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The protective mechanisms induced in the mouse upper respiratory tract (URT) after intraperitoneal
immunization with G2Na, a recombinant respiratory syncytial virus (RSV) G protein fragment (amino acid
residues 130 to 230), were investigated. This protection was recently shown to be mediated by CD4* T cells and
to be critically dependent on the cysteines and amino acids 193 and 194 (H. Plotnicky-Gilquin, A. Robert, L.
Chevalet, J.-F. Haeuw, A. Beck, J.-Y. Bonnefoy, C. Brandt, C.-A. Siegrist, T. N. Nguyen, and U. F. Power,
J. Virol. 74:3455-3463, 2000). On G2Na, we identified a domain (amino acid residues 182 to 198) responsible
for the T-helper-cell activity. This region coincided with a peptide designed AICK (residues 184 to 198) which
includes the previously identified murine and human T-helper-cell epitope on the native G protein (P. W.
Tebbey, M. Hagen, and G. E. Hancock, J. Exp. Med. 188:1967-1972, 1998). Immunization with AICK, in alum
or complete Freund’s adjuvant, significantly reduced nasal RSV titers in normal BALB/c mice. However,
although lung protection was induced, in contrast to the case with live RSV, neither AICK nor G2Na was able
to prevent nasal infection in gamma interferon (IFN-vy)-knockout mice. Anti-IFN-y neutralizing antibodies
partially inhibited URT protection after administration to GZNa-immunized BALB/c mice. Furthermore, while
purified CD4* T cells from BALB/c mice immunized with G2Na or AICK significantly reduced lung and nasal
infection of naive recipient mice after adoptive transfer, the cells from IFN-y-knockout mice had no effect.
Together, these results demonstrated for the first time that the T-helper-cell epitope of RSV G protein induces
URT protection in mice after parenteral immunization through a Thl-type, IFN-y-dependent mechanism.

Respiratory syncytial virus (RSV) accounts for most of the
annual severe viral respiratory infections which occur in in-
fants, children, and the elderly (14, 34, 35). In adults, RSV
infection is also frequent but is generally restricted to the
upper respiratory tract (URT) because of progressive accumu-
lation of protective immune responses (13, 16). However, an
efficient immunization should be able to protect both the lower
respiratory tract (LRT) and the URT in order to prevent the
transmission of the virus to less immunocompetent individuals.

To date, no RSV vaccine candidate has successfully passed
phase III clinical trials. Major obstacles encountered by the
different approaches relate to the lack of immunogenicity
and/or protective efficacy in the vaccinees and, most impor-
tantly, the risk, through induction of aberrant T-cell responses
(20, 24, 41), of immunopotentiating the disease at the time of
natural infection.

Among RSV proteins, G protein, the highly glycosylated
attachment protein, has been clearly implicated in such ad-
verse immunopathologic responses (15, 41). This protein is
highly immunogenic and confers lung protection in animal
models through induction of RSV-specific antibodies (Abs) (8,
32). However, the protection tends to be strain specific due to
the high degree of variability that characterizes the protein (7,
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39). In addition, purified G protein or vaccinia virus vectors
expressing this protein prime for a Th2 immune response
which is responsible for an aberrant T-cell activation and lung
eosinophilia after RSV challenge (1, 15, 18, 37).

Interestingly, none of these pathological responses were in-
duced in animal models after immunization with a recombi-
nant, nonglycosylated RSV G protein fragment (called G2Na)
produced in Escherichia coli (9, 26, 28). G2Na comprises res-
idues 130 to 230, including the conserved central domain of
RSV G protein (residues 164 to 176) (12). It also contains the
region located between amino acid residues 184 and 198, which
was recently associated with Th2-type immune responses and
priming for lung eosinophilia in mice (38). In rodents, G2Na
fused to BB, a carrier protein (23) (BBG2Na), induces a rapid,
potent, and long-lasting lung and nasal protection against both
RSV-A and -B challenge (29).

In a previous study, we showed that protection of the LRT
and URT after intraperitoneal (i.p.) immunization with
BBG2Na relies on separate immune mechanisms (27). While
circulating Abs account for protection of lungs against RSV,
CD4" T cells are required for the URT. In addition, the use of
site-specific and deletion mutants allowed the identification of
a region containing critical amino acids for URT protection,
which is located between amino acid residues 173 and 194 (27).

