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Respiratory syncytial virus (RSV) is the most important cause of bronchiolitis and pneumonia in infants and
young children worldwide. As yet, there is no effective vaccine against RSV infection, and previous attempts to
develop a formalin-inactivated vaccine resulted in exacerbated disease in recipients subsequently exposed to
the virus. In the work described here, a combinatorial solid-phase peptide library was screened with a pro-
tective monoclonal antibody (MAb 19) to identify peptide mimics (mimotopes) of a conserved and conforma-
tionally-determined epitope of RSV fusion (F) protein. Two sequences identified (S1 [HWYISKPQ] and S2
[HWYDAEVL]) reacted specifically with MAb 19 when they were presented as solid-phase peptides. Further-
more, after amino acid substitution analyses, three sequences derived from S1 (S1S [HWSISKPQ], S1K
[KWYISKPQ], and S1P [HPYISKPQ]), presented as multiple antigen peptides (MAPs), also showed strong
reactivity with MAb 19. The affinity constants of the binding of MAb 19, determined by surface plasmon
resonance analyses, were 1.19 3 109 and 4.93 3 109 M21 for S1 and S1S, respectively. Immunization of BALB/c
mice with these mimotopes, presented as MAPs, resulted in the induction of anti-peptide antibodies that
inhibited the binding of MAb 19 to RSV and neutralized viral infection in vitro, with titers equivalent to those
in sera from RSV-infected animals. Following RSV challenge of S1S mimotope-immunized mice, a 98.7% re-
duction in the titer of virus in the lungs was observed. Furthermore, there was a greatly reduced cell infiltration
in the lungs of immunized mice compared to that in controls. These results indicate the potential of peptide
mimotopes to protect against RSV infection without exacerbating pulmonary pathology.

Respiratory syncytial virus (RSV) is the major cause of se-
rious lower respiratory tract illness in infants and immunosup-
pressed individuals worldwide and is estimated to be respon-
sible for 65 million infections and 1 million deaths annually
(12, 19). Although the severity of disease declines with re-
peated infection, previous infection with RSV does not prevent
illness in subsequent infections, and it is apparent that immu-
nity is incomplete. Furthermore, attempts to develop a vaccine
against RSV have encountered a series of problems. In the late
1960s, a formalin-inactivated vaccine not only failed to protect
infants against RSV but also induced exacerbated disease dur-
ing a subsequent epidemic (5, 19). Retrospective analysis of
the sera demonstrated that the inactivated vaccine induced
high anti-F (fusion) protein antibody titers, but with poor neu-
tralizing activity, suggesting that the inactivation treatment had
denatured or modified epitopes which were the target for neu-
tralizing antibodies (19, 25). Live attenuated vaccines were also
investigated as candidates; however, these were either poorly
immunogenic (overattenuated) or genetically unstable (5, 45).
Although new attenuated vaccines have given encouraging re-
sults in animal models (10, 11), there is an urgent need for

alternative approaches to the development of an effective vac-
cine.

Studies with experimental animals have provided evidence
that RSV-specific neutralizing antibodies can prevent infection
in the lungs when administered prophylactically (29). Intrave-
nous administration of pooled human immunoglobulin G (IgG)
containing a high titer of neutralizing antibodies prevented
serious RSV lower respiratory tract illness in high-risk children
(18). Both the F and G (attachment) glycoproteins of RSV
play a major role in eliciting this humoral immunity. The con-
served F glycoprotein induces protective immune responses (8,
36), and passive immunization with neutralizing anti-F mono-
clonal antibodies (MAbs) or recombinant Fab protects small
animals from RSV infection (12, 38, 39). Based on the results
of these studies, a neutralizing and protective MAb (MAb 19)
has been reshaped and humanized (as MAb RSHZ19) and has
been demonstrated to have protective properties superior to
those of anti-RSV polyclonal antibodies in a rodent model
(46). Its safety and efficacy have recently been assessed in
human volunteers (13).

The immunochemical characterization of the epitopes rec-
ognized by these protective antibodies is critical for the devel-
opment of a vaccine against RSV, but the conformational
constraints associated with the protective epitopes in RSV F
protein make it unlikely that they will be identified from anal-
ysis of the primary amino acid sequence. Indeed, earlier at-
tempts in our laboratory and elsewhere with synthetic peptides
representing continuous sequences of the F protein (amino
acids [aa] 205 to 225, 221 to 237, 261 to 273, 215 to 275, 417 to
438, and 481 to 491) failed to generate protective humoral
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responses (4, 23, 32, 42). The use of peptides (3), antigen
fragments (24), and antibody escape mutants (39) has con-
firmed the involvement of discontinuous residues within the F
protein in epitopes recognized by protective MAbs (39). Thus,
the use of alternative approaches for the identification of these
epitopes is essential.

