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A recombinant fusion protein (BBG2Na) comprising the central conserved domain of the respiratory
syncytial virus subgroup A (RSV-A) (Long) G protein (residues 130 to 230) and an albumin binding domain
of streptococcal protein G was shown previously to protect mouse upper (URT) and lower (LRT) respiratory
tracts against intranasal RSV challenge (U. F. Power, H. Plotnicky-Gilquin, T. Huss, A. Robert, M. Trudel, S.
Stahl, M. Uhlén, T. N. Nguyen, and H. Binz, Virology 230:155-166, 1997). Panels of monoclonal antibodies
(MADbs) and synthetic peptides were generated to facilitate dissection of the structural elements of this domain
implicated in protective efficacy. All MAbs recognized native RSV-A antigens, and five linear B-cell epitopes
were identified; these mapped to residues 152 to 163, 165 to 172, 171 to 187 (two overlapping epitopes), and 196
to 204, thereby covering the highly conserved cysteine noose domain. Antibody passive-transfer and peptide
immunization studies revealed that all epitopes were implicated in protection of the LRT, but not likely the
URT, against RSV-A challenge. Pepscan analyses of anti-RSV-A and anti-BBG2Na murine polyclonal sera
revealed lower-level epitope usage within the central conserved region in the former, suggesting diminished
immunogenicity of the implicated epitopes in the context of the whole virus. However, Pepscan analyses of
RSV-seropositive human sera revealed that all of the murine B-cell protective epitopes (protectopes) that
mapped to the central conserved domain were recognized in man. Should these murine protectopes also be
implicated in human LRT protection, their clustering around the highly conserved cysteine noose region will

have important implications for the development of RSV vaccines.

Respiratory syncytial virus (RSV) is a member of the genus
Preumovirus and the family Paramyxoviridae. 1t is the principle
etiologic agent of serious respiratory disease in infants and
young children (reviewed in references 11 and 25). RSV is
characterized by the ability to repeatedly infect the upper re-
spiratory tracts (URTs) of humans throughout their lives, and
an important role for this organism in severe respiratory illness
of immunocompromised adults and the elderly is becoming
increasingly evident (14-17, 19, 34). Furthermore, a primary
RSV infection in infants which results in serious lower respi-
ratory tract (LRT) pathology does not necessarily prevent a
second serious infection (26). However, the frequency of seri-
ous LRT disease in infants progressively diminishes upon sub-
sequent infections, suggesting accumulation of LRT-protective
immunity upon repeated virus exposure (for a review, see
reference 13). Despite the medical importance of this virus,
many aspects of RSV-induced immunity remain unresolved.

RSV encodes two major surface glycoproteins, G and F,
which are incorporated into the viral envelope. The G protein
is a highly glycosylated type II glycoprotein that functions in
viral attachment to an unknown cell receptor (31). The fusion
(F) protein is a type I glycoprotein that mediates virus and cell
membrane fusion and syncytium formation (52). Both proteins
induce neutralizing antibodies and protection against RSV
challenge in animal models (reviewed in reference 11). Despite
the high degree of conservation of the F protein (29), RSV
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clinical isolates were classified into two subgroups, A and B,
based originally on the antigenic diversity of the G protein (2,
35). Indeed, there is 47% amino acid sequence diversity be-
tween prototype RSV subgroup A (RSV-A) and RSV-B G
proteins (28). Furthermore, up to 20% amino acid differences
in the G protein have been reported within the subgroups (7,
48), with corresponding antigenic divergence also being evi-
dent (20). This antigenic and genetic diversity among the RSV
G proteins, together with the generally low-level immunoge-
nicity of F and G proteins in infants less than 8 months old, is
hypothesized to play an important role in repeat infections (3,
8, 9, 20, 37, 46).

Sequence analyses of RSV clinical isolates (both subgroups)
revealed that the G protein contains two hypervariable regions
separated by a central conserved domain (7, 20, 48). While
monoclonal antibody (MAD) epitopes have been mapped to
many regions of the G protein (reviewed in reference 33),
several lines of evidence indicate that the C-terminal hyper-
variable region is immunogenic and may even be immunodom-
inant in the context of the whole G protein: (i) convalescent-
phase human infant sera reacted with recombinant fragments
of the C terminus in a strain-specific manner (10); (ii) the
majority of reactivity escape mutants derived from a panel of G
protein-specific murine MAbs were found to have mutations in
the variable C terminus (43); (iii) one escape mutant contained
a frameshift mutation which resulted in a completely altered
C-terminal one-third of the molecule, and this mutant lost
reactivity to many MADbs and, importantly, a polyclonal anti-
serum raised against affinity-purified G protein (22); (iv) the
greatest differences between infecting and heterologous RSV
groups in terms of antibody titers are for anti-G protein anti-
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FIG. 1. Schematic representation of synthetic peptides used to characterize murine MAbs and polyclonal sera and to identify protectopes in the central conserved
region of the RSV-A G protein. The asterisks denote the locations of the conserved Cys residues. The S in peptide G;74_;g74c signifies a Cys-to-Ser substitution at

position 186.

bodies (27); and (v) the native G protein induces subgroup-
specific protection (41, 47). Immunodominance of the hyper-
variable C terminus would concur with the hypothesis that G
protein variability is implicated in repeated RSV infections. A
corollary of this is that a single full-length native G protein
would be of limited value for vaccine purposes.