In the present study, we first mapped this region and iden-
tified a domain responsible for the induction of the T-helper-
cell activity. We then demonstrated, for the first time, that a
peptide encompassing the T-helper-cell epitope of RSV G
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protein is able to induce lung and nasal RSV protection in
BALB/c mice. Finally, we showed that IFN-y plays an essential
role in the control of URT infection.

MATERIALS AND METHODS

Production and purification of G2Na. Gene assembly, vector constructions,
expression, and first-step protein purification of G2Na were done as previously
described (10, 29). After freeze-drying, the protein was further purified to ho-
mogeneity by reversed-phase high-performance liquid chromatography on a pre-
parative Vydak (Hesperice, Calif.) C, column (250 by 22 mm [inner diameter],
300 A [pore size], 10 wm [particle size]) with a triethylammonium formate buffer
(TEAF)-acetonitrile gradient, using 40 mM TEAF (pH 3.0) (solvent A) and a
mixture of 40 mM TEAF (pH 3.0) and acetonitrile (10:90) (solvent B). The flow
rate was 8 ml/min, and the gradient consisted of a 0- to 37.5-mm linear gradient
from 5 to 80% solvent B (2%/min). Fractions were collected for analysis by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis. G2Na-containing
fractions were pooled individually and freeze-dried. Protein content was deter-
mined by the bicinchoninic acid method, and the protein was analyzed for purity
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis in a 15% homo-
geneous gel under reducing conditions.

Peptide synthesis. A set of 90 overlapping dodecamers offset by one residue
and covering the whole G2Na sequence was synthesized on 2-hydroxyethyl
metacrylate-grafted polyethylene pins with a Chiron Technologies Multipin DKP
cleavable-peptide kit (31). A coupling rate of two amino acids per day was used.
After removal of the final terminal amino acid 9-fluorenylmethoxy carbonyl
group and the side chain protecting groups, peptides were cleaved from the
support by sonication with an ammonium bicarbonate buffer (0.1 M, pH 8.4) with
40% (vol/vol) acetonitrile as a cosolvent, leading to diketopiperazine formation
of the Lys-Pro C-terminal moiety (3). The peptide solutions were then freeze-
dried. The two control decapeptides PGPSDTPILP and ERVYIHPFHL were
analyzed by reverse-phase high-performance liquid chromatography. The chro-
matograms which were obtained were similar to those of the supplier.

Peptides AICKRIPNKKPGKKT (named AICK) and AICGRGPNGKPG
KKT (named AICG), corresponding to peptide 19 and a mutated sequence at
three anchor positions used by Tebbey et al. (38), were also synthesized on a
Applied Biosystems 433A peptide synthesizer by using conventional 9-fluorenyl-
methoxy carbonyl-tbutyl chemistry on a rink amide resin.

Virus preparation, challenge procedure, and titration. RSV-A (Long strain;
ATCC VR-2; American Type Culture Collection, Manassas, Va.) was propa-
gated in HEp-2 cells (ECACC 86030501; European Collection of Animal Cell
Culture, Porton Down, Salisbury, United Kingdom) as previously described (29).
The virus stock was prepared from the supernatant of a 48- to 72-h culture and
stored at —196°C until use. Mice were anesthetized by intramuscular injection of
2.5 ml of a 4/1 (vol/vol) mixture of ketamine (Imalgéne 500; Rhone Mérieux,
Lyon, France) and xylazine (2% Rompun; Bayer, Puteaux, France) per kg and
challenged intranasally (i.n.) with 50 ul of a virus preparation containing 10°
tissue culture infective doses (TCID5,) of RSV-A. For virus titration in lungs and
nasal tracts, mice were sacrificed 5 days after challenge following anesthesia and
total intracardiac puncture. Removal and processing of lungs and nasal tract
lavage fluids (NTL) and virus titrations were done as previously described (29).
The limit of detection of virus in lung tissues and NTL were log,, 1.45/g and
0.45/ml, respectively.