Solid-phase and bacteriophage combinatorial peptide librar-
ies (22, 31) have been used for identification of peptide mimics
(mimotopes) of ligands, and the identification of peptide se-
quences that mimic the conformational structure of protective
epitopes would have great potential for the development of a
synthetic peptide vaccine. Recently, using a solid-phase com-
binatorial peptide library, we identified 8-mer peptides that
mimic an epitope recognized by a monoclonal anti-measles
virus F protein antibody. The mimotopes identified by this
approach did not bear any primary sequence relationship to
sequences in the viral protein but mimicked its conformation.
When used as an immunogen, one of the mimotopes induced
virus-neutralizing and protective antibody responses (35).
Phage-displayed peptide libraries have been used to delineate
sequences which mimic a discontinuous epitope of hepatitis B
surface antigen (7), the secondary structure of a neutralizing
epitope of human immunodeficiency virus type 1 (15), and
peptides that reacted with MAbs specific for polysaccharide
antigens (43).

In this paper, we describe the identification of mimotopes of
a protective epitope of RSV F protein, as defined by the
protective MAb 19, following the screening of a solid-phase
combinatorial peptide library. One of these mimotopes in-
duced a virus-neutralizing antibody response equivalent to that
in RSV-immunized animals, which significantly reduced the
viral load in RSV-challenged mice. These findings indicate the
potential of synthetic peptide mimotopes for the development
of a novel vaccine against RSV.

MATERIALS AND METHODS

Screening of the solid-phase peptide library. A solid-phase combinatorial
peptide library was synthesized on Novasyn TG resin (Novabiochem, Notting-
ham, United Kingdom) and represents 14 3 106 combinations of 8-mer peptides
(containing all natural amino acids except cysteine) per gram of resin (35). The
library was screened with the neutralizing and protective monoclonal anti-RSV
F protein antibody MAb 19 (39). Beads which stained dark brown at the lowest
MAb 19 concentration were selected, treated with trifluoroacetic acid to remove
bound antibodies, and microsequenced (Protein Sequencing Unit, Medical Re-
search Council Centre, Cambridge, United Kingdom).

Peptide synthesis. (i) Linear free peptides. The mimotope sequences were
synthesized as linear free peptides by automated solid-phase synthesis (9050 Pep
synthesizer; Milligen Division, Millipore, Bedford, Mass.) with 9-fluorenylmeth-
oxycarbonyl (Fmoc) chemistry and TGA resin (Novabiochem). The purity of the
peptides was assessed by reverse-phase high-pressure liquid chromatography and
mass spectrometry. The T-helper (Th) epitope of measles virus F protein (aa 288
to 302), employed for the immunogenicity studies (27), was synthesized as indi-
cated above. This sequence does not have any sequence similarity to RSV
protein sequences.

(ii) Resin-bound peptides. The mimotope sequences were also synthesized as
resin-bound peptides by the same procedure as described for the free peptides
but with Novasyn TG resin so that, after deprotection of the side chains with
trifluoroacetic acid and scavengers, the peptides remained attached to the resin.
Sequences were confirmed by microsequencing.

(iii) SPOTs peptides on derivatized cellulose membrane. The mimotope se-
quences which were reactive as resin-bound peptides were also synthesized on a
96-SPOTs activated cellulose membrane by the SPOTs method (Genosys, Cam-
bridge, United Kingdom), in which the peptides remain linked to the membrane
and are thus very similar to those linked to the TG resin.

(iv) MAPs. Mimotope sequences reactive as TG resin-bound peptides and
SPOTs were synthesized as tetramer multiple-antigen peptides (MAPs) with
(Fmoc)4-Lys2-Lys-Cys-bAla-resin (Novabiochem) (14, 37). S1S-MAP was also
synthesized colinearly with one copy of the measles virus Th epitope as (HWS
ISKPQ)4-Lys2-Lys-Cys-Lys-Lys–Th (S1S-MAP–Th). The purity of the MAPs was
assessed by C18 and C8 reverse-phase high-pressure liquid chromatography and
by amino acid analysis.

Virus. RSV (A2 strain) stock was grown in HEp-2 cells. The titer of RSV stock
was estimated by a plaque assay and expressed as the log10 of the reciprocal of
the dilution giving 1 PFU (17).

Animals, immunization schedules, and RSV challenge. Inbred female BALB/c
(H-2d) mice were purchased from the Medical Research Council, Mill Hill,
London, United Kingdom.