We (42) and others (45) have previously demonstrated that
recombinant fragments containing G protein residues 130 to
230 and 124 to 204, respectively, which contain the central
conserved domain, are sufficient to elicit protective immune
responses in rodent models. Indeed, in contrast to the native G
protein, the former induced protection against both RSV-A
and -B prototype strains when injected in the context of the
recombinant fusion protein BBG2Na. Trudel et al. (51)
mapped a subgroup-specific protective epitope (protectope) to
the cysteine noose region (residues 174 to 187) by MAb pas-
sive-transfer experiments and active immunization with a syn-
thetic peptide (coupled to keyhole limpet hemocyanin [KLH]).
Interestingly, an equivalent peptide derived from the bovine
RSV G protein reduced the incidence of bovine RSV-associ-
ated pneumonia in calves (5). An anti-G protein MADb that
reacts with both RSV-A and -B G proteins was shown to be
cross-protective after passive transfer (53) and mapped to res-
idues 165 to 174 based on sequencing of neutralization escape
mutants (54). Other groups have also mapped murine MAb
epitopes to this central conserved region, although the role of
these epitopes in protection is not yet known (for a review, see
reference 33). Finally, human sera were found to react with
synthetic peptides derived from this region, indicating immu-
nogenicity in humans (39). Therefore, direction of primary
immune responses to the central conserved region, which may
be poorly immunogenic in the context of the whole G protein,
is conceivable and may be important and sufficient for the
induction of LRT protection that is not RSV strain restricted.

The goal of the present study was to dissect the structural
elements implicated in inducing protective immune responses
against RSV-A challenge. To do so, we generated a panel of
MAbs and RSV-A G protein-derived synthetic peptides. MAb
epitope mapping was undertaken by Pepscan analyses and/or
peptide reactivity. Protectopes were identified by MAb pas-
sive-transfer studies and/or active immunization with carrier-
protein-conjugated synthetic peptides in mice. Finally, mouse
and human polyclonal sera were subjected to Pepscan analyses

to determine epitope usage following BBG2Na immunization
and RSV infection in mice and humans, respectively. Interest-
ingly, they were found to recognize common epitopes, some of
which were protective in mice.

(This work was presented in part at the 16th Annual Meet-
ing of the American Society for Virology, Bozeman, Mont., 19
to 23 July 1997.

MATERIALS AND METHODS

Viruses, cells, and ELISA antigens. Propagation of RSV-A (Long strain;
ATCC VR-26 [American Type Culture Collection, Rockville, Md.]) in HEp-2
cells (ECACC 86030501; European Collection of Animal Cell Cultures, Porton
Down, Salisbury, United Kingdom), as well as the production of viral protein and
uninfected-cell enzyme-linked immunosorbent assay (ELISA) antigens, was per-
formed as previously described (42). Recombinant protein G2ACa was produced
by expressing and purifying BBG2ACa as previously described (36), cleaving
BBG2ACa by cyanogen bromide hydrolysis into BB and G2ACa components,
and purifying the products by reverse-phase high-performance liquid chroma-
tography (RP-HPLC). Proteins BBG2Na and G2Na were produced and purified
as previously described (12).

Expression and purification of the carrier proteins P40 and BB. Gene assem-
bly, vector construction, and P40 and BB protein expression in Escherichia coli
were undertaken as previously described (38, 40). P40, an outer membrane
protein A from Klebsiella pneumonia with carrier-protein properties, was purified
to homogeneity by two ion-exchange chromatography steps (24). BB, the albu-
min binding domain of streptococcal protein G, was purified by affinity chroma-
tography on albumin-Sepharose followed by cation-exchange chromatography
and RP-HPLC. Protein purity was >95% as assessed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis on 12% homogeneous gels under reducing
conditions.

Synthetic peptides. Synthesis of individual peptides was performed by a solid-
phase method on an Applied Biosystems 433A synthesizer, using fluorenylme-
thoxycarbonyl/t-butyl (FMOC/tBu) chemistry. The synthesized peptides, cleaved
from resin by trifluoroacetic acid in the presence of scavengers, were lyophilized
and purified by preparative RP-HPLC. The purity of the peptides was greater
than 90% according to both RP-HPLC and free-zone capillary electrophoresis
analyses. Peptides Gy74_187ac: G172-187 G171-187, G1aa-150Cys and CysGay_ys0,
G190-204Cys and CysGog o4, and Gigg-176 and Gies 176ac corresponded to
residues 174 to 187, 172 to 187, 171 to 187, 144 to 159, 190 to 204, and 164 to 176,
respectively, of the RSV-A (Long) G protein (Fig. 1). Peptides Gj44_150Cys,
CysG 44159, G100-204CYs, and CysGgg_»04 €ach contain an extra cysteine residue
added either N terminally or C terminally to facilitate orientation of peptide
coupling to carrier proteins. Peptides Gy, ;57 and G;;_;g;, €ach of which
contains 4 cysteines, were obtained after oxidation of the crude mercaptoetha-
nol-reduced derivatives with dimethyl sulfoxide (49). All three possible oxidized
isomers of the latter peptides were synthesized under various oxidation condi-
tions, resulting in different ratios of isomers. Each isolated isomer was charac-
terized by RP-HPLC, free-zone capillary electrophoresis, and electrospray mass
spectrometry after purification by preparative RP-HPLC. The different cysteine
pairings were unambiguously established by enzymatic digestion, liquid chroma-
tography-mass spectrometry analysis, and peptide microsequencing (data not
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shown). Peptides G;74_157ac and Gigs_176ac contained Cys-Ser substitutions at
residues 186 and 173, respectively. G4 ;37ac corresponds precisely to the pro-
tective peptide identified by Trudel et al. (51), with the substitution inserted to
facilitate formation of the native Cys176-Cys182 disulfide bond (32). The sub-
stitution in Gyg4_176ac (a Ser at Cys173 [Cys173Ser]) was inserted to prevent
nonnative Cys173-Cys186 disulfide bridge formation and to facilitate orientation
of peptide coupling to the carrier protein.