Mice. Specific-pathogen-free female BALB/c, SCID CB17 (CB17 PrkdeS<'P
on a BALB/c background), and IFN-y-knockout (BALB/c-Infg tm1Ts) inbred
mice, age 8 to 9 weeks, were purchased from IFFA CREDO (I’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 and manipulated according to French
and European guidelines. BALB/c and IFN-y-knockout mice were confirmed to
be seronegative for RSV-A before inclusion in the experiments.

ELISA. G2Na- and RSV-A-specific immunoglobulin G (IgG) titers were de-
termined by enzyme-linked immunosorbent assay (ELISA) as previously de-
scribed (29). ELISA titers were expressed as the reciprocal of the last dilution
that had an optical density of >0.15 and at least twofold that of the control well
to which no sample was added.

Localization of the T-helper-cell epitope on G2Na. Six-week-old pathogen-free
BALB/c mice were used for the experiments. Groups of 10 mice were immunized
either with 15 pug of G2Na per mouse or phosphate-buffered saline (PBS) in
complete Freund’s adjuvant (CFA) (Sigma, St. Quentin Fallavier, France) in the
base of the tail. Ten days after immunization, inguinal lymph nodes were re-
moved and pooled within experimental groups into RPMI 1640 (Gibco, Cergy
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Pontoise, France). A single-cell suspension was made by teasing the nodes apart.
The cells were washed and resuspended in medium to give a suspension of 10°
cells/ml.

Cells were stimulated in vitro by incubating 3.5 X 10° cells/well in 96-well
round-bottom plates (Costar, Brumath, France) in triplicate with 10 to 50 pg of
the various peptides. As positive control, cells were activated with 50 ug of G2Na
per ml. Cultures were incubated for 72 h at 37°C with 5% CO,. Eighteen hours
before the end of the culture, the cultures were pulsed with 1 wCi of [methyl-
SH]thymidine (Amersham, Les Ulis, France). The cells were harvested onto
filters by using an semiautomatic harvester (Skaton, Lier, Norway), and the
incorporated [*H]thymidine was determined with a Packard 1900CA-Tricarb
beta counter. Results were expressed in counts per minute and were calculated
from the geometric means of triplicate cultures.

Immunization procedures for protection studies. Mice were immunized by
two or three i.p. injections of a 200-ul preparation containing either 20 pg of
G2Na; 12, 32, or 40 p.g of peptide; or 10° TCIDs, of live RSV at 2-week intervals.
G2Na was always administered with 20% (vol/vol) of AI(OH); (alum; Superfos
BioSector, Vedbaek, Denmark), and peptides were administered in either alum
or 50% (volfvol) CFA. Control mice (immunized with PBS or peptide AICG)
were treated with CFA or alum. Since similar results were obtained in both cases,
and only the results obtained with mice treated with CFA are shown. A serum
puncture was performed before RSV challenge, 3 weeks after the last immuni-
zation, to document the seroconversion.

In vivo neutralization of IFN-y was performed on the same day as the RSV
challenge by one i.p. injection (per mouse) of 100 ug of goat anti-mouse IFN-
y-neutralizing or control IgG Abs (AF-485-NA and AB-108C, respectively; R &
D Systems) diluted in 200 pl of PBS, followed for 2 days by daily i.n. adminis-
trations of 10 pg in 20 pl.

Cell preparation and adoptive cell transfer. BALB/c and IFN-y-knockout
mice were sacrificed 10 days after three i.p. immunizations with G2Na or pep-
tides. Their spleens and mesenteric lymph nodes were removed, processed into
single-cell suspensions in RPMI 1640 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. CD4" T lymphocytes were obtained by purification
using the Magnetic Activated Cell Separation System (Miltennyi Biotec, Ber-
gisch-Glodbach, Germany). Cells were incubated for 45 min at 4°C with mi-
crobeads coated with anti-CD19 and anti-CD8 Abs (Miltennyi Biotec). Attached
B and CD8" cells were eliminated by passage through a magnetic column
according to the recommendations of the manufacturer. The nonadherent CD4*
T cells (>95% viability) were more than 97% pure, as controlled by flow cytom-
etry. They were transferred into H-2-identical SCID mice at 20 X 10° cells per
mouse to investigate their protective efficacy, 2 to 3 h after previous i.n. challenge
of the mice with 10° TCID5, of RSV-A.

