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The design of vaccines for RNA viral diseases is complicated by the high genetic variability of the viruses, which favors the se
scape mutants. A case in point is foot-and-mouth disease virus (FMDV), for which only limited protection has been observed in v
ith single peptides. We have explored the potential of immunogens of higher sequence diversity, covering a broad range of field

nduced mutations at the immunodominant site A of FMDV, serotype C. Four mixotope-type peptide libraries, containing ca. 3× 103 or
a. 3× 105 peptides each, in either linear or cyclic form, and combining most significant mutations found or induced at site A h
ynthesized and used to immunize guinea-pigs. Substantial levels of serum conversion have been observed for all four mixoto
s well as for single peptides, linear or cyclic, corresponding to the consensus site A sequence. The specificity and neutralizin

he anti-mixotope and -peptide antibodies have been evaluated by direct ELISA and by plaque reduction and micro-neutralizat
espectively. Challenge experiments with an infectious, guinea-pig-adapted FMDV strain, have shown higher protection rates
mmunized with the cyclic versions, either in single sequence or in combinatorial mixotope form.

2004 Elsevier Ltd. All rights reserved.
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. Introduction

Foot-and-mouth disease virus (FMDV) is a paradigm of
he challenges posed by RNA viruses to vaccine develop-
ent. At the genetic level, the high variability of FMDV

esults in aquasi-species[1,2] structure, in which each
enome population is conformed by one or several master
equences and an spectrum of mutant sequences differing in
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one or more amino acid residues. This genetic heteroge
and its derived high mutation rates underlie the substa
diversity of FMDV serotypes (A, O, C, Asia 1, SAT1, SA
and SAT3; each with a large number of subtypes and vari
[3–5], and are a recognized obstacle in vaccine develop
and implementation. Thus, conventional vaccination
classical inactivated virus of one particular FMDV serot
does not confer protection against other serotypes, an
level of protection may vary among viruses of a sin
serotype[1]. With regard to synthetic vaccines, the situa
is even less favorable. Despite some initial reports of suc
in the vaccination of cattle with a single FMDV peptide[6],
later experiments using adequate statistics[7] have reveale
limited (39% at most) protection rates and concomi
selection of escape mutants. A recent paper claiming a
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full protection of swine with a peptide-based FMDV vaccine
[8] has been followed by another report where the same
immunogen is found to be totally ineffective in cattle[9].

A particular type of combinatorial library named mixo-
tope[10] was proposed as a candidate immunogen in rabbits
by the group of Tartar some time ago, in an attempt to address
the problem of the considerable antigenic diversity of HIV-1
[11]. The library contained ca. 105 peptide sequences com-
bining the mutations found in 21 isolates of the hypervariable
V3 loop region of gp120. The prospect was that an immuno-
gen of such high variability could improve protection levels
by eliciting a broad enough antibody response to target not
only reported mutations but, given its combinatorial nature,
any potential new ones as well, which would in practice sig-
nificantly reduce the escape rate. A similar approach was also
used by the same group[12] in rhesus macaques immunized
with a mixotope based on the hypervariable region of the
envelope glycoprotein (gp130) of simian immunodeficiency
virus (SIVmac142). In both experiments, antibodies specif-
ically binding the native proteins and related peptides were
observed. However, to our knowledge, no reports on the ca-
pacity of these complex mixtures of related immunogens to
elicit neutralizing antibodies and protection in animal models
have been reported.

This fact prompted us to explore the applicability of the
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many) and all other reagents from Sigma-Aldrich (Madrid,
Spain).

Amino acid analysis (AAA) of peptide hydrolyzates [6 M
HCl/phenol (99:1, v/v), 130◦C, 4 h] were done in a Beck-
man System 6300 analyzer. Analytical and preparative HPLC
were performed on Nucleosil C18 reverse phase columns
(0.46 cm× 25 cm, 5�m and 2 cm× 25 cm, 10�m, respec-
tively) eluted with water–acetonitrile (both containing ca.
0.05% TFA, v/v) gradients. MALDI-TOF and ES mass spec-
tra were recorded in Voyager DE-RP (Applied Biosystems,
USA) and VG-Quattro (Micromass, UK) instruments, re-
spectively.