Peptide-carrier protein coupling. Peptides G74_ 1574 G172-187, Gi71_187, and
G64-176 Were coupled to P40 by treatment with glutaraldehyde as previously
described (24). The amino acid sequences of these peptides indicated that glu-
taraldehyde coupling would result in a population of both N- and C-terminus-
coupled G,74_137ac and Gy7;_;g7 While G5, ;g7 and Gyg4_17¢ Would be coupled
uniquely by their C and N termini, respectively. Peptides CysG 44 150, Giaa_
159Cys, CysGgo_o04, and Gg4_176ac Were conjugated by using N-hydroxysuccin-
imidyl bromoacetate as a coupling reagent (6, 24), thereby specifically controlling
their coupling orientation. For hybridoma screening and immunization purposes,
all peptides were also coupled to BB, KLH (both from Calbiochem, Meudon,
France), and/or bovine serum albumin (Sigma, Saint Quentin Fallavier, France)
by the same methods. P40 and BB conjugates were analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis on 12% homogeneous gels under re-
ducing conditions.

Animals. Female BALB/c mice, aged 6 to 9 weeks, were purchased from Iffa
Credo (L’Arbresle, France) and kept under specific-pathogen-free conditions.
They were confirmed as seronegative vis-a-vis RSV before inclusion in the
studies. All animals were fed rat and mouse maintenance diet A04 (UAR,
Villemoissin-sur-Orge, France) and water ad libitum and were housed and ma-
nipulated according to French and European guidelines.

MAbs and polyclonal sera. MAbs 11F7, 5B7, 6H66, and 6H69 were produced
by immunizing BALB/c mice twice, subcutaneously (s.c.), with 30 pg of BBG2Na
in phosphate-buffered saline (PBS) containing 20% (vol/vol) Alhydrogel
[Al(OH);]; Superfos BioSector a/s, Vedbaek, Denmark). Four days after a fur-
ther, intravenous inoculation of BBG2Na, the mice were killed and spleen cells
were fused with SP2/0-Agl14 myeloma cells (American Type Culture Collection)
by using polyethylene glycol (Serva, Heidelberg, Germany). Resultant hybrid-
omas were initially screened for secretion of G2Na- and RSV-A-specific anti-
bodies by ELISA. Positive reactors were subsequently screened for reactivity
against KLH-conjugated G, 7,157, G144-150, G190-204> and G164_176ac- A panel of
hybridomas was selected on the basis of their peptide reactivity patterns and
cloned three times by serial limiting dilution. Four independent clones were
expanded and injected into pristane (Sigma) primed mice to induce the produc-
tion of ascitic fluid. Ascites fluids were purified, isotyped, and used in subsequent
studies.

MADs 18D1 and 5C2 were produced by immunizing BALB/c mice intraperi-
toneally (i.p.) with 50 pg of KLH-G,7,_;g7ac or G2ACa in complete Freund’s
adjuvant. A second immunization was performed with incomplete Freund’s ad-
juvant. Four days after a further, intravenous inoculation of 10 pg of each
peptide, the mice were killed and spleen cells were fused with SP2/0-Agl4
myeloma cells as described above. The resulting hybridomas were screened for
antibody secretion by ELISA with bovine serum albumin-G,4_;g7ac 0r G2ACa,
respectively, as the coating antigen. Positive reactors were cloned, expanded, and
used for ascites fluid production, as described above.

Murine polyclonal serum against Ggo_»4 Was produced by immunizing 25
BALB/c mice i.p. three times at 2-week intervals with 20 wg of BB-CysG g _04-
Three weeks after the last immunization, the mice were sacrificed and exsangui-
nated by cardiac puncture. Blood samples were collected in serum separation
tubes (Beckton Dickinson, Meylan, France) and centrifuged at 1,850 X g for 10
min, and pooled sera were stored at —80°C until used for titration in ELISAs and
neutralization assays or in passive-transfer studies. Production of murine anti-
BBG2Na and BB polyclonal sera was previously described (42), while anti-
RSV-A polyclonal sera were prepared by immunizing mice three times i.p. (in
Alhydrogel) or five times intranasally (i.n.) (in 50-pl volumes) with 10° 50%
tissue culture infectious doses (TCIDs) at 2-week intervals. The human RSV-
positive sera (kindly provided by Michel Segondy, Centre Hospitalier Universi-
taire, Montpellier, France) were derived from two individuals demonstrating
high anti-RSV-A ELISA titers (log;, 3.8 and 4, respectively).