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

RESULTS

Localization of the T-cell determinant of G2Na by using
12-mer peptides. In order to localize T-cell epitopes on G2Na,
90 peptides of 12 amino acids in length covering the complete
sequence of G2Na were synthesized. Proliferation of inguinal
lymph nodes from either naive or G2Na-immunized mice was
investigated. The proliferation of cells from G2Na-immunized
mice was dose dependent, with a maximal effect at 50 pg of
peptide/ml (data not shown). This proliferation was observed
only with peptides covering the region from amino acid 182 to
198 of G2Na, corresponding to the sequence CWAIC
KRIPNKKPGKKT (Fig. 1A). The results were confirmed with
different groups of mice as well as different batches of peptides
(data not shown), while no proliferation was consistently ob-
tained with cells from naive mice (Fig. 1B). Previous experi-
ments in our laboratories demonstrated that depletion of CD4-
positive cells abolished the T-cell proliferation observed after
stimulation of immune cells with G2Na (9). Similarly, cell
proliferation of G2Na-immunized mice induced by the pep-
tides covering the region from amino acid 182 to 198 was
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FIG. 1. Proliferation of cells from G2Na-immunized mice with 12-mer peptides. Cells were harvested from inguinal lymph nodes of G2Na-
immunized (A) or PBS-immunized (B) mice and stimulated for 48 h with 50-pg/ml concentrations of the 90 peptides derived from G2Na. They
were pulsed with 1 p.Ci of [*H]thymidine for 18 h. The results are expressed as means of triplicate determinations and are representative of those

from four different experiments.

completely eliminated after depletion of CD4-positive cells
(data not shown), confirming that it was CD4 mediated. To-
gether, these results showed that the recombinant G protein
fragment from position 130 to 230 of the human RSV contains
a T-helper-cell determinant located between amino acid resi-
dues 182 and 198. Indeed, this region coincides with the mu-
rine and human T-cell epitope identified on the native G pro-
tein by Tebbey et al. and located within a peptide, named
AICK, encompassing residues 184 to 198 (38).

RSV G protein T-helper-cell epitope induces the protection
of the URT. Previous work performed in mice with protein
fragments derived from G2Na suggested that the T-helper-cell
epitope located on the G protein plays a critical role in the
protection of the URT against RSV infection (27). To confirm
these results, we decided to immunize the mice with the T-
helper-cell epitope itself and used the AICK peptide. Control
mice were immunized with PBS or AICG peptide. AICG, also
described by Tebbey et al. (38), includes residues 184 to 198,

with K-to-G mutations at positions 187 and 192 and an I-to-G
mutation at position 189. These mutations resulted in com-
plete inhibition of the T-helper-cell activity, as demonstrated
by the absence of response in a T-cell proliferation assay (data
not shown). AICK and AICG were injected i.p. at 16 or 32 pg
per injection, either in the presence of alum (i.e., under the
experimental conditions previously used to show the impor-
tance of the RSV G protein T-helper-cell epitope in URT
protection, [27]) or in CFA (which is a stronger adjuvant than
alum in mice). Control mice were immunized with alum or
CFA, with similar results (not shown). As reported in Table 1
(experiment I), almost all mice treated with AICK developed
an IgG response, confirming an earlier observation (25) that
the region from amino acid 184 to 198 of RSV G protein
includes a B-cell epitope. These IgGs were detected against
both G2Na and RSV antigens. In contrast, AICG-immunized
mice remained seronegative (ELISA titers of <1.95 log,,),
comparing favorably with mice immunized with PBS in adju-
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TABLE 1. Serum IgG titers after immunizations with peptides”

IgG ELISA titer (log,()”

Expt Mice Immunization
G2Na RSV

I  BALB/c PBS + CFA <1.95 <1.95
32 pg of AICG + CFA <1.95 <1.95
16 pg of AICK + CFA 43 +0.6 33x05
32 pg of AICK + CFA 44 £0.56 3.4 *=0.6
16 pg of AICK + alum <1.95 <1.95
32 pg of AICK + alum 3+1.07 2x0.19