The optimal dose of MAPs injected intraperitoneally (i.p.) was found to be 25
mg/mouse, as in previous studies (14). Groups of 6- to 7-week-old BALB/c mice
were coimmunized i.p. either with 25 mg of MAPs and 8 mg of Th in Freund’s
complete adjuvant (FCA) (molar ratio, 1:1; ;5 nmol) (33, 35) or with 33 mg of
MAP-Th in FCA. The mice were boosted 3 weeks later with the same dose of
peptides in Freund’s incomplete adjuvant, and sera were collected weekly. Fur-
ther groups of mice received a second boost (5 nmol in Freund’s incomplete
adjuvant) 6 weeks after the first boost. Groups of mice immunized i.p. with MAP
plus Th in FCA, MAP-Th in FCA, Th in FCA, or saline were challenged
intranasally (i.n.) with RSV (106 PFU/50 ml) 4 to 5 weeks after the boost or 3
weeks after a second boost. A separate group was infected i.n. with RSV (106

PFU) 9 days prior to challenge as a positive control. For challenge of passively
immunized animals, groups of four 14- to 15-week-old mice received the follow-
ing: (i) i.p., either 400 ml of pooled S1S-MAP–Th antiserum (anti-RSV IgG log10
titer, 3.21), 100 ml (340 mg) of MAb 19 ascites (anti-RSV IgG log10 titer, 6.20),
or 400 ml of normal mouse serum; and (ii) i.n., 60 ml of protein G-purified IgG
(2 mg/ml) either from anti-S1S-MAP–Th antiserum (anti-RSV IgG log10 titer,
3.36) or from normal mouse serum (28).

Four days following challenge the mice were killed and their lungs were
removed (40), and RSV titers were estimated by a plaque assay and expressed as
log10 PFU/g of lung tissue (17, 21). RSV plaques were confirmed, after methanol
fixation, by immunostaining with a polyclonal anti-RSV antibody-peroxidase
conjugate (Biogenesis, Poole, United Kingdom).

Histology. For histological analysis, lungs were removed 7 days postchallenge
and fixed, and sections were stained with hematoxylin and eosin (40).

Immunochemical assays. (i) Peptide enzyme-linked immunosorbent assay
(ELISA). Immunolon IV 96-well microplates (Nunc, Roskilde, Denmark) were
coated with 50 ml of peptide at 5 mg/ml in sodium bicarbonate buffer (pH 9.6)
overnight at 4°C, washed with water, and blocked with 200 ml of phosphate-
buffered saline (PBS)–bovine serum albumin (BSA) 2.5% per well for 2 h at
37°C. After being washed, the plates were incubated with twofold serial dilutions
of biotinylated MAb or polyclonal mouse serum in PBS-Tween (PBS-T)–BSA
2.5% (diluting buffer) for 2 h at 37°C and washed.

For biotinylated MAb, plates were incubated for 1 h at 37°C with a strepta-
vidin-peroxidase conjugate (Boehringer, Mannheim, Germany) at 1/5,000 in
diluting buffer. For polyclonal sera, plates were incubated with a rabbit anti-
mouse IgG (heavy and light chains)–peroxidase conjugate (Nordic, Tillburg, The
Netherlands) at 1/2,000 in diluting buffer for 1 h at 37°C.

Unbound conjugate was removed by washing, and enzyme activity was de-
tected by the addition of 100 ml of substrate solution (0.04% o-phenylenedi-
amine–0.004% hydrogen peroxide in citrate-phosphate buffer). After 10 min at
room temperature the enzymatic reaction was stopped with 50 ml of 2 M H2SO4.
IgG titers were expressed as log10 of the reciprocal of the dilution giving an
absorbance at 492 nm of 0.2.

(ii) Reactivity of MAb 19 with resin-bound peptides. The binding of MAbs to
resin-bound peptides was performed as in the screening of the library and was
quantified with a soluble substrate (o-phenylenediamine–hydrogen peroxide).

(iii) Reactivity of MAb 19 in the SPOTs ELISA. After synthesis of the SPOTs,
the membrane was washed three times with TBS-T (Tris-buffered saline–0.1%
Tween) and blocked with TBS-casein 1%. After washing with TBS-T, MAb 19
was incubated at a concentration of 1.25 mg/ml in TBS-casein 1% for 3 h at room
temperature, and positive reactivities were identified after successive incubations
with secondary antibody and substrates.

(iv) RSV ELISA. RSV was purified by sucrose gradient centrifugation (10),
and Immulon IV 96-well microplates were coated with 50 ml of RSV at 5 mg/ml
(total protein concentration) in PBS, washed with water, blocked with PBS-BSA
2.5% for 2 h at 37°C, and washed with PBS-T. For the indirect ELISA, the plates
were incubated with twofold serial dilutions of polyclonal sera overnight at 4°C.
The plates were then washed and developed as described for the peptide ELISA.