Pepscan analysis. Ninety-four overlapping 8-mer peptides or 90 overlapping
12-mer peptides spanning residues 130 to 230 (G2Na) of the human RSV-A G
protein were synthesized on noncleavable derivatized rods (Chiron Technolo-
gies, Emeryville, Calif.) according to established procedures. The peptides were
tested for their reactivities with MAbs or sera by ELISA. Briefly, nonspecific
binding was blocked by incubation for 1 h at 37°C with PBS containing 0.1%
Tween (Sigma) and 1% gelatin. The rods were subsequently incubated at 4°C
overnight with the sera or MAbs, washed three times, and incubated 1 h at room
temperature with a horseradish peroxidase-conjugated goat anti-mouse antibody
(1/5,000; Southern Biotechnology Associates, Birmingham, Ala.). After being
washed four times, the rods were transferred to a microtiter plate (Nunc, Rosk-
ilde, Denmark) containing 100 pl of tetramethyl benzidine (Dynatech, Chantilly,
Va.). The reaction was terminated with 100 pl of 1 M H,SO, per well. Optical
densities were measured at 450 nm.

ELISA titrations and neutralization assays. MAb characterization and RSV-
A-specific serum immunoglobulin G (IgG) determinations were accomplished by
ELISA as previously described (42), except that for MAD titrations, blocking and
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washing solutions consisted of PBS-0.1% (wt/vol) gelatin and PBS-0.05% Tween
20 (Sigma)-0.01% (wt/vol) gelatin, respectively. MAb isotyping was undertaken
with an ImmunoPure MAD isotyping kit (Pierce, Rockford, Ill.). ELISA titers
were expressed as the reciprocal of the last dilution with an optical density of
=0.15 and at least twofold higher than that of the negative control. Because the
virus stocks contained cellular antigen, RSV-A-specific antibody titers were cal-
culated by subtracting anti-HEp-2 titers from those of anti-RSV-A. Neutraliza-
tion assays were undertaken in triplicate as previously described (42). Neutral-
ization titers were expressed as the reciprocal of the highest dilution that reduced
positive-control syncytium numbers by at least 60%.

Active and passive immunization and challenge procedures. Mice were im-
munized i.p. with 200-pl volumes of peptide-carrier protein conjugate solutions
containing 20% (vol/vol) Alhydrogel in PBS. Second and subsequent immuniza-
tions were given at 2-week intervals. Animals were bled 2 weeks after the last
immunization to determine RSV-A-specific serum antibody titers and neutral-
izing activity. They were challenged 3 weeks postimmunization with 10° TCIDs,
of RSV-A i.n. after anesthetization with 2.5 ml of a 4/1 mixture of ketamine
(Imalgene 500; Rhone Mérieux, Lyon, France) and xylazine (Rompun at 2%;
Bayer, Puteaux, France) per kilogram of body weight. Immunoprophylaxis stud-
ies were undertaken by passively transferring various dilutions of MAbs or
polyclonal sera in 200-pl volumes by the i.p. route to mice 1 day before chal-
lenging with RSV-A as described above. Mice were sacrificed 5 days after
challenge.

Animal sample preparation and virus titration. Animals were anesthetized as
described above and exsanguinated by cardiac puncture. Lung removal, lung
homogenate preparation, nasal tract lavage (NTL), and virus titrations were
undertaken as previously described, except that NTL fluids were snap frozen
without being subjected to centrifugation (42). The limit of detection for lung
tissues was =1.45 log;, TCIDs/g of lung tissue, except when insufficient lung
homogenate was available. The limit of detection for NTL samples was invariably
log,, =0.45/ml. When no virus was detected, actual detection limits were used for
statistical analyses. Thus, standard deviations of >0 were occasionally recorded
for lung titers of some virus-free animal groups. Animal organs were considered
protected when virus titers were reduced by at least 2 log,, relative to PBS-
immunized control mouse levels.

Statistics. Statistical analyses were done with the ¢ test or Kolmogorov-Smir-
nov nonparametric test (for small sample sizes) of the Statigraphic software
program (Manugistics, Rockville, Md.). Probability values of greater than 0.05
were considered insignificant.