I BALB/c 40 pg of AICK + CFA <1.95 <1.95

40 pg of AICK + CFA 29 *1.12 28 *=0.85
20 pg of G2Na + alum 5.58 = 0.26 4.8 = 0.48
10° TCIDs, of RSV 33+0.62 41=x0.26

IFN-vy knockout 40 pg of AICG + CFA
40 pg of AICK + CFA
20 pg of G2Na + alum
10° TCIDs, of RSV

<1.95 <1.95
2.6 £0.58 2.6 =0.89
5.6 042 5.2=*0.40
3.6*+026 39=*021

“ BALB/c and IFNy-knockout mice were immunized i.p. three times (exper-
iment I) or two times (experiment IT) at 2-week intervals with AICG, AICK, or
G2Na, adjuvanted in either alum or CFA, or with 10° TCIDs,, of live RSV, as
indicated in Materials and Methods. Seroconversions were documented by
ELISA 3 weeks after the last immunization, using G2Na and RSV antigens.

® The results are expressed as the means =+ standard deviations of IgG titers
(log,) calculated from six mice per group.

vant. In accordance with this humoral response, lung RSV
titers were reduced, with the highest effect being obtained in
mice immunized with the highest doses of AICK in CFA (Fig.
2) (P > 0.05). Similarly, nasal RSV titers were reduced after
administration of AICK but not AICG, with the highest effect
being obtained with 32 ng of AICK in CFA (2 = 0.5 log,,
TCIDsy/ml of NTL, versus 3.45 = 0.3 in PBS-immunized
mice). These results demonstrated that the T-helper-cell
epitope of RSV G protein is able to induce a protective activity
against RSV infection in both the mouse LRT and URT.

o
N

»
FN
i

RSV titers log,(TCID,)/g lung
N w
>N E-N

-
Ja
1

32 ug

AICK+CFA AICK+alum

PBS+CFA
AICG+CFA

J. VIROL.

IFN-y is essential for the protection of the URT. Since
G2Na-induced URT protection was recently shown to rely on
CD4" and not CD8" T cells (27) and since cytotoxic T cells
were never observed after immunization with RSV G protein
in animal models and AICK was able to decrease URT infec-
tion, we hypothesized that G2Na-specific CD4™" T helper cells
generated after AICK immunization display a protective activ-
ity by the release of antiviral cytokines. To test the role of
IFN-y in URT protection, BALB/c and IFN-y-knockout mice
were immunized twice with 20 pg of G2Na in alum (i.e., under
conditions used previously for induction of URT protection
[27]), 40 g of AICK in CFA (i.e., the most efficient formula-
tion used for immunization with the peptide). or 10° TCIDs, of
live RSV. Control mice for infection received AICG in CFA.
The mice, with the exception of those immunized with AICG,
developed anti-G2Na and anti-RSV-A Abs, as indicated in
Table 1 (experiment II). In both strains of mice, lung RSV
titers were significantly reduced after immunization with
G2Na, AICK, and RSV compared with those of the mice
treated with AICG, although this reduction was less important
in IFN-vy-knockout mice than in BALB/c mice (Fig. 3) (2.8 =
1 versus 1.8 £ 0.5 log,, TCIDsy/g of lung for BALB/c and
IFN-vy-knockout mice, respectively, following immunization
with AICK; P < 0.05). In contrast, in the nasal tract, while live
RSV reduced infection in both BALB/c and IFN-y-knockout
mice, G2Na and AICK were protective in BALB/c mice only.
These results showed that IFN-y is essential for URT protec-
tion induced by G2Na and by the CD4™" T-helper-cell epitope.