2.2. Single peptide synthesis

The consensus A21 sequence (TTYTASARGDLAH-
PTTTHARHL) was assembled on MBHAR in an au-
tomated synthesizer (Applied Biosystems 430A) using
Boc/Bzl chemistry and preformed symmetrical anhydride
couplings. Side chain protections were benzyl (Thr, Ser), 2-
bromobenzyloxycarbonyl (Tyr), 4-methylbenzyl (Cys), tosyl
(Arg), cyclohexyl (Asp) and benzyloxymethyl (His). After
chain assembly, the peptide-resin was deprotected at the N-
terminus with 40% TFA in DCM, then treated with HF/p-
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ixotope approach to FMDV. We report here the resul
n immunization experiment using four types of mixot

ibraries, with two different diversities (3× 103 and 3× 105,
ermed MixLo and MixHi, respectively) and in either l
ar or cyclic form. The mixotopes are based on a 22-res
eptide corresponding to the main antigenic region (sit
f FMDV, serotype C, located on the exposed hyperv
ble G–H loop of capsid protein VP1[13,14], and combin
mino acid variations found in either field isolates or in
ulture that affected FMDV antigenicity[7,15–17]. Prior to
heir preparation and use as immunogens, a low-dive
ixotope has been synthesized and exhaustively ana
y chemical means to validate the quality of the synth
ethodology. The specificity and neutralizing ability of
ntibodies elicited in guinea-pigs by the mixotopes has
valuated, respectively, by ELISA and by plaque reduc
nd micro-neutralization assays, respectively. Challenge
serotype C, guinea-pig-adapted infectious FMDV iso

.10b[18], has been performed 62 d.p.i.

. Experimental

.1. Chemicals and biologicals

Protected amino acids,p-methylbenzhydrylamine res
MBHAR) (0.70 mmol/g) and reagents for peptide synth
ere from Neosystem (Strasbourg, France), Bachem (Bu
orf, Switzerland), or Novabiochem (Läufelfingen, Switzer

and). Solvents were from Scharlau (Barcelona, Sp
rifluoroacetic acid (TFA) from Solvay (Bad Wimpfen, G
resol (9:1, v/v; 0C, 1 h) to release the free peptide, wh
as dissolved in 10% HOAc, lyophilized and purified
reparative reverse phase (C18) HPLC using a linear gra
ient of 5–25% MeCN into H2O (both containing 0.05%
/v, TFA). Fractions corresponding to the main peak w
xamined by analytical HPLC using a linear 10–40%
ient of MeCN (+0.036% TFA) into H2O (+0.045%) ove
0 min at 1 mL/min. HPLC-homogeneous fractions w
ooled, lyophilized and further characterized by AAA a
ALDI-TOF MS (Table 1). Other related C-serotype s
uences and the randomized version (TLRTRHTLHATG
APAYTDA, rA22) of the peptide were obtained likewi
or the cyclic version, TTCTASARGDLAHPTTTHACHL,
yr136 and Arg153 of the consensus sequence were
laced by Cys and the bis-thiol precursor obtained upo

reatment was HPLC-purified and characterized as a
hen dissolved to 50�M in 100 mM NH4HCO3, pH 8.5,
nd air-oxidized for 26 h. Progress of the oxidation
onitored by HPLC of neutralized 100�L-aliquots of the

olution.
The 64 individual sequences included in the test mixo

see Section3.1.2) were prepared by simultaneous para
moc synthesis in an AMS422 multiple peptide synthes
Abimed, Langenfeld, FRG), using 2-(1H-benzotriaz
-yl)-1,1,3,3-tetramethyluronium tetrafluoro-borate
oupling agent. Side chain protecting groups weret-butyl
Thr, Ser, Tyr, Asp), 2,2,5,7,8-pentamethylchroma
ulfonyl (Arg), and trityl (Cys, His). After TFA cleavage a
eprotection, crude products containing >85% (by HP
f the target peptide sequence (determined by MALDI-T
ass spectrometry) were used without purification; th
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Table 1
Chemical characterization of consensus A22(147P) peptide (linear, cyclic and random versions)

Peptide Purity (%, HPLC) Molecular weight
theoretical (founda)

AAA b

A22(147P) 98 2377.21 (2378.70) Asp, 1.09 (1); Thr, 5.37 (6); Ser, 1.21 (1); Gly, 1.00 (1); Ala, 4.16 (4);
Leu, 2.01 (2); Tyr, 0.98 (1); His, 2.75 (3); Arg, 1.99 (2)

cycA22(147P) 88 2262.07 (2262.49) Asp, 1.05 (1); Thr, 5.01 (6); Ser, 1.33 (1); Gly, 1.09 (1); Ala, 4.28 (4);
Leu, 1.97 (2); His, 2.63 (3); Arg, 0.97 (1)