RESULTS

Isolation and characterization of RSV-A G protein-specific
MAbs. To localize B-cell determinants on the central con-
served domain of the RSV (Long) G protein, MAbs were
generated by immunizing mice with BBG2Na (MAb 5B7,
6H66, 6H69, and 11F7), G2ACa (MAb 5C2), KLH-G,/4_;37a¢
(MADb 18D1), or KLH-G 4504 (MAb 8A3). Because of diffi-
culties in establishing hybridomas that secrete MADbs specific
for the Gjgy_504 region (residues 190 to 204), a polyclonal
antiserum was also produced in parallel by immunizing mice
with BB-G gy 504 All isolated MADbs and the polyclonal anti-
serum recognized both BBG2Na and RSV-A, while the MAbs
were exclusively of the IgG1 isotype (Table 1). With the ex-
ception of MAb 8A3, all had anti-RSV-A ELISA titers of >4
log,,- Pepscan analyses identified three independent linear
epitopes (detailed in Table 1) recognized by MAbs 5B7, 5C2,
11F7, and 18D1, with the last two MAbs showing reactivities to
the same region (Table 1). These results were confirmed by
ELISA titrations against relevant synthetic peptides. MAb 8A3
and anti-BB-G 4 54 recognized a fourth, independent linear
epitope as determined by peptide ELISA reactivities. Surpris-
ingly, anti-BB-G,4,_,, also reacted with P40-G,,,_,5,Cys, al-
though the ELISA titer was considerably lower than those
against P40-G¢y_»04Cys, BBG2Na, and RSV-A. The nature of
this cross-reactivity is under investigation. Interestingly, MAb
6H66 and 6H69 did not show any reactivity in Pepscan analysis,
but both demonstrated high peptide G,,;_,5,-specific ELISA
titers. This peptide is conformational in that it contains two
disulfide bridges. Since none of the Pepscan peptides contain
all 4 Cys residues, and therefore the disulfide bridges, these
results indicate that MAbs 6H66 and 6H69 recognize contig-
uous residues in the residue 171 to 187 region in a conforma-
tion-dependent manner. Furthermore, MAbs 6H66 and 6H69
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TABLE 1. Characterization of the anti-RSV-A monoclonal antibodies and anti-BB-G¢y_»,4 polyclonal serum
Pepscan ELISA titer (logyo) vs: In vitro
MAD or polyclonal Ig reactivities neutralizing
serum* isotype  (amino acid activity/25
residues)? RSV-A BBG2Na  P40-Gi7p15;  P40-Gizioigr  PA0-GrasisoCys  PA0-Giop204Cys  PA0-Gigaire Wl
5B7 (a) I1gG1 163-174 4.58 6.25 <1.95 <1.95 <1.95 <1.95 5.53 <8
5C2 (b) IgG1 150-157 5.77 5.77 1.95 <1.95 5.77 <1.95 <1.95 <8
6HO66 (a) I1gG1 NR® 4.82 6.25 2.90 553 <1.95 <1.95 <1.95 <8
6H69 (a) IgG1 NR 4.10 5.77 2.90 4.58 <1.95 <1.95 <1.95 <8
11F7 (a) I1gG1 176-187 5.29 6.73 6.25 5.29 243 2.19 <1.95 <8
18D1 (c) IgG1 178-185 4.58 6.73 6.73 6.01 2.90 2.43 2.90 <8
8A3 (d) I1gG1 ND4 3.38 4.82 <1.95 <1.95 <1.95 434 <1.95 <8
Anti-BB-G99_504 ND ND 522 6.25 1.95 <1.95 3.38 5.59 2.90 <8

“ MADbs produced by immunizing BALB/c mice with BBG2Na (a), G2AC (b), KLH-G1ACa (c), or P40-G9y_504 (d).
b Reactivities against overlapping 8-mer peptides spanning the region containing residues 130 to 230 of the RSV-A(Long) G protein.

¢NR, no reactivity.
4 ND, not determined.

reacted very weakly with peptide G,,,_,5;, indicating that res-
idue 171V is a critical component and hence identifying a fifth
epitope. Competition ELISAs demonstrated that these MAbs
recognized the same epitope while MAbs 11F7 and 18D1 also
recognized a single epitope that overlapped with the 6H66/
6H69 epitope (data not shown). Thus, five independent B-cell
epitopes were mapped on the G2Na fragment of the RSV-A G
protein. None of the MAbs was capable of neutralizing RSV-A
in vitro, as demonstrated in microneutralization assays (Table
1).

Protective efficacy of RSV-A G protein specific polyclonal
antibodies and MAbs. Passive-transfer experiments with the
MADs and anti-BB-G 4 _5,4Cys polyclonal serum were under-
taken with groups of six to seven mice to determine if the
identified B-cell epitopes were protective (protectopes). As
indicated in Fig. 2A, MAbs 5B7, 5C2, 6H66, 6H69, and 18D1
protected the lungs from RSV-A challenge, although most of
the mice contained infectious virus. MAb 11F7 was less pro-
tective under these conditions, since only three of six animals
were considered protected while a fourth animal demonstrated
a virus titer reduction of log,, 1.7 relative to control animals.
Nonetheless, MAb 11F7 has the capacity to protect mouse
lungs from RSV-A challenge. Like MAb 11F7, anti-BB-
G190_004 passive transfer resulted in significant virus titer re-
ductions in the lungs of recipient mice (P < 0.001). However,
only one of six mice was considered protected. MAb 8A3,
which maps to the G454 peptide, had little impact on the
prevention of lung infection in most animals under these ex-
perimental conditions, although one of six mice was protected.
Interestingly, both anti-BB-G(_»,4 and MAb 8A3 were found
to be highly labile, demonstrating diminished reactivities
against both BBG2Na and RSV-A with time in ELISAs (data
not shown). These data therefore demonstrate that all five
B-cell epitopes identified above are LRT protectopes, albeit
with considerably different efficacies under these experimental
conditions. Unlike lung protection, and consistent with previ-
ous observations (42), none of the MAbs or polyclonal sera
protected URTs from RSV-A challenge (Fig. 2B).

Immunogenicity and protective efficacy of RSV-A G protein-
derived synthetic peptides. To confirm the results of the anti-
body passive-transfer studies, a series of peptides was synthe-
sized and coupled to either P40 or BB by their N termini
(Cy8Gia4-150, C¥8G100 204, aNd Gyg4176), C termini (Gyyy_450Cys
and G o9 _504Cys), or both (Gy74_187ac and Gy7;_y57) and in-
jected into BALB/c mice. Mice primed with 20 ug of P40-G,,,_
187ac and subsequently given two boosters of 100 pg each
developed elevated RSV-A serum antibody titers, and their

lungs were protected from challenge (Fig. 3A and B). In our
hands, P40-G,,,_;5; was less immunogenic than P40-G,,,_
187ac under similar immunization conditions (P < 0.02). The
differential immunogenicity was reflected in the respective pro-
tective efficacies of the peptides; the P40-G,,,_,5, Was slightly
less efficacious in reducing virus titers in the lungs following
RSV-A challenge. However, differences in protective efficacy
were not statistically significant.