In vivo neutralization of IFN-y reduces the protection of the
URT. To determine whether secreted IFN-y is directly in-
volved in the protection of the URT against RSV infection,
BALB/c mice previously immunized with G2Na or PBS in
alum were treated i.p. and i.n. with anti-IFN-y neutralizing Abs
or with control IgGs and challenged with 10° TCIDs, of RSV.
Lung and nasal tract RSV titers were determined after 5 days.
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FIG. 2. Lung and nasal tract protection following immunization with AICK. BALB/c mice were immunized three times with different doses of
AICK or AICG in either alum or CFA. Control mice received PBS in CFA. The mice were challenged and sacrificed after 5 days for titration of
RSV in lungs and nasal tracts. Results are expressed as means * standard deviations of lung and nasal RSV titers calculated from six mice per

group. *, P < 0.05 compared with mice immunized with AICG in CFA.
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FIG. 3. Effects of G2Na and AICK in BALB/c and IFN-y-knockout mice. BALB/c and IFN-y-knockout mice were immunized twice i.p. with
20 wg of G2Na in alum, 40 pg of AICK or AICG in CFA, or 10° TCIDs, of live RSV. Control mice were treated with PBS in CFA. Three weeks
later, they were challenged for titration of RSV in lungs and nasal tracts. The results are expressed as means * standard deviations of RSV titers
calculated from five or six BALB/c or IFN-y-knockout mice per group. *, P < 0.05 compared with mice immunized with AICG in CFA.

As shown in Fig. 4, the anti-IFN-y neutralizing Abs had no
effect on lungs, which remained completely protected from
RSV infection. In contrast, they induced a small but significant
increase of RSV titers in the URT (1.5 = 0.38 log,, TCID5,/ml
of NTL in G2Na-immunized mice treated with the anti-IFN-y
Abs versus 0.5 = 0.13 log,, TCID5,/ml NTL in untreated mice;
P < 0.05), while neither lung nor nasal RSV titers were mod-
ified after treatment with control IgGs. Thus, the production of
secreted IFN-y is directly involved in the control of RSV in-
fection in the URT after immunization with G2Na.
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RSV clearance in the URT after adoptive transfer of CD4*
T cells. To examine in detail the immune mechanisms respon-
sible for RSV clearance in the URT and confirm the role of
CD4" T cells and IFN-y in this process, an adoptive cell
transfer experiment was performed. BALB/c and IFN-y-
knockout mice were immunized twice with G2Na in alum or
with AICK or AICG in CFA. Splenic CD4" T cells were
prepared from the different groups and transferred into H-2-
compatible SCID mice. The mice were previously challenged
with 10° TCIDs, of RSV. Ungrafted and challenged mice were
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FIG. 4. :Invivo neutralization of IFN-y. BALB/c mice were immunized twice with 20 pg of G2Na or PBS in alum and challenged after 3 weeks.
These mice were treated with control IgGs or anti-IFN-y neutralizing antibody administered i.p. and i.n. as indicated in Materials and Methods.
Five days after challenge, the mice were sacrificed. The results are expressed as means = standard deviations of RSV titers measured in lungs and
NTL, calculated from two experiments with 9 or 10 mice per group. *, P < 0.05.
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FIG. 5. RSV protection after adoptive CD4" T-cell transfer. BALB/c and IFN-y-knockout mice were immunized three times i.p. with 20 ug
of G2Na in alum or 40 pg of AICK or AICG in CFA. Ten days after the last immunization, splenic CD4" T cells were isolated and transferred
to H-2-compatible SCID mice previously challenged with 10° TCIDs, of RSV. Ungrafted and challenged SCID mice were used as controls for
infection. Nine days later, the mice were sacrificed for titration of RSV in lungs and nasal tracts. The results are expressed as means * standard
deviations of RSV titers measured in lungs and NTL, calculated from six or seven mice per group. *, P < 0.05 compared with mice grafted with

cells of AICG-immunized mice.

used as controls for RSV infection. Nine days after cell trans-
fer, the mice were bled and sacrificed. In accordance with the
elimination of B cells from the grafted cell preparations, all of
the mice remained seronegative to G2Na and RSV (data not
shown). As shown in Fig. 5, lung and nasal RSV titers of the
mice grafted with T cells from AICG-immunized mice com-
pared favorably with those of the ungrafted animals (4.4 = 0.29
log,, TCIDs/g of lung and 3.4 = 0.1 log,, TCIDs,/ml of NTL).
CD4" T cells from BALB/c mice were able to reduce lung
RSV infection of the recipient mice after previous immuniza-
tion with G2Na (3.36 = 0.5 versus 4.64 = 0.24 log,, TCID5/g
in the ungrafted mice; P < 0.05), as well as RSV infection of
the URT after immunization with either G2Na or AICK (2.4 =
0.4 and 2.4 = 0.29 log,, TCIDsy/ml of NTL in the G2Na- and
AICK-primed mice, respectively, versus 3.56 = 0.25 log,,
TCIDsy/ml of NTL in ungrafted mice). In contrast, CD4* T
cells from IFN-y-knockout mice had no effect at all, whatever
the immunogen used to prime the T cells was. These results
confirmed the ability of CD4 " T cells to control RSV infection
in the URT and demonstrated that this protective effect is
dependent on the ability of the transferred cells to produce
IFN-y.