A22ran 99 2377.21 (2377.54) Asp, 1.05 (1); Thr, 5.40 (6); Ser, 1.21 (1); Gly, 1.00 (1); Ala, 4.05 (4);
Leu, 1.90 (2); Tyr, 1.10 (1); His, 3.05 (3); Arg, 1.95 (2)

a Determined by MALDI-TOF mass spectrometry.
b Experimental followed by theory values in parenthesis.

of lower content were purified by HPLC to meet the desired
specifications.

2.3. Mixotope synthesis

All mixotopes were synthesized by manual solid phase
methods, as described in[10], starting from 0.1 mmol
(144 mg) of MBHAR and using a Boc protection scheme.
Couplings at non-degenerate positions were done with
3 equivalents of the corresponding Boc-amino acid in the
presence of dicyclohexylcarbodiimide/1-hydroxybenzotri-
azole (3 equivalents) inN-methylpyrrolidone. At degener-
ated positions, a first coupling (1.5 h to overnight) was done
with 0.1 mmol (1 equivalent) of an equimolar mixture of the
Boc derivatives of the amino acid mutations reported for that
position.N,N-diisopropylethylamine (0.1 mmol) was added
to the coupling reaction during the last 30 min. If a posi-
tive Kaiser ninhydrin test was observed, a second coupling
with 0.2 mmol of the same Boc amino acid mixture was per-
formed. The mixotope libraries were cleaved off the resin
with HF/p-cresol (9:1, 0◦C, 1 h), taken up in 10% HOAc
and lyophilized several times. Exhaustive chemical charac-
terization of the preliminary 64-peptide test library was done
by HPLC, MALDI-TOF mass spectrometry and amino acid
analysis (AAA) as discussed in the Results section.
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2.4. Viruses and cells

Five FMDV, serotype C1, isolates (CS8, CS15, CS20,
CS35 and MAR 2.1) were used in the neutralization assays
of sera derived from mixotope libraries. The amino acid
sequences of their GH loops (positions 137–157 of capsid
protein VP1)[19,20] are shown inFig. 1. For guinea-pig
challenge experiments, FMDV isolate 2.10b was used. This
virus was derived from isolate C-S8c1 by 10 serial passages
in guinea-pigs and was able to consistently produce vesicular
lesions in this species[18]. FMDV 2.10b was unable to
infect cell cultures; it was propagated in guinea-pig and the
virus recovered from lesions was titrated by means of its
capacity to kill suckling mice[21].

2.5. Animal immunization and viral challenge

Male guinea-pigs (Dunkin Hartley, 250–350 g) were im-
munized by subcutaneous injection with 1 mg of peptide im-
munogen (consensus sequence, MixHi and MixLo, in both
linear and cyclic versions) dissolved in 150�l of PBS and
emulsified with an equal volume of FCA. Animals were
boosted twice, at 21 and 42 d.p.i., with an equivalent dose
in FIA administered intradermally. Sera from immunized
animals were collected at 61 d.p.i. for serological analysis.
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For the cyclic disulfide mixotopes, an approach simila
hat of Section2.2was followed, i.e., Tyr136and Arg153of the
onsensus sequence were replaced by Cys and the bi
recursor obtained upon cleavage (9:1, HF/p-cresol; 0◦C,
h) was isolated, dissolved to 45�M in 100 mM NH4HCO3,
H 8.5, and air-oxidized for 26 h. Since HPLC monitoring

he reaction progress was obviously unfeasible, Ellman
rimetric tests were performed, as follows: 500�L-aliquots
f the mixotope solution were neutralized (dilute HOA

yophilized and redissolved in 10�L of 20 mM Tris buffer,
H 8, then mixed with 25�L of saturated 5,5′-dithiobis(2-
itrobenzoic acid) (DTNB) solution in 20 mM Tris buffe
H 8. Cysteine and cystine samples were used as po
nd negative controls, respectively.