For the competition ELISA, 50 ml of serial dilutions of polyclonal sera and 50
ml of biotinylated MAb 19 (125 ng/ml) were incubated overnight at 4°C. After
being washed, bound MAb 19 was reacted with streptavidin-peroxidase conju-
gate (1/5,000; 1 h at 37°C). The plates were developed and read as described
above. The inhibition titer was expressed as the log2 of the reciprocal dilution
giving a 50% inhibition of MAb 19 binding.

(v) Surface plasmon resonance interaction analysis with BIAcore. A biosensor
(BIAcore) was used to quantify the interaction of MAb 19 with the mimotopes
(30). MAPs were monobiotinylated at the cysteine residue with biotin-maleimide
(BMCC, Pierce, United Kingdom), and streptavidin (Sigma) was immobilized
onto the CM5 sensorchip. The monobiotinylated MAPs were allowed to react
with the streptavidin-immobilized chips, and the association (ka) and dissociation
(kd) rate constants and affinity constants (K 5 ka/kd) of the interaction of MAb
19 with the immobilized MAPs were determined over a range of MAb 19
concentrations (16.6 to 64.8 nM). The kinetic parameters were determined from
the sensorgrams with BIAanalysis version 2.1 software (Pharmacia).
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Virus neutralization. RSV (50 PFU) was mixed with a range of dilutions of
heat-inactivated sera in minimal essential medium containing 1% fetal calf serum
and 25 mM HEPES for 1 h at room temperature. The virus-serum mixtures were
transferred to HEp2 cell monolayers for 3 h at 37°C, after which the virus-serum
mixtures were discarded, and 100 ml of a carboxymethyl cellulose overlay was
added. The plates were observed daily for cytopathic effect, and up to 4 days
later, the number of plaques was enumerated. Neutralization titers were ex-
pressed as the log2 of the reciprocal of the serum dilution which reduced the
plaque numbers to 50% of the mean normal mouse serum control value.

RESULTS

Identification of mimotopes and their reactivity with MAb
19. Five peptides were selected from the solid-phase peptide
library with MAb 19 (Table 1), and Swiss-Prot analysis showed
that the sequences have no homology with the primary amino
acid sequence of RSV F protein. When the sequences were
synthesized as free peptides, none reacted with MAb 19 in a
peptide-based ELISA (Table 1), nor were they able to inhibit
the binding of MAb 19 to RSV in the fluid phase (data not
shown). The sequences were therefore resynthesized as pep-
tide-TG resin complexes (identical to those employed in the
solid-phase library), and all (except S5) reacted specifically
with MAb 19. In particular, MAb 19 reacted strongly with two
sequences (S1 [HWYISKPQ] and S2 [HWYDAEVL]) pre-
sented as resin-bound peptides (Table 1). However, when the
sequences were presented as SPOTs peptides, MAb 19 bound
strongly to S1 but not to S2. In an attempt to maximize the
binding of the mimotopes by MAb 19, single-amino-acid sub-
stitutions at each position of the 8-mer peptides S1 and S2
were performed and the reactivities of the substituted peptides
were analyzed. Some substitutions resulted in improved reac-
tivity with MAb 19 (i.e., S1K, S1P, and S1S), but others abol-
ished recognition by MAb 19 (for example, replacement of Y
by F at position 3 in peptide S1; this shows the importance of
the hydroxyl group for optimal binding, since Y can be re-
placed successfully by S [peptide S1S]) (Table 1). These results
indicate that the presentation of the sequences as C-terminal
linked peptides and as multiple copies at high density (as in the

solid-phase library) appears to be critical for their recognition
by MAb 19. Peptides S1, S1K, S1P, S1S, and S2 were therefore
synthesized as tetrameric MAPs (S1-MAP, S1K-MAP, S1P-
MAP, S1S-MAP, and S2-MAP) for use as antigens and immu-
nogens. The binding of MAb 19 to S1-MAP in a peptide
ELISA was specifically inhibited by the addition of increasing
amounts of sucrose gradient-purified RSV but was not inhib-
ited by monomeric S1 (Table 2). Similar binding curves were
obtained with S1K-, S1P-, and S1S-MAPs, but no binding with
S2-MAP was demonstrated (Table 2). Affinity constants for the
interaction of MAb 19 with S1-MAP and S1S-MAP in the 109

M21 range were determined by surface plasmon resonance,
and more than a fourfold difference between the affinity of
MAb 19 for S1S-MAP and that for S1-MAP was observed
(Table 2).

