaBBG190a en-
coded the fusion proteins BBG2Sera, BBG200a, BBG198a, BBG196a,
BBG194a, BBG192a, and BBG190a, respectively. Following transformation of
Escherichia coli RV 308 (24), each recombinant protein was produced as intra-
cellular inclusion bodies, recovered, and renatured as previously described (37,
43). BBG2Na, BBG2DCa, and BBG2sera were purified to homogeneity by a
two-step process including affinity chromatography on human serum albumin-
Sepharose and reverse-phase high-performance liquid chromatography (HPLC)
as previously described (37). After an albumin-Sepharose affinity chromatogra-
phy step, BBG200a, BBG198a, BBG196a, BBG194a, BBG192a, and BBG190a
were further purified by anion-exchange chromatography and reverse-phase
HPLC. Lyophilized proteins were analyzed for purity by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis on 15% homogeneous gels under reducing
conditions. Protein content was determined by the Pierce bicinchoninic acid
assay.

Mice. Specific-pathogen-free female BALB/c, CB17 scid/scid (SCID), and
nu/nu BALB/c inbred mice, aged 8 to 9 weeks, were purchased from IFFA
CREDO (l’Arbresle, France) and kept under specific-pathogen-free conditions.
They were given sterilized mouse maintenance diet AO4 (Usine d’Alimentation
Rationnelle, Villemoissin-sur-Orge, France) and water ad libitum. For maternal
antibody experiments, breeding cages were checked daily for new births, and the
day of birth was recorded as the day the litter was found. Pups were kept with
mothers until weaning at the age of 4 weeks.

ELISA. BB-, BBG2Na-, and RSV-A-specific IgG titers were determined by
enzyme-linked immunosorbent assay (ELISA) as previously described (37).
ELISA titers were expressed as the reciprocal of the last dilution with an optical
density of .0.15 and at least twofold that of the control well to which no sample
was added.

Immunizations. BALB/c mice were confirmed seronegative for RSV-A before
inclusion in the experiments. They were given i.p. two doses of either 20 mg of
BBG2Na at a 3-week interval before mating (for experiments of mother-to-
offspring Ab transfer), 50 mg of BBG2Na at a 2-week interval (for cell transfer
experiments), or 20 mg at a 2-week interval of BBG2Na or BBG2Na-derived
mutant proteins (for in vivo T-cell depletion and protection experiments). Con-
trol mice received phosphate-buffered saline (PBS) or 105 50% tissue culture
infectious doses (TCID50) of RSV-A injected similarly. All immunizations were
performed in 200-ml volumes in PBS with 20% (vol/vol) Al(OH3) (alum; Super-
fos BioSector, Vedbaek, Denmark).

Preparation of lymphocyte populations and adoptive cell transfer. Ten days
after the last immunization, BALB/c mice were sacrificed. Their spleens and
mesenteric lymph nodes were removed, processed into single-cell suspensions in
RPMI 1640 (Gibco, Cergy Pontoise, France) with 10% fetal calf serum, and
incubated on a nylon wool column for 90 min at 37°C. The nonadherent cells
were carefully eluted and washed in PBS. T lymphocytes were obtained after
incubation of these cells for 45 min at room temperature with microbeads
(Dynal, Compiègne, France) previously coated with anti-CD19 and/or anti-CD8
Abs (Pharmingen Inc., San Diego, Calif.). Attached B and/or CD81 T cells were
eliminated with a magnet. B-cell preparations were obtained by gently teasing
the nylon wool in cold RPMI 1640. Recovered cells were incubated on a plastic
dish overnight at 37°C and 45 min at room temperature with microbeads previ-
ously coated with anti-CD4 and anti-CD8 Abs to remove the remaining macro-
phages and T cells, respectively. Preparations of CD31 T, CD41 T, and B cells
(.95% viability) were more than 98% pure as controlled by flow cytometry. They
were transferred into H-2-identical SCID mice within 3 h after RSV-A infection
by i.p. injection of 5 3 106, 10 3 106, or 15 3 106 CD31 T cells, 20 3 106 B cells
alone or together with 2 3 106 CD41 T cells, or 2 3 106 CD41 T cells alone.