The four libraries to be used as immunogens were ch
erized exclusively by AAA[10]. Experimental values we
atched against expected amino acid molar ratios calcu

rom the theoretical composition of the mixotope.
l

wenty days after the second vaccine boost (62 d.p.i.)
mals were challenged by intradermal injection of 3× 104

D50 in suckling mouse of FMDV 2.10b, in the metatar
ad of the left hind foot. The appearance of lesions in an

he feet or in the mouth was monitored by visual inspec
or seven days. A clinical score (0, absence; 4, large ves
as used to evaluate the severity of the lesions.

.6. Serological analyses

.6.1. Detection of anti-peptide/mixotope antibodies
A direct ELISA, based on a previously described met

ith slight modifications, detected antibodies recognizin
her the consensus peptide or the mixotopes[22]. All proce-
ures were performed at room temperature (ca. 25◦C) unless
therwise indicated. Briefly, 96-well plates were coated
�g of peptide or 8�g of mixotopes in water, by evapor

ion overnight at 37◦C, then blocked for 1 h with 0.5% BS
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Fig. 1. Amino acid sequences at VP1 site A of serotype C of FMDV isolates. The conserved RGD region is boxed. Virus 2.10b was recovered upon adaptation
from isolate C-S8c1 to guinea-pig (mutation of Leu to Pro at position 147), and was used for challenge experiments.

in PBS (blocking buffer), and incubated with serial dilutions
of sera in blocking buffer plus 0.1% Tween 20 for 2 h. Af-
ter washing with PBS–0.1% Tween-20 (PBST), wells were
incubated with protein A-horseradish peroxidase conjugate
for 40 min in PBST. After extensive washing, the substrate
tetramethyl-benzidine (TMB) was added to the wells, the re-
action was allowed to develop for 10 min and then stopped
with 2 M H2SO4. Titers of antibodies to the peptides or mixo-
topes were defined as the reciprocal of the dilution giving OD
1.0 at 450 nm.

Antibodies against peptides reproducing site A single
or multiple mutations were detected by a slightly different
ELISA in which peptide (2�g in 100�L PBS) was coated
overnight at 4◦C; blocking, washes and serum incubations
were as above, ando-phenylenediamine (OPD, detected at
490 nm) was used as peroxidase substrate.

2.6.2. Detection of anti-FMDV antibodies
Antibodies recognizing FMDV were assessed by direct or

sandwich ELISA. In the direct protocol, concentrated FMDV
CS8 supernatants were directly coated into 96-well plates by
overnight incubation at 4◦C, the plates were washed and
blocked as above, then incubated with serum dilutions in
blocking buffer for 90 min. Protein A-peroxidase-OPD de-
tection was performed as above.
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washed with water to remove excess dye, and the cytopathic
effect (cpe) measured as a function of dye incorporation, by
incubation with methanol (200�L/well) for 1 h at 25◦C, and
recording of the OD at 620 nm. 100% and 0% cpe were deter-
mined in wells incubated with virus alone or without virus,
respectively. Neutralization titer was defined as the reciprocal
of the dilution giving 50% cpe reduction.

3. Results and discussion

3.1. Synthetic antigens

3.1.1. Single sequences
A 22-residue peptide, TTYTASARGDLAHPTTTHA-

RHL, corresponding to residues 134–155 (GH loop)
of VP1 of the guinea-pig-adapted FMDV 2.10b isolate
(Figs. 1 and 2), was taken as consensus sequence of anti-
genic site A for the present study. This sequence contains the
amino acid residues most frequently found at each position
in a guinea-adapted version of FMDV, and differs from the
CS8c1 isolate used in earlier work (e.g.,[16]) in that Pro
instead of Leu is present at position 147 (Fig. 1). It was syn-
thesized as a single peptide in both linear [A22(147P)] and
cyclic disulfide [cA22(147P), Tyr136 and Arg153 mutated to
C ficity
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In the sandwich format, plates were coated overnight
erotype C-specific rabbit anti-FMDV antiserum, dilu
/2500 in 0.1 M carbonate–bicarbonate buffer, pH 9.6. A
ashing with PBS, FMDV C1 supernatant at 5× 105 pfu/well
as added and incubated for 1 h at 37◦C. After washing with
BS–0.1% Tween-20, serum dilutions in PBS–0.1% Tw
0–2% skimmed milk were incubated for 1 h at 37◦C. Anti-
ody detection was as above.