Induction of specific anti-RSV antibody responses. To assess
the immunogenicity of the RSV mimotopes presented as MAP
constructs, BALB/c mice were coimmunized with the con-
structs and a Th epitope (molar ratio, 1:1) from measles virus
F protein (aa 288 to 302) (27), and peak anti-peptide antibody
titers (log10 titer range, 4.52 to 5.83) were observed 4 to 5
weeks after the boost. Mice immunized with MAP constructs
in the absence of the Th epitope did not induce detectable
anti-RSV antibodies (data not shown). Sera obtained from
mice coimmunized with either the S1-, S1K-, S1P-, S1S-, or
S2-MAP construct and the Th peptide (optimal dose, 25 mg;
;5 nmol/animal) at the peak of antibody response were tested
for their abilities to cross-react with RSV, to compete with
MAb 19, and to neutralize viral infection in vitro (Table 3).
Although all mimotopes tested induced antibodies cross-reac-
tive with RSV, S1S-MAP generated the highest titer (log10
titer, 3.20 6 0.12). Furthermore, S1S-MAP induced the highest
titers of antibody that specifically inhibited the binding of MAb
19 to RSV and neutralized the virus in vitro (Table 3). Al-
though antibodies induced by S2-MAP reacted weakly with
RSV, they had no detectable MAb 19-inhibiting nor RSV-
neutralizing activity. S1S-MAP colinearly synthesized with one
copy of the Th epitope (S1S-MAP–Th) induced slightly lower
anti-RSV antibody titers than those obtained with S1S-MAP,
but they were more efficient at inhibition of MAb 19 binding
and neutralization of RSV in vitro. These anti-S1S-MAP–Th
antibodies had MAb 19-inhibiting titers and neutralizing titers
similar to those in sera from mice naturally infected with RSV,
which had high levels of anti-RSV antibodies (log10 titer,
4.51 6 0.40). Immunization with the Th epitope alone did not
induce RSV-specific antibodies. S1S-MAP (coimmunized with

TABLE 1. Reactivity of mimotopes with MAb 19a

Mimotope Sequence

Reactivity as:

Free
peptide

Resin-bound
peptide

SPOTs
peptide

S1 HWYISKPQ ,0.10 1.25 111
S2 HWYDAEVL ,0.10 1.43 1
S3 YWYEEPIX ,0.10 0.54 1
S4 MRRTHLQR ,0.10 0.27 6
S5 TRRAYYPK ,0.10 ,0.10 2

S1Kb KWYISKPQ ND ND 1111
S1Pb HPYISKPQ ND ND 1111
S1Sb HWSISKPQ ND ND 11111

a Sequences were identified by microsequencing of five positive beads (X,
undetermined amino acid). The reactivity with MAb 19 (at a concentration of
1.25 mg/ml) was tested with the sequences presented as follows. (i) Free peptides:
ELISA plates were coated with the corresponding sequences and tested in a
peptide ELISA. The results are expressed as corrected optical densities (ODs)
(OD for MAb 19 2 OD for control MAb). (ii) Resin-bound peptides: sequences
were synthesized as TG resin-bound peptides and tested in a modified ELISA
protocol. The results are expressed as corrected ODs. (iii) SPOTs peptides:
sequences were synthesized as peptides linked to nitrocellulose and tested in
SPOTs ELISA. The results are expressed as arbitrary units, representing the
color intensity of the SPOTs. None of the SPOTs peptides reacted with a control
MAb.

b Amino acid substitution in the sequence of S1 (HWYISKPQ) analyzed by
the SPOTs ELISA method. Only the substitutions resulting in an increase in
MAb 19 (1.25 mg/ml) reactivity are presented (bold and underlined). ND, not
determined.

TABLE 2. Reactivity of MAb 19 with S1-, S1S-, and S2-MAP
constructs and respective equilibrium constants

MAP
construct

ELISA
resulta

Inhibition by
monomeric

peptideb

Inhibition
by RSV

(%)c

Biosensor K
(M21)d

S1-MAP 1.15 NS 75.3 1.19 3 109 (6 0.23)
S1S-MAP 1.57 NS 68.8 4.93 3 109 (6 0.31)
S2-MAP ,0.1 NA NA NB

a ELISA results are presented as absorbance obtained with MAb 19 at 30
ng/ml.

b Inhibition with the corresponding monomeric peptide was performed with a
concentration of S1 or S1S of 0.5 mg/ml in the liquid phase. NS, not significant;
NA, not applicable.

c Inhibition with sucrose gradient-purified RSV was obtained with a concen-
tration of 30 mg/ml (total protein concentration) in the liquid phase; no inhibition
was detected when the same concentration of measles virus was used.

d Results are the means of three different experiments (6 standard devia-
tions). NB, no detectable binding.
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the Th epitope) and S1S-MAP–Th were therefore selected as
immunogens to assess their effectiveness at inducing a protec-
tive antibody response against RSV challenge in vivo.