Virus preparation, challenge procedures, and virus titration. RSV-A (Long
strain; ATCC VR-26; American Type Culture Collection, Manassas, Va.) was
propagated in HEp-2 cells (ECACC 86030501; European Collection of Animal
Cell Cultures, Porton Down, Salisbury, United Kingdom) as previously described
(48). The virus stock was prepared from the supernatant of a 48- to 72-h culture
and stored at 2196°C until use. Mice were anesthetized with a 4/1 (vol/vol)
mixture of ketamine (Imalgene 500; Rhône Mérieux, Lyon, France) and xylazine
(Rompun 2%; Bayer, Puteaux, France) (2.5 ml/kg of body weight before i.n.
instillation of 105 TCID50 RSV-A). They were sacrificed 5 to 11 days later
following anesthesia and total intracardiac puncture. Removal and processing of
lungs, nasal tract lavage fluids (NTL) and virus titrations were undertaken as
previously described (37). The limit of detection of virus in lung tissues and for
NTL were log10 1.45/g and 0.45/ml, respectively.

In vivo depletion of T-cell subsets. Rat GK1-5 (anti-CD4) and H35 17.2
(anti-CD8) hybridoma cells were kindly provided by S. Izui. These cells (107)
were injected i.p. to pristane-primed nu/nu BALB/c mice. Ascitic fluids were
pooled and titrated by flow cytometry by staining of normal spleen cells, using a
fluorescein isothiocyanate-conjugated goat anti-rat Ab as a secondary reagent.
Mice were depleted of CD41 and/or CD81 T cells by i.p. injections of 300-ml
PBS aliquots containing GK1-5 and H35 17.2 ascitic fluids diluted 1/2 and 1/6,
respectively. These treatments were performed on days 2 and 1 before challenge
and again on days 1 and 3 postchallenge. Mice were sacrificed on day 5. Deple-
tion was confirmed by flow cytometric analysis of cells from blood, spleen, and
nasal tract-associated lymphoid tissues (NALT), using double staining with com-
binations of anti-CD3 (Caltag, San Francisco, Calif.) and anti-CD4 (Caltag) or
anti-CD8 (Caltag) Abs.

Statistical analyses. Statistical analyses were done using the t test and Kol-
mogorov-Smirnov (for low sample numbers) tests of the Statigraphic software
program (Manugistics, Rockville, Md.).

RESULTS

Protection of LRT but not URT after mother-to-offspring Ab
transfer. In contrast to active immunization, passive transfer of
BBG2Na-immune sera to naive adult mice remains without
effect on URT infection, although it prevents lung RSV-A
infection (37). The detection of transferred Abs in the serum,
bronchoalveolar lavage fluid, and nasal tract of the recipient
mice 24 to 48 h after i.p. or i.n. passive transfer demonstrates

FIG. 1. BBG2Na and derived deletion and substitution mutants. Mutant
proteins were derived from G2Na by replacement of the codons for the con-
served RSV G protein Cys (p) residues 176 and 182 (for G2DCa) and 173, 176,
182 and 186 (for G2Sera) by codons for serine (S). Deletion proteins BBG200a,
BBG198a, BBG196a, BBG194a, BBG192a, and BBG190a were obtained from a
gene derived from G2Na, encoding a unique N-terminal amino acid 140 and
progressively truncated by two amino acids from the C terminus to positions 200,
198, 196, 194, 192, and 190, respectively. These constructs were expressed with
BB, an albumin binding region of streptococcal protein G, as the fusion partner.
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that immunoglobulins rapidly transit from one compartment to
another (Plotnicky-Gilquin, personal observation). Therefore,
we first asked whether the lack of URT protection following
passive Ab transfer could be explained by the generation of
lower serum BBG2Na IgG Ab titers following passive transfer
than those observed following BBG2Na immunization. This
hypothesis was assessed with a neonatal murine model in which
transfer of maternal Ab from mother to pups is so efficient as
to result in IgG Ab titers in pups similar to those in their
immunized mothers (5). As previously demonstrated, serum
BBG2Na Abs in the offspring of BALB/c mothers immunized
twice with BBG2Na prior to mating reached means 6 standard
deviation (SD) of 4.25 6 0.08 and 5.23 6 0.11 log10 in 2- and
4-week-old litters, respectively (5). These Ab titers are thus
similar to those observed in BBG2Na-immunized adult
BALB/c mice, in which URT protection is observed. In addi-
tion, nasal Ab titers to BBG2Na in the offsprings were 2.3 6
0.6 and 1.9 6 0.57 log10, respectively (versus ,0.3 log10 in
naive mice), which were also similar to the titers observed in
BBG2Na-immunized mice (2.16 6 0.51 log10). When chal-
lenged with RSV-A, lungs of all of these 2- and 4-week-old
pups from BBG2Na-immuned mothers were protected, with
virus absent or at the limit of detection of the assay in the LRT
(1.74 6 0.38 log10 TCID50/g of lung) (5). In contrast, they all
demonstrated URT infection (Fig. 2); there were indeed no
significant differences in nasal tract RSV-A titers (mean,
2.48 6 0.54 log10 TCID50/ml of NTL for 2- and 4-week-old
mice) compared to control litters born from PBS-control
mothers (2.80 6 0.28 log10 TCID50/ml of NTL). Thus, even
high titers of anti-RSV-A Abs transferred from mother to pups
did not prevent URT infection, although it efficiently protected
the LRT from RSV-A challenge (5).