.7. Viral neutralization assay

For fast screening, a micro-neutralization assay (VN)[23]
as performed as follows: two-fold serial dilutions of ser

starting with 1:25) were incubated in duplicate for 1 h
7◦C with 50 pfu FMDV in 100�L DMEM supplemente
ith antibiotics and glutamine, then transferred to IB-R
ell monolayers grown in 96-well microtiter plates conta
ng 50�L/well of DMEM supplemented with glutamin
ntibiotics and 5% FCS (final volume: 150�L/well). After
vernight incubation (18–20 h), cells were fixed and sta
ith crystal violet in 4% formaldehyde for 1 h at 25◦C,
ys] versions, and used to evaluate the affinity and speci
f the different antisera. Linear sequences correspondi
ther related type C isolates (Fig. 7) were also made in o
er to test the antigenic spectrum recognized by mixo
era. A random version of A22(147P), rA22, was prep
s negative control.

.1.2. Test mixotope
To assess the reliability of the synthetic methods t

sed in the preparation of mixotope libraries, a prelimin
ow-diversity mixotope, based on the 136–150 VP1 resi
f FMDV2.10b and containing only 64 sequence com
ations, was synthesized[24]. In parallel, all 64 individ
al peptide sequences theoretically present in the mixo
ere synthesized and characterized by HPLC and MA
OF mass spectrometry. The peptides were then com

n equimolar amounts and the mixture compared to the m
ope by HPLC–electrospray mass spectrometry. This ana
howed the mixotope library to contain all the peptide ma
f the artificial mixture, with generally comparable peak

ensities on both samples. In a few cases (less than 5%
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Fig. 2. Composition of the low variability mixotope, MixLo (3.4× 103 sequences), is shown in normal type. The high variability library, MixHi (3.2× 105

sequences), includes in addition the residue shown in boldface. Cyclic mixotopes were obtained by intramolecular disulfide formation between positions 136
and 153 (underlined), both mutated to Cys.

intensity of a certain peptide mass in the mixotope was <50%
than in the control, suggesting not strictly equimolar compo-
sition. Since the AAA of both mixtures were also coincident
within a 5% error, it was concluded that the test mixotope pro-
vided a reasonably accurate representation of the combined
mutations in FMDV2.10b.

3.1.3. Mixotope design and synthesis
Once reliable methods for mixotope synthesis had been

worked out, mixotope libraries representing a broad array of
FMDV antigenic site A mutations were built (Fig. 2). The
mixotopes were designed on the basis of the FMDV 2.10b
consensus sequence shown inFig. 1. Although most muta-
tions altering virus antigenicity, previously observed in either
field or cell-cultured mutants[15–17], cluster around a cen-
tral, 15-residue region (residues 136–150) of VP1, we opted
for a slightly longer (22-residue) sequence, as previously used
in single peptide vaccination trials[7]. Many of these mu-
tations are known to be critical in terms of both antibody
and cellular receptor recognition. Among the latter, some
involve the Arg–Gly–Asp (RGD) triplet. This motif is in-
volved in host cell recognition via integrins such as�V�3 and
�V�6 [25–27]and in interaction with neutralizing antibodies
[28–30]and is highly conserved in all FMDV serotypes. For
type C FMDV, escape mutations affecting Arg141 have been
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fect of conformational restriction through an internal disul-
fide on the immune response, an approach reported to en-
hance both the antigenicity and immunogenicity of site A
peptide vaccines[32]. Thus, our low-diversity mixotopes,
MixLo and cMixLo, linear and cyclic, respectively (Fig. 2),
contained the most frequent mutations observed at Ala138

(Thr), Ser139 (Gly), Ala140 (Thr), Leu144 (Ser, Val) Ala145

(Val), His145 (Gln, Arg), and Pro147 (Leu, Ile), all with a
frequency above 2%, in addition to those at the RGD motif
(Gly, Glu, Gly, respectively). This amounted to a theoretical
number of 27 × 33 = 3456 peptide sequences. For the cyclic
disulfide version, and on the basis of previous results[33],
Tyr136 and Arg153 were mutated to Cys. In the two high-
variability mixotopes, MixHi and cMixHi, mutations with
frequencies under 2% at the hypervariable region were also
included, as well two Ala→Thr changes at positions 148 and
149 (frequency above 2% in both cases), altogether defin-
ing a theoretical number of 26 × 32 × 42 × 5× 7 = 322 560
combinatorial peptide sequences. Mutations representing re-
ported gaps (e.g., at positions 138 and 139,Fig. 2) were also
represented. This was done by removing a residue aliquot
corresponding to 1/n of the total batch,n being the number
of variant residues at this position.