Reduction of viral load in the murine model of RSV infec-
tion. Groups of BALB/c mice were coimmunized with either
S1S-MAP and the Th epitope, S1S-MAP–Th, or the Th epi-
tope alone as described above; additional groups received a
second boost 6 weeks after the first. Four to 5 weeks after the
last boost, the mice were challenged with RSV i.n. (106 PFU/50
ml). A control group of naive mice was infected i.n. with RSV
(106 PFU/50 ml) 9 days prior to challenge. Four days following
challenge, at the peak of RSV infection in the lungs of BALB/c
mice (40), the levels of virus recoverable from the lungs of the
mice were determined. In groups immunized with S1S-MAP
plus the Th epitope or with S1S-MAP–Th, there was a signif-
icant reduction in the titer of RSV recoverable from the lungs
compared to that from controls immunized with the Th pep-
tide alone (Fig. 1). The viral load in mice receiving two boosts
was reduced by 77-fold in comparison to the viral load in
Th-immunized animals (a reduction in titer of log10 1.85 to
1.89). Furthermore, prior to RSV challenge, the mice that
received two boosts had higher anti-RSV antibody titers than
animals that received one boost (Fig. 1). The control mice
infected with RSV 9 days prior to challenge had no detectable
virus in their lungs and were considered totally protected (8,
40).

Histological evaluation of hematoxylin-and-eosin-stained
lung sections 7 days after challenge revealed greatly reduced
mononuclear cell infiltration in peribronchial and perivascular
areas in mice immunized with S1S-MAP compared to that in
control (Th-immunized) animals (Fig. 2) and similar to that
observed in RSV-immunized and -challenged mice.

The demonstration that S1S-MAP induced antibodies which
cross-reacted with RSV, inhibited MAb 19 binding, and neu-
tralized RSV in vitro suggested that these antibody responses
were responsible for the observed reduction in viral load in
vivo. Accordingly, groups of 14- to 15-week-old BALB/c mice
were passively immunized i.p. with 400 ml of pooled anti-S1S-
MAP antiserum or with 400 ml of normal mouse serum. As a
control, one group of mice received 100 ml of MAb 19 ascites.

Additionally, two other groups of mice received i.n. 120 mg of
purified IgG either from S1S-MAP–Th-immunized mice or
from normal mouse serum. The animals were challenged 24 h
later, and titers of virus recoverable from the lungs were de-
termined. Significantly lower levels of virus were recovered
from mice which received pooled anti-S1S-MAP–Th antiserum
(3.23 6 0.15 log10 PFU/g) than from mice receiving normal
mouse serum (4.32 6 0.10 log10 PFU/g; P 5 0.002). A similar
reduction of viral load was observed in mice passively trans-
ferred i.n. with purified IgG from anti-S1S-MAP–Th antiserum
(3.12 6 0.28 log10 PFU/g) compared to the load in animals that
received normal IgG (4.08 6 0.13 log10 PFU/g; P 5 0.005).
However, these reductions were lower than those observed
following passive transfer of 340 mg of MAb 19 (,2.1 log10
PFU/g) and following active immunization and may be a result
of the transfer of an insufficient amount of specific anti-S1S-
MAP antibodies.

DISCUSSION
The monoclonal anti-RSV antibody (MAb 19) which recog-

nizes a conformational epitope on the F protein of both human
RSV (A and B subtypes) and bovine RSV strains has been
shown to be protective following passive transfer to experimen-
tal animals (38, 39). Furthermore, this MAb has been reshaped
and humanized and has been used therapeutically in human
volunteers (13). In the work described in this paper, a solid-
phase combinatorial peptide library was used to identify pep-
tides that mimic the epitope recognized by this neutralizing
and protective MAb. When used as an immunogen, one of these

FIG. 1. Reduction of RSV infection in the lungs of mice following immuni-
zation with S1S-MAP. The animals were challenged i.n. with RSV (106 PFU/50
ml) 4 to 5 weeks after the last boost. The lungs were removed 4 days later (at the
peak of the viral load in the lungs) for quantification of viral titers. The results
are expressed as log10 RSV PFU/g of lung tissue 6 1 standard deviation. The
lowest level of virus detectable in this assay was 2.10 log10 PFU/g of lung tissue
(12 PFU/animal). The animals in the RSV group (the positive control for pro-
tection) were infected with RSV (106 PFU/50 ml) 9 days prior to rechallenge with
RSV. The open bars represent BALB/c mice (5 animals/group) immunized i.p.
and boosted 3 weeks later with S1S-MAP plus Th, S1S-MAP–Th, or Th (5 nmol/
animal). Anti-RSV IgG log10 titers for each group prior to challenge were as
follows: S1S-MAP plus Th, 3.29 6 0.13; S1S-MAP–Th, 3.01 6 0.11; Th, ,1.90.
The shaded bars represent BALB/c mice (4 animals/group) immunized following
the schedule described above but which received a second boost 6 weeks later.
Anti-RSV IgG log10 titers for each group prior to challenge were as follows:
S1S-MAP plus Th, 3.61 6 0.20; S1S-MAP–Th, 3.38 6 0.15; Th, ,1.90. A
significant reduction in RSV titers was observed in the lungs of all animals
immunized with S1S-MAP plus Th and S1S-MAP–Th in comparison to that in
the Th control group (p, P , 0.01; pp, P , 0.001 [Student t test]). Over five
experiments, no significant differences were observed in RSV titers recovered
from the lungs of Th-immunized and mock-immunized animals (P . 0.2 by
one-way analysis of variance).