RSV-A clearance in LRT but not URT after transfer of
BBG2Na-primed B cells. Another possibility for Ab-mediated
URT protection in BBG2Na-immunized mice is the produc-
tion of Abs by resident B cells, which would result in the
presence of local protective Abs. In BBG2Na-immunized mice,
Abs detected in the nasal tract were always of the IgG isotype
(37). Thus, to induce local BBG2Na-primed B cells within the
nasal tract, cells were adoptively transferred from BBG2Na-
immunized mice into RSV-A-infected SCID mice. Experi-
ments performed under these conditions demonstrated that
adoptively transferred cells migrate and are detectable after a

few days in the nasal tract of SCID mice (data not shown).
BALB/c were immunized twice with BBG2Na and sacrificed
for preparation of the B-cell suspensions as described in Ma-
terials and Methods. B cells were injected into SCID mice
infected 2 or 3 h previously with RSV-A, as indicated in Fig. 3.

The SCID mice remained seronegative for RSV-A except
when BBG2Na-primed B cells were transferred together with
low numbers of CD41 T cells (Fig. 3A). In these animals,
RSV-A serum Ab titers reached 2.43 6 0.39 and 3.5 6 0.5 log10
when CD41 T cells from PBS- and BBG2Na-immunized mice
(T4PBS and T4BBG2Na) were transferred, respectively, ver-
sus ,1.95 log10 in the other groups. Thus, B cells alone failed
to produce Abs, while T-to-B cell cooperation was required to
restore Ab secretion. Anti-BB Abs were also detected (Fig.
3B), indicating that the Abs were produced by memory B cells.
These cells cooperated with either naive or BBG2Na-primed T
cells, although the latter cells appeared more efficient. In ad-
dition, anti-BBG2Na IgGs were detected in the NTL of mice
grafted with BBG2Na-primed B and T cells and reached mean
ELISA titers of 1.14 6 0.26 log10, versus ,0.3 log10 in un-
grafted animals or after transfer of B or T cells alone. This
level of Abs exceeded the titers (#0.6 log10) measured in naive
mice after several independent passive transfer experiments
undertaken with sufficient IgGs to result in serum Ab titers of
approximately 3 log10, thereby suggesting the production of
immunoglobulins locally within the nasal tract.

In accordance with the passive Ab transfer experiments, the
LRT of anti-RSV-A-seropositive SCID mice were protected
from challenge (Fig. 3C). Lung RSV-A clearance was thus
uniquely dependent on the production of Abs under the con-
ditions described. In contrast, despite the presence of the nasal
Abs in the seropositive mice, RSV-A titers in the URT were
similar in all groups (Fig. 3D). Thus, under the conditions
described, nasal anti-BBG2Na IgGs had no effect on RSV-A
infection in the URT.