As indicated in Fig. 3, peptide Gy44 150 Was immunogenic
and protected the LRT from RSV-A challenge. However,
these properties depended entirely on the orientation of pep-
tide coupling to the carrier protein. Mice immunized twice
with 20 pg of P40-G 44 59Cys (C-terminal coupling) devel-
oped moderate RSV-A serum antibody titers, and their lungs
were protected from RSV-A challenge; most lacked detectable
virus. In contrast, 2 doses of 20 wg of P40-CysG,4, 150 (N-
terminal coupling) were poorly immunogenic, and no lung
protection was observed. Similar results were obtained when
BB was used (data not shown), indicating that the results were
independent of the carrier protein. In addition to the Gy,,_
187AC/G7,_1g7 and G450 TEEIONS, G|90_04 Was also found to
be immunogenic and protective. Mice immunized three times
with 20 pg of conjugate demonstrated potent lung protection
(Fig. 3B) that was independent of peptide orientation (data
not shown). These results are consistent with and confirm the
antibody passive-transfer study results described above. In con-
trast to the MADb passive-transfer results, peptide G44 17 Was
poorly immunogenic in BALB/c mice that were primed with 20
pg and boosted twice with 100 wg of conjugate. Their poor
immunogenicity was reflected in the lack of significant lung
virus titer reductions in mice immunized with either P40-G, 4, 17
(Fig. 3B) or P40-G¢,4_176ac (data not shown).

In contrast to the lung-protective efficacy observed for most
of the peptides, none induced URT protection (Fig. 3C). This
is also in agreement with the antibody passive-transfer study
data. The combined results suggest that serum antibodies and
linear RSV-A-specific B-cell epitopes in the G2Na fragment
are insufficient for URT protection.

Reactivities of murine polyclonal sera with G protein-de-
rived synthetic peptides. To determine and compare the
epitope usage in mice following BBG2Na or RSV-A immuni-
zations or infections, relevant sera were screened in a Pepscan
assay using a series of overlapping dodecapeptides that
spanned the central conserved domain (residues 130 to 230).
As evidenced in Fig. 4A, sera derived from mice immunized
i.p. with BBG2Na demonstrated six independent major peak
reactivities, including peptides 140 to 151, 145 to 156, 152 to
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FIG. 2. LRT (A) and URT (B) prophylactic efficacies of murine anti-RSV-A
MADs and polyclonal sera. Groups of six or seven mice received a single dose
each of 10* anti-RSV-A ELISA titer equivalents of antibody 24 h before chal-
lenge with 10° TCIDs, of RSV-A by i.n. instillation. Control mice received
murine anti-BB polyclonal serum (at an anti-BB ELISA titer equivalent of 10%).
Mice were sacrificed 5 days later, at which point the lungs were removed and
10% lung homogenates were prepared. Nasal tracts were rinsed by forcibly
injecting 1.5 ml of virus transport medium through the nasopharyngeal cavity and
recovering exudate from the nares. Virus titers were determined as described in
Materials and Methods.

163, 157 to 168, 164 to 175, and 195 to 206. Four independent
minor reactivity peaks were also evident, including peptides
161 to 172, 177 to 188, 188 to 199, and 199 to 210. There was
a noticeable absence of reactivity with peptides spanning the
conserved cysteine-rich region. However, as indicated above to
explain the lack of Pepscan reactivity of MAbs 6H66 and 6H69,
this may be an artifact of the Pepscan assay. Therefore, with
the exception of this region, and as expected, the protectopes
identified above are clearly immunogenic after immunization
with BBG2Na.

Sera from mice immunized i.p. (Fig. 4B) or infected i.n. (Fig.
4C) with RSV-A demonstrated far less epitope usage within
the G2Na fragment than the anti-BBG2Na serum. Nonethe-
less, common reactivities with anti-BBG2Na serum were iden-
tified and mapped to the regions 152 to 163, 157 to 168, 164 to
175, and 176 to 187. Two other common reactivities with anti-
BBG2Na serum were evident only in sera from mice infected
i.n. with RSV-A; these mapped to residues 161 to 172 and 199
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FIG. 3. Humoral immune responses (A) and LRT- (B) and URT- (C) pro-
tective efficacies in mice following immunization with carrier-protein-coupled
synthetic peptides. Groups of 7 to 12 mice were immunized i.p. at 2-week
intervals two or three times with peptide coupled to P40 carrier protein in 200-ul
volumes containing 20% (vol/vol) Alhydrogel. Mice immunized with P40-
Gi74-187a0> P40-G175_187, or P40-G g4 176 Were primed with 20 g of protein
followed by two boosters of 100 pg each. Those immunized with P40-CysG9¢_»04
received three doses of 20 wg of protein. Finally, mice immunized with P40-
CysG44_159 O P40-G 44 150Cys were immunized twice with 20 pg of protein.
Controls included animals immunized with PBS. All mice were bled 2 weeks after
the last immunization, challenged 1 week later with 10° TCIDs, of RSV-A, and
sacrificed 5 days postchallenge. Sera were tested in ELISAs against RSV-A. Ten
percent lung homogenates were prepared. Nasal tracts were rinsed by forcibly
injecting 1.5 ml of virus transport medium through the nasopharyngeal cavity and
recovering exudate from the nares. LRT and URT virus titers were determined
as described in Materials and Methods.

to 210 and coincided with three of the protectopes described
above.