Amino acid analysis is the only possible characterization
for mixture libraries of such complexity.Fig. 3shows a com-
p posi-
t ons
w ncies
w hr,
k , as
i

3

ne
r ides
[ o,
c ent
i vities
a als
w ribed
i SA
w ere
c was
o p of
etected in cattle vaccination trials with site A-based pep
accines[7], as well as the other two residues in viral pass
xperiments in cell culture[15].

Other positions where mutations of interest have bee
orted are those immediately up or downstream from R
or instance, changes at Leu144 and Leu147 (and to a lesse
xtent in Ala145) are known to induce critical losses in bo
ntigenicity and neutralizing ability[16,31]and are selecte

n cattle vaccinated with type C, site A-based peptide
ines upon viral challenge[7].

The level of chemical complexity of the mixture is an i
ortant decision in the design of mixotope libraries[10]. The
im is to find a proper balance between, on the one h
ufficient coverage of significant mutations and, on the o
and, adequate representation (i.e., concentration) of
ombinatorial sequence in the immunogen. Given the
ive lack of data on the subject, we decided (i) to disc
utations with reported frequencies below an arbitrary

ower limit; (ii) to test two levels of diversity, differing i
oughly two orders of magnitude, and (iii) to evaluate the
arison between the experimental and theoretical com
ions of all four libraries. In general, satisfactory correlati
ere obtained for most residues. The larger discrepa
ere observed for�-branched residues such as Val or T
nown to hydrolyze poorly, especially when juxtaposed
s the case in many of the sequences in the mixotope.

.2. Antibody response to mixotope immunogens

Direct ELISA were performed to evaluate the immu
esponse elicited in guinea-pig by either single pept
A22(147P), cA22(147P] or combinatorial libraries (MixL
MixLo, MixHi and cMixHi) against each respective par
mmunogen peptide, as well as to detect cross-reacti
mong them (Fig. 4). For this purpose, groups of four anim
ere immunized with each of the peptides, as desc

n Section 2.5. Antibody responses detected by ELI
ithin each group before viral challenge (at 61 d.p.i.) w
onsistent and no significant variability among animals
bserved. The highest titers were obtained in the grou



2652 E. de Oliveira et al. / Vaccine 23 (2005) 2647–2657

Fig. 3. Amino acid composition of the low variability mixotope, MixLo and cyMixLo (3.4× 103 sequences), and high variability mixotope library, MixHi and
cyMixHi (3.2× 105 sequences), determined after hydrolysis with 6 M HCl for 1.5 h at 155◦C (white bars). Theoretical composition (dark bars), calculated on
the basis of an equimolar amount of each amino acid introduced in the degenerated position. D and E columns represent Asp + Asn and Glu + Gln, respectively.

animals immunized with linear MixHi. Remarkably, the titers
of these sera against the consensus A22(147P) sequence were
even higher than those of animals immunized with the single
peptide, despite the ca. 1:300 000 dilution of this sequence
in the MixHi immunogen. In contrast, sera from animals im-
munized with A22(147P) recognized mainly this consensus
sequence and only weakly the mixotopes. The general pattern
of antiserum reactivity was MixHi > MixLo > consensus,
with lower serum titers observed for animals immunized

with cyclic peptides. These results are in fair agreement
with the study of Gras-Masse et al.[34], which showed
that increased immunogen degeneracy does not entail a
commensurate loss in either serum titer or specificity.

3.3. Specificity of anti-mixotope sera

The cross-reactivity of anti-mixotope sera with se-
quences bearing mutations included in the mixotope is well

F imals w 4)
l ). Plat b
t ed as t
ig. 4. Direct ELISA of peptide or mixotope antisera. Groups of four an
inear (15–18) or cyclic (35–38); MixHi, linear (19–22) or cyclic (39–42
he MixHi (grey bars), linear or cyclic, respectively. Titers are express
ere vaccinated with consensus peptide, linear (11–14) or cyclic (31–3; MixLo,
e antigens were the consensus peptide (white bars), the MixLo (blackars) and
he inverse of the dilution giving a OD = 1 at 450 nm.
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Table 2
Serum neutralization (plaque reduction) and protection against viral chal-
lenge in guinea-pigs immunized with peptides and mixotopes