T cells clear both LRT and URT RSV-A infection. Since high
serum Ab titers and nasal IgGs failed to protect the URT of
naive mice, we assessed the antiviral efficacy of adoptively
transferred TBBG2Na into RSV-A-infected SCID mice.
TBBG2Na, TPBS, and T cells from RSV-A-immunized mice
(TRSV-A) were injected into SCID mice at 5 3 106 (5 M),
10 3 106 (10 M), or 15 3 106 (15 M) cells per mouse, within
3 h after i.n. infection with RSV-A. Controls consisted of SCID
mice that were infected but not grafted. Figure 4 shows RSV-A
titers measured in the LRT and URT of SCID mice 5, 7, and
9 days after the adoptive T-cell transfer.

As indicated in Fig. 4A, 15 and 10 M TBBG2Na efficiently
eliminated lung virus by 9 days postinfection, while 5 M cells
were ineffective. These results were comparable to those for
TRSV-A, which eliminated virus in LRT by day 9 at all cell
concentrations tested. In contrast, TPBS had no impact on
LRT infection, indicating that elimination of RSV-A in the
other groups was not due to the development of a primary
anti-RSV-A response. All SCID mice were confirmed seroneg-
ative for RSV-A before and after the T-cell transfer (data not
shown). Therefore, TBBG2Na are able to clear LRT RSV-A
infection in the absence of detectable Ab.

As shown in Fig. 4B, primed T cells were also capable of
eliminating virus infection of the URT. TRSV-A were the most
efficient, with a significant reduction of nasal virus titers by
days 5 and 7 at the highest cell numbers (P , 0.05) and
complete virus elimination by day 9 at all cell concentrations
tested. The kinetics of virus clearance was somewhat slower
after adoptive transfer of TBBG2Na. Nonetheless, significant
reduction in URT virus titers were evident by day 9 as a
function of the TBBG2Na concentration transferred (P ,

FIG. 2. Absence of nasal tract protection following mother-to-offspring Ab
transfer. Female adult mice were immunized twice with 20 mg of BBG2Na or
PBS in 20% alum at a 3-week interval prior to mating. Offspring were kept with
mothers until 2 (2W) or 4 (4W) weeks of age, bled, and challenged with RSV-A
(5). Results represent means 6 SD of nasal RSV-A titers measured in NTL of
these mice (seven pups from BBG2Na-immunized mothers and nine from PBS-
immunized mothers) at day 5 postchallenge. NS, not significant.
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0.05). No protective effect was induced with TPBS. Therefore,
as for the lung results, elimination of URT infection depended
on the priming of donor mice and was not due to a primary
anti-RSV-A response. Thus, BBG2Na immunization conferred
an antiviral activity to the T cells. In contrast to serum Abs,
these cells efficiently eliminated RSV-A infection in the URT
after transfer into SCID mice.

BBG2Na-induced URT protection is mediated by CD41 T-
cells. To confirm the role of T cells in BBG2Na- and RSV-A-
immunized normal animals, in vivo T-cell depletions were un-
dertaken. Mice were immunized with PBS, RSV-A, or
BBG2Na and treated by i.p. injections of anti-CD4 and/or CD8
monoclonal Abs. Both cell subsets were reduced by 98 to 100%
in blood, spleen, and NALT of BALB/c mice, as determined by
flow cytometry (not shown).

The consequences of T-cell depletion on LRT and URT
protection are shown in Fig. 5. All RSV-A and BBG2Na-
immunized groups had comparable levels of serum RSV-A

Abs (4.36 6 0.34 and 4.44 6 0.39 log10, respectively) and were
protected from LRT infection, with no or minimal detectable
virus, irrespective of the treatment used (Fig. 5A). Therefore,
in the presence of RSV-A or BBG2Na Abs, T cells were not
required for LRT protection. In contrast, nasal RSV-A titers in
both groups were significantly modified after depletion of T
cells (Fig. 5B). URT protection was reduced after depletion of
CD81 (but not CD41) T cells in RSV-A-immunized mice and
completely abolished after depletion of CD41 and CD81 T
cells, indicating that although CD81 T cells appeared more
important than CD41 lymphocytes, both T-cell subsets coop-
erate to achieve URT protection in these mice. In contrast, in
BBG2Na-immunized mice, depletion of CD41 T cells signifi-
cantly diminished URT protective efficacy, while depletion of
CD81 T cells alone had no effect. Furthermore, no additional
effect was observed after elimination of both T-cell subsets.
These data demonstrate that CD41, but not CD81, T cells are
required for the URT protection of BBG2Na-immunized