TABLE 3. Induction of RSV-specific neutralizing antibody
responses in mice following immunization with mimotopesa

Immunization
or infection

No. of
mice

Anti-RSV
IgG titer
(log10)

MAb 19
inhibition
titer (log2)

RSV
neutralization

titer (log2)

S1-MAP 1 Th 3 2.72 6 0.10 5.32 6 2.82b 4.82 6 2.02b

S1K-MAP 1 Th 3 2.46 6 0.22 5.19 6 2.64b 4.32c

S1P-MAP 1 Th 3 2.62 6 0.11 3.82 6 0.12b 4.32c

S1S-MAP 1 Th 5 3.20 6 0.12 5.81 6 1.07 5.66 6 1.15
S2-MAP 1 Th 3 2.31 6 0.13 ,3.32 ,3.32

S1S-MAP–Th 5 3.02 6 0.19 6.24 6 0.93 7.99 6 1.53

Th 5 ,1.90 ,3.32 ,3.32

RSV infected 3 4.51 6 0.40 5.72 6 0.27 7.66 6 0.58

a BALB/c mice were immunized with either MAP 1 Th, MAP-Th, or Th (i.p.;
5 nmol/animal) and boosted 3 weeks later. Sera were collected 5 weeks following
the boost. For the RSV-infected group, the mice were infected (i.n.) twice at
2-week intervals with live RSV (106 PFU) and sera were collected 3 weeks later.
The results are presented as means 6 1 standard deviation.

b Only two animals had significant MAb 19-inhibiting or RSV-neutralizing
titers.

c Only one animal had a significant RSV-neutralizing titer.
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mimotopes induced virus-neutralizing antibody responses and
reduced viral load following challenge of mice with RSV.

Five peptide sequences were identified following screening
of the library with MAb 19, but there was no demonstrable bind-
ing of MAb 19 to these sequences when they were presented as
free peptides. However, when the sequences were synthesized
as resin-bound peptides (identical to those presented in the
solid-phase library) or as SPOTs peptides, MAb 19 demon-

strated strong specific binding to two sequences: S1 (HWYISK
PQ) and S2 (HWYDAEVL).

Since the solid-phase library we used contained only a
fraction of the theoretical number of possible 8-mer pep-
tides (2.6 3 1010), the SPOTs method was used for amino acid
substitution analysis in an attempt to generate peptides with
increased reactivity with MAb 19. Three modified sequences
derived from S1 showed enhanced reactivity with MAb 19: S1K

FIG. 2. Sections of lung tissue stained with hemotoxylin and eosin showing reduced cellular infiltration in mice immunized with S1S-MAP plus Th constructs (A
and B) compared to that in control mice immunized with Th alone (C and D) following challenge with RSV. As controls, sections from RSV-immunized and challenged
mice showing no infiltration are also shown (E and F). The histological analyses were performed 7 days after challenge with RSV (106 PFU/50 ml). Magnification, 3100
(A, C, and E) and 3250 (B, D, and F).

2044 CHARGELEGUE ET AL. J. VIROL.

 on M
arch 8, 2016 by guest

http://jvi.asm
.org/

D
ow

nloaded from
 

http://jvi.asm.org/


(KWYISKPQ), S1P (HPYISKPQ), and S1S (HWSISKPQ).
These results indicate that once a mimotope has been identi-
fied from a combinatorial library, it will be possible to enhance
its ability to interact with its corresponding antibody by making
appropriate amino acid substitutions and thus making its con-
formation more like that of the epitope. It is important to note
that the sequences identified by this type of approach do not
necessarily have any similarity to the primary amino acid se-
quence of the F protein of RSV, but they mimic the confor-
mation of the epitope (6, 15, 35).