Animal Immunogen Neutralization titera Protectionb

11 A22(P147) <5 +
12 <5 −
13 5 +
14 5 −
15 MixLo 5 −
16 0 −
17 0 −
18 0 −
19 MixHi 0 −
20 0 −
21 <3 −
22 <5 −
31 cycA22(147P) <5 −
32 20 +
33 20 +
34 5 +

35 cycMixLo 0 c

36 0 c

37 <5 +
38 0 −
39 cycMixHi <5 +
40 <5 −
41 <5 ±
42 0 −
43 PBS <5 −
44 0 −

a Titer defined as the lowest dilution giving 50% plaque reduction. Each
antiserum assayed in duplicate. Other details in Section2.

b Challenge with CS8c1 FMDV; (+) and (−) indicate protected (no lesions
on either pads or tongue) and non-protected, respectively, on day 8 post-
challenge; (±) minor lesion on left hind pad (inoculation site) observed on
day 8 post-challenge.

c Animal dead before challenge.

established[10,34]. We attempted to go one step further,
by exploring the recognition by mixotope antisera of pep-
tides with residues both included in and absent from the li-
brary. Thus, three of the FMDV peptides used as coating
agents in the ELISA employed (peptides A15S30, A21S30
and cyc16S30;Table 2), all related to isolate C-S30[31], had
Val instead of Leu at position 147, a change not included in
either mixotope, plus other mutations covered by the mixo-
topes. In addition, cyc16S30 included a non-natural residue
(6-aminohexanoic acid) used originally to enhance the flex-
ibility of the cyclic structure[31]. Another of the coating
peptides, A15(FPSI), had a far more heterologous sequence
none of its four mutations included in the mixotopes. The
rA22 random sequence was used as negative control.

Mixotope antiserum reactivity (at 61 d.p.i.) toward this
panel of antigens was, broadly speaking, consistent with
expectations. Thus, antisera from linear mixotopes (Fig. 5,
A panels) recognized peptide A22(147P) quite well, pep-
tide A15S30 to a lower extent, and peptide A21S30 only
faintly. Variability among different sera was not significant

(only two representative animals in each group appear in
Fig. 5). In terms of specificity, no striking differences were
observed between MixLo and MixHi antisera, other than an
increased recognition of A21S30 in the latter, consistent with
the fact that only the high-variability mixotopes contained the
Ala → Thr mutation at position 149. It seems reasonable to
assume that the diminished reactivity of all anti-mixotope
sera against peptides A15S30 and A21S30 relative to the
A22(147P) consensus peptide may be substantially due to
the non-inclusion of the Val147 mutation in either mixotope.
Earlier studies using site A monoclonal antibodies and single-
replacement peptides had shown this position to be particu-
larly sensitive, even to seemingly conservative changes such
as Val→ Leu (absent and present, respectively, from mixo-
tope)[31]. Similar reasoning can explain the total lack of re-
activity of the A15(FPSI) peptide against all mixotope sera.
In this case, the four replacements (none included in the
mixotope) would clearly abolish any advantage related to the
Leu147mutation being present in both sequence and libraries.

The cyclic mixotopes (Fig. 5, B panels) behaved again
fairly much as expected. Reactivity was highest against the
consensus sequence (in cyclic form), with titers comparable
to those of anti-linear mixotope sera, and with no appreciable
differences between low- and high-variability libraries. The
antisera showed clear specificity for cyclic antigens (consen-
s ear,
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Fig. 5. Direct ELISA of linear and cyclic consensus peptide and mixotope antisera against mutated peptides related to site A of FMDV. Sera from animals
immunized with linear MixLo (16 and 17) and MixHi (20 and 22) (panel A), and with cyclic MixLo (36 and 38) and MixHi (40 and 41) (panel B) were tested.
Plate antigens were the A22(147P) consensus peptide in either linear (�) or cyclic (♦) form, as well as the A21S30 (�), A15S30 (�), cyc16S30 (�), and FPSI
(*) mutants, plus the random peptide rA22 (©).

3.4. Neutralization

A micro-neutralization assay (see Section2.7), which al-
lows fast processing of small amounts of many samples, was
used to study the ability of the different antisera to neutral-
ize FMDV. Using this assay, the 28 antisera produced [four
animals each for A22(P147), MixLo, MixHi, plus cyclic ver-

sions, plus four controls inoculated with PBS] were tested
against five different FMDV isolates (Fig. 1). All muta-
tions (relative to 2.10b) in antigenic site A of the viruses
included in this assay were covered by the mixotope library
(Figs. 1 and 2).