FIG. 3. Transfer of BBG2Na-primed B cells. Purified B-cell suspensions were prepared from spleens and mesenteric lymph nodes of BBG2Na-immunized mice.
They were injected i.p. into RSV-A-infected SCID mice, either alone (15 3 106 cells) or together with 2 3 106 purified CD41 T4PBS or T4BBG2Na. Control SCID
mice were not grafted (0) or received CD41 T cells only. (A and B) Means 6 SD of anti-RSV-A and anti-BB serum Ab titers, respectively; (C and D) means 6 SD
of RSV-A titers in lungs and NTL, respectively. The data were determined from two experiments 10 days after the cell transfers for groups including a total of seven
to eight animals. p, P , 0.05 calculated by t test using the null hypothesis.
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mice. Indeed, to our knowledge they provide the first evidence
of CD4-dependent URT protection against viral infection in
normal mice following parenteral administration of a recom-
binant protein.

Identification of G2Na structural elements implicated in
LRT and URT protection. To identify the domain(s) impli-
cated in LRT and URT protection, BALB/c mice were immu-
nized twice i.p. with a panel of BBG2Na-derived mutants that

contained site-specific mutations or were deleted by 10 amino
acids at the N terminus and to various degrees at the C termi-
nus (Fig. 1). The immunogenicity of these mutants clearly
depended on the construct used. BBG2Na and BBG200a were
the most immunogenic and induced similar RSV-A serum Ab
titers (Fig. 6A). In contrast, deletion of residues 200 to 190
resulted in a reduction in immunogenicity relative to RSV-A.
This effect was further enhanced with the mutations of Cys173

FIG. 4. Adoptive transfer of T cells. Purified T-cell suspensions were prepared from spleens and mesenteric lymph nodes of RSV-A (TRSV-A)-, BBG2Na
(TBBG2Na)-, or PBS (TPBS)-immunized mice. They were transferred into RSV-A-infected SCID mice at 5 3 106 (5 M), 10 3 106 (10 M), or 15 3 106 (15 M) cells
per mouse. Means RSV-A titers of lung (A) and NTL (B) were determined in groups of four to seven animals 5, 7, and 9 days after the cell transfer and compared
with mean RSV-A titers of four to six ungrafted animals per day of sacrifice. SD values are not represented for clarity. p, P , 0.05 calculated by the Kolmogorov-Smirnov
test.
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and Cys186 (BBG2DCa) or all cysteines (BBG2sera) to
serines.

Irrespective of their differential immunogenicity, all con-
structs induced efficient protection of mouse LRT against
RSV-A challenge (Fig. 6B). In contrast, URT protection was a
function of the construct used for immunization (Fig. 6C).
Neither BBG2DCa nor BBG2sera induced URT-protective re-
sponses, indicating that the conserved cysteine residues were
important for URT protection. In addition, while BBG2Na
and the deletion constructs to BBG194a induced significant
reduction in URT RSV-A titers relative to PBS-immunized
mice, BBG192a and BBG190a did not. Thus, removal of res-
idues 193 and 194 also abrogated URT-protective efficacy.
Altogether, these data indicate that in contrast to LRT pro-
tection, URT protection requires the conservation of residues
173, 186, 193, and 194.

DISCUSSION

In this study, we report that i.p. immunization with a recom-
binant RSV G protein fragment induces anti-RSV protection
of the mouse LRT through circulating Abs and a CD41 T-cell-
dependent protective response in the URT. In addition, a
region critical for URT but not LRT protection was identified
and located between amino acids 173 and 194.