DISCUSSION

While most of the previous reports associated RSV G pro-
tein-specific T lymphocytes with adverse pathological immune
responses, we demonstrated in previous work that these cells
are important in the control of URT infection in mice after
parenteral immunization with either RSV or a recombinant
RSV G protein fragment (27). The implicated cells were iden-
tified as CD4" T lymphocytes; their protective activity was
antibody independent and critically linked to the presence of

the conserved cysteines as well as amino acid residues 193 and
194. For the first time, here, we demonstrate that these cells
control the nasal infection, through the induction of a Thl-
type, IFN-y-dependent, immune response.

In an earlier study, we found that at least one T-helper-cell
epitope was located on G2Na and responsible for the genera-
tion of G2Na-specific T-cell proliferation (9). In order to lo-
calize the corresponding T-cell determinants on the recombi-
nant G2Na fragment, we used a panel of 12-mer overlapping
peptides spanning amino acid residues 130 to 230 of the RSV
G protein. Cell proliferation of BBG2Na- and G2Na-primed
mice was consistently induced upon stimulation with peptides
covering the region from amino acid 182 to 198 of RSV G
protein, and it was mediated by CD4™ T cells, as demonstrated
by depletion experiments. These results are consistent with
earlier observations of Tebbey et al. (38), who identified a
single T-helper-cell epitope on the native RSV G protein (be-
tween amino acid residues 184 and 198) that is recognized by
both murine and human cells. They are in accordance with
those of Varga et al., who showed that CD4™ T lymphocytes
infiltrating lungs of mice previously immunized with a vaccinia
virus expressing the G protein and challenged with RSV rec-
ognize a single I-E%-restricted epitope with a core sequence
mapping to amino acids 185 to 193 (40). Thus, we confirmed
that immunization with BBG2Na or G2Na was able to induce
CD4™" T cells specific for the T-helper-cell epitope located on
the RSV G protein.

The induction of protective mechanisms by the T-helper-cell
epitope was demonstrated upon immunization with the pep-
tide AICK (amino acid residues 184 to 198) injected with
either CFA or alum. These adjuvants are well known for their
respective abilities to favor the development of predominant
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Th1- or Th2-type immune responses (2, 4-6). In addition, since
URT protection was always obtained with BBG2Na or G2Na
adsorbed to alum (27), the antiviral response was not imposed
by the adjuvant used in immunizations but was solely depen-
dent on the priming to the T-helper-cell epitope. However,
since immunizations with peptides were more efficient in the
induction of URT protection in CFA than in alum, CFA was
chosen to perform the experiments with AICK and AICG.

Interestingly, AICK includes not only a T-cell epitope but
also a B-cell epitope, as demonstrated by the seroconversion of
mice against G2Na and RSV antigens. Both BALB/c and IFN-
v-knockout mice developed IgGs. Consistent with our earlier
report demonstrating that lung protection relies primarily on
G2Na-specific Abs (27), AICK-specific IgGs were able to pro-
tect lungs against RSV infection after passive transfer into
naive mice (unpublished observation). Therefore, it was not
surprising that lung protection was maintained in IFN-y-
knockout mice following immunization with G2Na or AICK,
because of the presence of RSV-specific Abs. Similarly, it was
expected that the in vivo neutralization of IFN-vy had no effect
on lung protection in G2Na-immunized BALB/c mice, since
these mice developed high levels of RSV-specific Abs.