The highest titers in this micro-neutralization assay were
found for animals immunized with peptide cycA22(P147),
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Fig. 6. Mutant peptides related to serotype C of FMDV used in ELISA. Residues present and absent from the mixotopes are shown in bold and underlined,
respectively. Cyclic peptides were obtained by mutation of Tyr136 and Arg153 to Cys and internal disulfide formation. U stands for 6-aminohexanoic acid.

followed by those of peptide A22(P147) (Fig. 8). These re-
sults are in agreement with previous observations on the
higher capacity of cyclic peptides to elicit neutralizing an-
tibodies to FMDV[32,35], which is most likely related to
the adoption of native-like conformations upon cyclization.
Interestingly, 7 out of 16 mixotope sera showed significant
levels of neutralization against some of the type C viruses
analyzed. Even in those cases when, on the whole, a consid-
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erable individual animal variation was observed, and serum
from no single animal neutralized all the five FMDV isolates
tested, the results illustrated the capacity of MixHi, cycMixLo
and cycMixHi to elicit detectable levels of anti-FMDV neu-
tralizing antibodies. In the linear series (Fig. 8, panel A),
animals immunized with MixLo were non-responsive, and
of those receiving MixHi two antisera (21 and 22) were able
to neutralize the cellular infection by four out of five viruses
tested. For cyclic mixotopes, individual animal variation was
higher, and neutralizing activity was observed in sera from
mixotopes of high and low complexity (Fig. 8, panel B).
ig. 7. ELISA of antisera from animals immunized with linear consensus
eptide, MixLo and MixHi (panels A–C, respectively) against inactivated
S8 FMDV. Sera from animals immunized with A24-peptide and PBS: (+)
nd (�) used as positive and negative controls, respectively.
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ig. 8. FMDV neutralization by sera from animals immunized with linear
panel A) or cyclic (panel B) versions of either consensus peptide or the
ixotopes. SeeFig. 4for serum assignments. FMDV test isolates were CS8

�), CS15 ( ), CS20 ( ), CS35 (�) and MAR2.1 ( ). Titer was defined
s the reciprocal of the maximum dilution giving 50% of cytopathic effect
eduction at 620 nm. Lowest dilution was 1/25.
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3.5. Viral challenge and protection

The guinea-pigs immunized with the mixotopes or con-
sensus peptides (linear and cyclic) were challenged with
FMDV isolate 2.10b to assess the levels of protection con-
ferred. Two animals were inoculated with PBS to be included
in this assay as control.

As discussed above, the estimation of the individual neu-
tralization titers elicited against the challenge virus 2.10b
was not possible. Despite this limitation, a correlation was
observed in animals vaccinated with consensus peptides be-
tween protection against challenge with 2.10b virus and neu-
tralization titers to related type C viruses (Table 2andFig. 8).
Thus, the three protected animals (32, 33, 34) vaccinated
with peptide cycA22(147P), showed a consistent neutraliz-
ing response to all the type C isolates analyzed. Likewise,
two of the three animals (11, 13) vaccinated with peptide
A22(147P) that showed consistent neutralization titers were
protected.

This trend was also observed, albeit to a lesser extent,
in animals vaccinated with cyclic mixotopes. Protected ani-
mals 37 (cycMixLo) and 39 (cycMixHi) elicited neutralizing
antibodies against four and one of the type C isolates, respec-
tively. Also, animal 41, which developed a mild lesion upon
challenge, exhibited neutralization titers against the Mar 2.1
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[21] Baranowski E, Molina N, Ńuñez JI, Sobrino F, Śaiz MJ. Recov-
ery of infectious foot-and-mouth disease virus from suckling mice
after direct inoculation with in vitro transcribed RNA. J Virol
2003;77:11290–5.

[22] Jimenez-Clavero MA, Douglas A, Lavery T, Garcia-Ranea JA, Ley
V. Immune recognition of swine vesicular disease virus structural
proteins: novel antigenic regions that are not exposed in the capsid.
Virology 2000;270:76–83.

[23] Jimenez-Clavero MA, Escribano-Romero E, Douglas A, Ley V. The
N-terminus region the VP1 protein of swine vesicular disease virus
contains a neutralization site that arises upon cell attachment and is
involved in viral entry. J Virol 2001;75:1044–7.

[24] Oliveira E, Jimenez-Clavero MA, Ńuñez JI, Sobrino F, Giralt
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