The importance of Abs in LRT protection was previously
demonstrated by passive transfer experiments in adult naive
mice (37) and in pups of immune mothers (5). It is confirmed
here by adoptive transfer experiments of BBG2Na-primed B
cells secreting Abs into SCID mice and the inability of in vivo
T-cell depletion to affect LRT protection in BBG2Na-immu-
nized mice. The high anti-RSV-A protective efficacy of
BBG2Na-immune sera after transfer into naive mice is consis-
tent with several reports showing lung-protective efficacy of

FIG. 5. In vivo depletion of T-cell subsets. Mice were immunized twice with 105 TCID50 of RSV-A, 20 mg of BBG2Na or 20 mg of PBS in 20% alum at a 2-week
interval. After bleeding they were either untreated (0) or depleted of CD41 or/and CD81 T cells by i.p. injections of anti-CD4 or/and anti-CD8 Abs, respectively, twice
before RSV-A challenge and twice thereafter. Mean 6 SD RSV-A titers of lung (A) and NTL (B) were determined for groups of seven animals at day 5 postchallenge.
p, P , 0.05 calculated by t test using the null hypothesis.

FIG. 6. Immunogenicity and protective efficacy of BBG2Na-derived mutants. Mice were immunized twice with 20 mg of BBG2Na and BBG2Na-derived mutants
or PBS in 20% alum at a 2-week interval and bled to determine anti-RSV-A serum Ab titers (A). Mean 6 SD RSV-A titers of lung (B) and NTL (C) were determined
for groups of 5 to 10 animals 5 days after challenge with RSV-A. p, P , 0.05 calculated by t test using the null hypothesis; °, P , 0.05 calculated using the
Kolmogorov-Smirnov test.
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passively transferred Abs to RSV F and G proteins into mice,
cotton rats, and owl monkeys (4, 18, 46). Interestingly, deletion
and mutation of various amino acids on G2Na modulated the
B-cell immunogenicity of the molecule but had no impact on
LRT protection. This is consistent with the presence of several
independent B-cell LRT protectopes recently identified in the
G2Na fragment (35).

In contrast, under the conditions described, BBG2Na Abs
had no effect on URT infection after either extremely efficient
mother-to-pup transfer or i.n. production by resident memory
B cells. Indeed, unlike IgAs (18), and consistent with our
results, IgGs to either of the two envelope glycoproteins of
RSV were also found by others to have little or no effect on
RSV infection in the nose after topical or intravenous admin-
istration (50, 51). This might be due to insufficient IgG Ab
concentration obtained in the nasal tract or a lower avidity for
virus of IgGs and a reduced resistance to proteolytic enzymes
compared to secretory IgAs. Furthermore, RSV replication in
the nasal tract may occur in a tissue which is less accessible to
the transudated IgG than lung parenchyma.

In our experiments, using the i.p. route of immunization,
RSV-A clearance from the URT was clearly dependent on the
presence of T cells. CD81 or CD41 T cells were sufficient to
ensure URT protection of RSV-A-immunized mice, while
RSV-A clearance in the URT of BBG2Na-immunized mice
relied exclusively on CD41 T cells. The role of T cells, both
CD41 and especially CD81 T cells, in clearing viral infections
such as Sendai virus, influenza virus, and RSV from the lungs
is well documented (12–14, 20). Adoptive cell transfers in
previously infected nude or irradiated BALB/c mice demon-
strated that RSV clearance is primarily mediated by CD81

effector cells, although RSV-A-primed CD41 T cells may also
clear pulmonary RSV by an Ab-independent mechanism when
transferred early after infection (2, 7). These observations are
consistent with ours, in which accelerated RSV clearance in
LRT and URT of SCID mice was observed after transfer of
RSV-A or BBG2Na-primed splenic T cells and in the absence
of B cells or Abs.

However, induction of RSV-specific cytotoxic CD81 T cells
following immunization with BBG2Na was unlikely since, in
contrast to live RSV or F and 22K proteins, G protein fails to
induce CD81 and cytotoxic T-cell responses in BALB/c mice
(32, 33). This probably explains the higher efficiency of T cells
(including both RSV-primed CD81 and CD41 lymphocyte
subsets) from mice immunized with RSV-A compared to
BBG2Na in resolution of LRT and URT infection after adop-
tive transfer into SCID mice.