IFN-vy is a cytokine with pleiotropic effects, including the
stimulation of macrophages and NK cells, the regulation of
helper and cytotoxic T-cell responses, and the control of Ig
isotypes switching. Although the lack of IFN-vy does not pre-
vent the development of specific immune responses (30), this
cytokine is essential for natural resistance to bacteria such as
Listeria monocytogenes or Mycobacterium bovis (11, 17, 19). It
was also shown to play an important role in the outcome of
infections with vaccinia virus, rhinovirus, and, to a lesser ex-
tent, lymphocytic choriomeningitis virus (22, 33).

A specific anti-RSV effect of IFN-vy in mice was previously
described by Kumar et al. (21). Those authors showed that
transferring a plasmid expressing an IFN-y cDNA in the URTs
of mice significantly reduced infection and eosinophil infiltra-
tion in lungs upon RSV challenge. This transfer was associated
with a shift of the local cytokine production from a Th2-like to
a Thl-like profile. These findings agree with ours showing the
increase of nasal RSV titers upon in vivo neutralization of
IFN-y, the inability of G2Na or AICK to protect IFN-y-knock-
out mice, and the lack of protective activity of IFN-y-incom-
petent cells after adoptive transfer. In fact, we extend the
results of Kumar et al. (21) to the nasal tract and demonstrate
that the ability to produce IFN-vy, and to release this cytokine,
is a prerequisite for RSV G protein-specific CD4" T cells to
control the viral replication.

The fact that live RSV injected i.p. alone was able to protect
the URTs of IFN-y-knockout mice (in contrast with G2Na or
AICK) showed that elimination of RSV in the nasal tracts of
RSV-primed mice is not solely dependent on CD4™ T cells.
While these cells are responsible for elimination of nasal RSV
in G2Na- or AICK-immunized mice, they participate only in
the control of URT infection in mice primed with live RSV
(27). Other effector mechanisms less dependent or not depen-
dent on the production of IFN-y can mediate this effect. In
fact, this hypothesis was confirmed by earlier experiments
showing that elimination of CD8" T cells (like depletion of
CD4" T cells) was also able to significantly reduce RSV clear-
ance in the nasal tracts of RSV-primed mice (27).
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At present, it is clear that IFN-y-competent, RSV G protein-
specific CD4™" T cells are able to display an antiviral activity
independently of CD8" and B lymphocytes, since this effect
can be transferred to T- and B-cell-deficient SCID mice, in
both lungs and the nasal tract. However, we cannot exclude the
participation of local macrophages and NK cells.

Furthermore, since Thl-type and Th2-type cytokine re-
sponses can develop simultaneously after RSV challenge in
mice primed with RSV G protein (36) or with formalin-inac-
tivated RSV (26), it remains to be determined if, in our case,
the protective Thl-type response in the URT develops on its
own or if this response is concomitant with a Th2-type one.
Interestingly, previous studies in our laboratories demon-
strated that in contrast to the case with formalin-inactivated
RSV, although the recombinant G2Na fragment induces a
predominant Th2-type T-cell response upon immunization, no
production of IL-4, IL-5, or IgE was detected either in sera or
in lungs of G2Na-primed mice after live RSV challenge (9, 26).
These results indicated that the Th2-type memory T cells were
not recalled either in lungs or in the periphery in these mice.
They suggest, with the protection observed in the URT, that
reactivation of RSV G protein-specific Th1 responses can be
achieved without reactivation of the Th2-type response. This
hypothesis is in agreement with results from Varga et al. (40)
indicating that the single epitope of RSV G protein primes for
memory lymphocytes able to produce Thl and Th2 cytokines
in lungs after RSV challenge and that, although the CD4* T
cells predominantly use V14 T-cell receptor, Thl and Th2
cytokines are probably produced by different effector cells.

Together, these findings suggest that an RSV subunit vac-
cine such as G2Na could not only protect both the LTR and
UTR against RSV infection but also control the Th orientation
of the immune responses induced upon RSV infection. They
suggest that the final outcome of the cellular response might be
dictated by presently unknown factors, which indeed justifies
further investigation. Identification of these factors would al-
low prevention of the development of the unacceptable RSV-
associated immunopathologic responses previously observed
with the formalin-inactivated virus and thus has important
implications for the development of a safe RSV vaccine.
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