The ability of MAb 19 to bind to these sequences was highly
dependent on the way in which they were presented as antigens
to the antibody, and the similarity of the precise spatial ar-
rangements and densities of the sequences to those in the
solid-phase library was critical for optimal binding (6, 26, 35).
Since the monomeric free peptides did not inhibit the binding
of MAb 19 to the corresponding MAPs or to RSV, it is likely
that more than one copy of the sequence is involved in mim-
icking the epitope. The manner of peptide presentation is also
likely to be important for immunogenicity, since none of the
mimotopes used as immunogens in the form of free peptides
was able to induce anti-RSV antibody responses in vivo. MAb
19 reacted specifically with S1-MAP (and derivative sequences
of S1), with affinity constants of the order of 109 M21. How-
ever, presentation of S2 as a MAP failed to mimic the epitope
for MAb 19. Coimmunization of mice with the S1-, S1P-, S1K-,
and S1S-MAP constructs and a Th peptide induced anti-pep-
tide antibodies which inhibited the binding of MAb 19 to RSV
and neutralized the virus in vitro, with the S1S-MAP construct
being particularly effective. However, anti-peptide antibodies
induced following coimmunization of mice with the S2-MAP
construct and the Th epitope had no demonstrable RSV-neu-
tralizing activity and did not inhibit MAb 19 binding to the
virus.

There is a considerable literature showing that the biological
activity of antibodies of high affinity is superior to that of
lower-affinity antibodies (34), and we have previously shown
that coimmunization induces antibodies of lower affinity than
those induced following immunization with a chimeric im-
munogen in which the Th-cell epitope was covalently coupled
to the B-cell epitope (33). S1S-MAP was therefore covalently
coupled to the Th epitope (S1S-MAP–Th), and immunization
with this chimeric construct induced anti-peptide antibodies
that had MAb 19-inhibiting and RSV-neutralizing activities
which were greater than those in sera from coimmunized an-
imals and, interestingly, similar to those in sera from RSV-
infected mice (Table 3).

The abilities of the antibody responses induced to confer
protection were assessed in the well-established BALB/c
mouse model of RSV infection (17, 40). A maximum 1.89 log10
(77-fold) reduction in viral load compared to those of control
groups was observed in mice receiving two booster immuniza-
tions with the S1S-MAP constructs. Indeed, these animals had
on average only 25 PFU detectable per pair of lungs. The
reduction in viral load in S1S-MAP-immunized mice was not as
great as that in RSV-immunized mice despite similar levels of
neutralizing antibody in both groups. It is likely that immuni-
zation with RSV induced other protective immune mecha-
nisms, such as cytotoxic T-lymphocyte (CTL) responses, which
contributed to the enhanced protection observed compared to
that seen with antibody alone.

The results of histological analyses were consistent with lung
viral titers in that mononuclear-cell infiltration in the peribron-
chial and perivascular areas of the lungs of RSV-challenged
S1S-MAP-immunized mice was greatly reduced compared to
that in infected control animals (40). The reduction in virus

titer is similar to that observed in mice immunized with puri-
fied F protein either by the mucosal or the parenteral route,
which still had detectable virus after challenge (in nasal or lung
lavages), or a 1.7 log10 reduction in titer (20, 44), although in
our studies, we used three immunizations in Freund’s adjuvant.
They are also consistent with other studies in which immuni-
zation with F protein incorporated into immune-stimulating
complexes or with vaccinia viruses expressing F protein (vF),
which induces both humoral and cellular immune responses,
resulted in more than a 2 log10 reduction in viral titer (8, 41).
In contrast to the enhanced pulmonary pathology seen in mice
immunized with purified F protein or with vF and challenged
with RSV, there was little or no inflammatory response in the
lungs of mice immunized with S1S-MAP under our immuni-
zation schedule. However, we cannot exclude the possibility
that under different conditions, enhancement of pathology may
occur. T cells appear to be responsible for the development of
lesions in RSV-infected mice (2, 16), and T cells mediate the
exacerbated pathology seen in mice immunized with formalin-
inactivated RSV (9) or with recombinant vaccinia viruses ex-
pressing RSV proteins (1). The minimal cellular response in
the lungs of RSV-challenged mice coimmunized with S1S-
MAP and the measles Th epitope suggests that, not surpris-
ingly, RSV-specific T cells were not primed by the measles Th
peptide. The possibility that replacement of the measles Th
epitope with a Th from RSV will prime mice for increased
pulmonary pathology is being investigated.

RSV-specific cytotoxic T cells induced following i.n. immu-
nization with a chimeric peptide consisting of a fusion peptide
from measles virus F protein and a CTL epitope from the M2
protein of RSV resulted in a reduction in virus load following
challenge (21). The possibility that immunization with a mix-
ture of synthetic peptides to induce RSV-specific anti-mimo-
tope antibody and CTL responses will result in a more effective
protection against infection is currently being studied. Never-
theless, the results presented in this report highlight the po-
tential of synthetic peptide mimotopes for the induction of
protective antibody responses to RSV and suggest that this
approach could be used for the development of a new vaccine
against this virus.
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