In contrast, the role of T cells in viral clearance from the
URT is poorly understood. The high proportion of T lympho-
cytes (including both memory and naive cells) and elevated
CD41/CD81 T-cell ratio in the NALT and the non-NALT
lymphocytes of mouse nasal cavity compared with Peyer’s
patches and lymph nodes suggest that the URT is an important
site for T-lymphocyte recirculation, where both inductive and
effector functions of mucosal immune responses are generated
(3, 53). Accordingly, cells from the cervical and mesenteric
lymph nodes were shown to home more successfully to NALT
than to Peyer’s patches (22, 23). On the other hand, i.n. infec-
tion was recently shown to induce T-cell expansion in the
periphery (15). In the present report, we demonstrate for the
first time that i.p. administration of an adjuvated live virus or
recombinant protein is an effective route for the priming of T
cells that migrate to the URT and protect mice against a local
viral infection.

RSV clearance from the URT by CD41 T cells after immu-
nization with BBG2Na is fully consistent with the importance

of Cys173, Cys186, and amino acids 193 to 194 in the mainte-
nance of URT protection. Three of these four residues overlap
a domain of the G protein (residues 181 to 203) which contains
a recently identified Th cell epitope and was implicated in lung
eosinophilia induction in G protein-primed mice after RSV
challenge (41, 47). Furthermore, none of the five major pro-
tective B-cell epitopes identified on G2Na and lacking the Th
cell epitope was protective against URT infection of BALB/c
mice after active immunization with appropriate peptides or
passive transfer of specific Abs (35). Thus, these data provide
the first evidence that different epitopes and separate immune
mechanisms account for LRT and URT protection against
RSV infection in mice previously immunized with a recombi-
nant RSV G protein fragment.

Interestingly, and consistent with the presence of this T-cell
epitope within G2Na, BBG2Na was shown to generate a pre-
dominant Th2-type T-cell response after immunization (11).
Surprisingly, however, and in contrast to native G protein, no
production or transcription of Th2-type cytokines was evident
in blood or lung tissues following i.n. instillation of RSV-A. In
addition, a transient transcription of Th1-type cytokine genes
was evident in lungs (11, 36). These observations indicated that
the Th2-type T-cell response induced upon immunization with
BBG2Na was not recalled after RSV challenge and that tran-
scription of gamma interferon (IFN-g) and interleukin-2
(IL-2) was induced after RSV challenge as it would be in
normal mice undergoing a primary RSV infection. Another
possibility is that although they represent a minor fraction of
BBG2Na-primed lymphocytes, memory CD41 T cells produc-
ing Th1-type cytokines, and not Th2-type cytokines, were
slightly recalled. This hypothesis is consistent with a recent
study performed in RSV-G-sensitized mice which confirms
that both Th1 (characterized by secretion of IL-2 and IFN-g)
and Th2 (IL-4 and IL-5) responses are elicited from memory
CD41 T cells specific for a single-peptide epitope located
between amino acid residues 183 and 197 (42).

The mechanism by which CD41 T cells clear RSV infection
in the URT remains to be determined. However, it is conceiv-
able that cytokines such as IFN-g, tumor necrosis factor alpha,
or transforming growth factor b which display a direct antiviral
activity (29, 38) or may activate resident macrophages, NK
cells, or mucosal gd1 cytotoxic T cells (6, 8) are produced
locally. This is consistent with RSV-A clearance in SCID mice,
which lack both functional B and T cells (19). Ongoing exper-
iments address the mechanism of viral clearance in the nasal
tract after immunization with BBG2Na and question the effect
of high-titered IgGs on the absence of the peripheral Th2-type
T-cell recall response after RSV challenge.

Altogether, and in contrast to several previous reports in
which RSV-specific CD41 T cells have been implicated in
adverse immunopathological responses (1, 2, 13, 17), our re-
sults indicate for the first time that such cells might play a
positive and protective role in an RSV vaccine. These discrep-
ancies reinforce the notion that there are many unknowns with
regard to the factors responsible for the induction of immu-
noprotective versus immunopathogenic responses in relation
to RSV vaccines. Consequently, much caution is required con-
cerning recommendations of what should or should not con-
stitute part of an RSV vaccine. For example, should protection
of the URT also be observed in humans following BBG2Na
vaccination, maintenance of the implicated Th epitope in this
RSV vaccine candidate could represent a significant advantage
for interruption of viral transmission.
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