Mapping of B-cell epitopes in RSV-convalescent-phase hu-
man sera. Pepscan analyses were undertaken with sera from
humans with RSV infections to determine whether the human
immune responses following infection result in antibodies re-
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FIG. 4. Reactivities of polyclonal sera from BALB/c mice immunized two times i.p. with 20 ug of BBG2Na (A) or three times i.p. (B) or i.n. (C) with RSV-A (10°
TCIDs,) against overlapping 12-mer peptides spanning the region containing residues 130 to 230 of the RSV-A (Long) G protein. Intraperitoneal immunizations were
undertaken in 200-ul volumes containing 20% (vol/vol) Alhydrogel. Mice were bled 10 days after the last immunization, and sera were tested in Pepscan analyses. The
sera were diluted 1:5,000, 1:5,000, and 1:2,500 for anti-BBG2Na, anti-RSV-A i.p., and anti-RSV-A i.n,, respectively. (D and E) Reactivities of two RSV-convalescent-
phase human sera diluted 1:5,000. N-terminal residues of every third peptide are indicated on the x axis. Reactivity peaks are numbered to facilitate direct comparison
of the various sera; the numbers correspond to the first amino acid residues of the implicated peptides. The conserved cysteine domains are indicated by horizontal

bars. OD, optical density.

active with the protectopes defined by mouse MAbs and anti-
BBG2Na sera. Two sera obtained from patients recovering
from RSV infections and selected because of their relatively
high anti-RSV-A titers, 3.8 log,, and 4 log,,, were tested.
These sera had several independent peak reactivities in com-

mon, most notably peptides 133 to 144, 152 to 163, 158 to 169,
161 to 172, 164 to 175, 176 to 187, 189 to 200, 214 to 225, and
217 to 228 (Fig. 4D and E). Six of these reactivities coincided
with those found in sera from BBG2Na-immunized mice.
More importantly, the reactivities coincided with all five mu-
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rine protectopes described above, even, surprisingly, those
mapping to the cysteine-rich region.

DISCUSSION

We previously demonstrated that a recombinant protein
(BBG2Na) incorporating the central conserved region of a
prototype RSV-A G protein protected mouse and cotton rat
lungs from virus challenge (42). In the present study, using a
panel of murine MADs, synthetic peptides derived from this G
protein fragment, and Pepscan analyses, we determined the
locations of five independent murine B-cell epitopes impli-
cated in this protection. Two overlap with previously described
protectopes (51, 53)—one in the completely conserved region
and one in the cysteine noose domain—and map to residues
163 to 174 and 178 to 185, respectively. A third protectope
(residues 171 to 187) overlaps with protectope 176 to 187, but
its critical dependence on residue Vall71 for reactivity with
MADbs 6H66 and 6HG6Y established it as an independent
epitope. Finally, two other novel protectopes, mapping to res-
idues 150 to 157 and 190 to 204, were identified, although the
immunogenicity of peptides (residues 144 to 159 and 187 to
200) overlapping these protectopes was previously reported
(21, 51). Interestingly, the dependence of the immunogenicity
and protective efficacy of peptide G4 150 (residues 144 to
159) on the orientation of coupling to the carrier protein may
explain the lack of protection reported by Trudel et al. (51), in
which N-terminal peptide coupling was likely. The importance
of the G,44_,50 peptide’s orientation to its immunogenicity and
protective efficacy is consistent with previous studies using
tandem T- and B-cell epitopes (18).

Three protectopes map to a region of the prototype RSV-A
(Long) G protein that is completely conserved among all
known subgroup A isolates (residues 158 to 190). Indeed, it
corresponds to the region known to contain subgroup-specific
and conserved B-cell epitopes (32, 33). It seems reasonable to
suggest, therefore, that these protectopes would be functional
against all RSV-A isolates. Indeed, protectope 163 to 174,
which maps to the completely conserved region of the G pro-
tein, may even explain the previously reported capacity of
BBG2Na to protect against RSV-B challenge (42). Studies to
evaluate this hypothesis are underway. Furthermore, protec-
topes 150 to 157 and 190 to 204 correspond to regions in which
the prototype sequence is very highly conserved in recent clin-
ical isolates (8, 20), and amino acid changes are usually con-
servative. Thus, these protectopes are also likely to elicit LRT
protection against a broad spectrum of RSV-A isolates.

In contrast to the LRT protection, no prophylactic URT
protection was evident after antibody passive transfer or pep-
tide vaccination. There are several possible explanations for
the URT protection failure. First and most simply, the
epitopes concerned are incapable alone of inducing URT-
protective immune responses. Second, at least as far as the
MAD passive-transfer experiments are concerned, the doses
employed were insufficient to achieve URT protection. Indeed,
it was previously shown that URT protection requires signifi-
cantly higher antibody doses than LRT protection (44). How-
ever, that peptide vaccination in some cases induced high anti-
RSV-A antibody titers, similar to those previously described
for BBG2Na (which demonstrates URT-protective efficacy)
(42), without evidence of URT protection is more in accor-
dance with our first hypothesis than the second. Finally, mech-
anisms other than antibody mediation, such as T-cell-mediated
URT protection, may be implicated in BBG2Na-induced URT
protection (42). This implies, however, that the hypothetical

RSV G PROTEIN PROTECTOPES 5643

T-cell URT protectope(s) is not a component of the peptides
used but is located elsewhere on the G2Na fragment.

Although most of the MAbs employed in this study prophy-
lactically protected LRTs against virus challenge, none neu-
tralized virus in vitro. This is consistent with previous reports
(50, 51) and confirms the discordance between in vitro virus
neutralization and in vivo protection. The results suggest that
either the in vitro neutralization assay is a poor correlate for in
vivo neutralization or mechanisms other than direct virus neu-
tralization by the MAbs are employed in vivo. Such mecha-
nisms may include antibody-dependent complement lysis of
infected cells and/or antibody-dependent cellular cytotoxicity.
These hypotheses are presently being evaluated. The low-level
protective efficacies of MAb 8A3 and anti-P40-G gy 50,Cys
polyclonal serum were surprising in view of the potent LRT
protection induced by the corresponding G4 peptide.
However, since both of these reagents are highly labile, it is
likely that the protection attributed to these antibodies is un-
derestimated. In contrast, the discordance between the levels
of protection afforded by MAb 5B7 and peptide G,g4 176 IS
more difficult to explain. Since MAb 5B7 was derived from
BBG2Na-immunized mice, the relevant epitope is clearly em-
ployed in the context of this RSV G fragment. However, pep-
tide Gyg4_176 (residues 164 to 176) corresponds to the hydro-
phobic domain of the central conserved region and is indeed
very hydrophobic. It is possible that the hydrophobicity of this
domain is accentuated in the peptide context, rendering it
poorly immunogenic.

Since protectopes 163 to 174, 171 to 187, and 178 to 185
were identified by MAbs derived from BBG2Na-immunized
mice, they are evidently employed upon BBG2Na immuniza-
tion. Pepscan analysis of anti-BBG2Na polyclonal serum con-
firmed this for protectopes 163 to 174 and 178 to 185. How-
ever, this was not possible for protectope 171 to 187 due to its
conformational dependence. Furthermore, Pepscan analysis of
the serum indicated that epitopes overlapping with or incor-
porating protectopes 150 to 157 and 190 to 204 were also
employed upon BBG2Na immunization. Interestingly, a lower
level of epitope usage was evident in the G2Na region by mice
following immunizations or infections with RSV-A than by
those receiving BBG2Na immunizations (only three of five
protectopes were employed). This is not surprising, consider-
ing the much higher number of RSV-specific epitopes on both
the G and other viral proteins available to RSV-primed mice,
which undoubtedly influences the hierarchy of epitope usage.
It is also consistent with the hypothesis that the central con-
served region of the G protein is poorly immunogenic in the
context of the whole virion and G protein. The lack of reac-
tivity with the other protectopes suggests that they represent
subdominant epitopes in the context of the whole virus. These
results are also consistent with the fact that in two independent
panels of RSV-A G protein-specific murine MAbs, most MAbs
are directed against the C-terminal hypervariable one-third of
the protein (32; reviewed in reference 33).

Finally, Pepscan analyses of human RSV-convalescent-
phase sera demonstrated considerable conservation of B-cell
epitope usage in two individuals. Importantly, the epitope us-
age included all of the murine B-cell protectopes identified in
this communication. Interestingly, the reactivities of both sera
seemed to be intensified in the 152 to 175 region, which in-
cludes the completely conserved domain. Although more pro-
nounced than that observed with murine anti-BBG2Na and
RSV-A polyclonal sera, the Pepscan data suggest poor reac-
tivity of the human sera within the cysteine noose region. This
contrasts with previous reports (1, 39) in which peptide reac-
tivities suggested that residues 174 to 188 constituted an im-
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munodominant domain of the native G protein. However, care
must be taken in interpreting our Pepscan data because the
assay likely interferes with the noose conformation and thereby
the associated epitopes. It is also noteworthy that more reac-
tivities were observed in the Pepscan assay than previously
reported when using peptides (1, 39). The discrepancies may
be due to our use of 12-mer peptides that overlapped by 11
residues, thereby facilitating a more complete dissection of the
epitopes in the conserved region than that achieved by Norrby
et al. (39), who employed 15-mer peptides that overlapped by
5 residues.

In conclusion, we identified five independent B-cell protec-
topes capable of preventing RSV infection of mouse LRTs.
Immunizing mice with BBG2Na increases the protectope us-
age in this central conserved region compared with RSV-A-
infected or immunized mice. The use of these epitopes was
evident in convalescent-phase human sera following RSV in-
fection. Since anti-RSV polyclonal sera are known to be suf-
ficient to reduce the incidence of RSV disease in the LRTs of
high-risk children (4, 23), it is conceivable that the murine
protectopes are also implicated in this prophylactic protection
in view of the conserved epitope usage in humans. Should this
hypothesis be proven, and in view of their linear nature, the
murine protectopes may constitute important correlates of
protective immunity in the development of RSV vaccines for
humans. Conversely, a correlation with LRT protection in hu-
mans suggests that the central conserved region of the RSV G
protein may constitute an important component of such vac-
cines.
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