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The successful use of a dendrimeric peptide to protect pigs against challenge with foot-and-mouth disease
virus (FMDYV), which causes the most devastating animal disease worldwide, is described. Animals were
immunized intramuscularly with a peptide containing one copy of a FMDV T-cell epitope and branching out
into four copies of a B-cell epitope. The four immunized pigs did not develop significant clinical signs upon
FMDYV challenge, neither systemic nor mucosal FMDYV replication, nor was its transmission to contact control
pigs observed. The dendrimeric construction specifically induced high titers of FMDV-neutralizing antibodies
and activated FMDV-specific T cells. Interestingly, a potent anti-FMDYV immunoglobulin A response (local and
systemic) was observed, despite the parenteral administration of the peptide. On the other hand, peptide-
immunized animals showed no antibodies specific of FMDYV infection, which qualifies the peptide as a potential
marker vaccine. Overall, the dendrimeric peptide used elicited an immune response comparable to that found
for control FMDV-infected pigs that correlated with a solid protection against FMDYV challenge. Dendrimeric
designs of this type may hold substantial promise for peptide subunit vaccine development.

Multimerization is a nature-mimicking strategy of antigen
presentation that has been proven quite successful in the de-
velopment of human-made vaccines, particularly by means of
dendrimeric (e.g., branching) designs (55). Numerous reports
on the immunogenicity of dendrimers have been published but
only a few in vivo therapeutic studies have been reported (32).
Here, we describe the successful use of a dendrimeric peptide
to protect pigs against challenge with foot-and-mouth disease
virus (FMDV), which causes the most feared animal disease
worldwide (48, 51). FMDYV is a picornavirus that produces a
highly transmissible and devastating disease of farm animals,
mostly cattle and swine (30, 41). The FMDV particle contains
a positive-strand RNA molecule of about 8,500 nucleotides,
enclosed within an icosahedral capsid comprising 60 copies
each of four virus proteins, VP1 to VP4. The genome encodes
a unique polyprotein from which the different viral polypep-
tides are cleaved by viral proteases, including 11 different ma-
ture nonstructural (NS) proteins (6). Each of these NS pro-
teins, as well as some of the precursor polypeptides, is involved
in functions relevant to the virus life cycle in infected cells (5).
FMDYV shows a high genetic and antigenic variability, reflected
in the seven serotypes and the numerous variants described to
date (21). FMD control in regions of endemicity is imple-
mented mainly by using chemically inactivated whole-virus vac-
cines (4). Viral infection and immunization with conventional
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vaccines usually elicit high levels of circulating immunoglobu-
lin G (IgG)-neutralizing antibodies that correlate with protec-
tion against the homologous and antigenically related viruses
(46). Evidence of the role of specific IgA in protection includes
early work suggesting that pigs immunized intramuscularly
with conventional, inactivated vaccines elicited levels of neu-
tralizing activity in nasal fluid lower than those observed for
serum, in contrast to what was seen for infected pigs, where
antibody responses in sera and upper mucosae were compara-
ble (23). Recently, induction of low IgA responses has been
correlated with complete protection against challenge in pigs
immunized with a highly concentrated inactivated vaccine (22).

Despite its wide use, immunization with chemically inacti-
vated vaccines has disadvantages, such as the need for a cold
chain to preserve virus stability, the risk of virus release during
vaccine production, and the problems for serological distinc-
tion between infected and vaccinated animals (20). These have
led FMDV-free countries to adopt a nonvaccination policy
that relies on slaughtering infected and contact herds and strict
limitations on animal movements and trading in case of viral
outbreaks. Such FMDV reemergences have caused massive
and controversial culling of affected and suspected farm ani-
mals (51). Thus, much effort has been invested in the search of
alternative, safe immunogens. The main antigenic sites recog-
nized by B lymphocytes have been identified at defined struc-
tural motifs exposed on the capsid surface, whose amino acid
sequences accumulate variations among different serotypes (1,
33). A continuous, immunodominant B-cell site located in the
GH loop, around positions 140 to 160 of capsid protein VP1
(7), has been widely used as an immunogenic peptide (19).
However, the protection conferred to natural hosts by linear
peptides spanning the GH loop of VP1 is limited and can
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TABLE 1. Synthetic peptides used in this study
Peptide FMDV protein (residues) Sequence
B VP1 (136-154) YTASARGDLAHLTTTHARH-amide
T 3A (21-35) AAIEFFEGMVHDSIK-amide
Ac-YTASARGDLAHLTTTHARH-C
CH,CO
Ac-YTASARGDLAHLTTTHARH-C I
CH,CO-K +
K-KK-AAIEFFEGMVHDSIK-ami
B,T" VP (136-154), 3A (21-35) GMVHDSIK-amide
CH,CO-K
Ac-YTASARGDLAHLTTTHARH-C CH,CO

Ac-YTASARGDLAHLTTTHARH-C

“The arrow in the sequence for B,T indicates a putative cathepsin D cleavage site.

correlate with the selection of escape mutants in unprotected
animals (53). The lack of T-cell epitopes widely recognized by
individuals of domestic populations of natural host and capa-
ble of providing adequate cooperation to immune B lympho-
cytes has been proposed as one of the limiting factors for the
development of efficient FMD peptide vaccines (15, 52). Al-
though induction of neutralizing antibodies is considered to be
the most important immune correlate to FMDYV protection,
specific T cells are also induced in convalescent and conven-
tionally vaccinated animals (17, 44). In addition, the partial
protection conferred in host species by subunit vaccines deliv-
ered using eukaryotic vectors, which did not elicit neutralizing
antibodies, has been shown to correlate with the induction of
specific T-cell responses (49). Several T-cell epitopes fre-
quently recognized by natural host lymphocytes have been
identified in FMDYV proteins (8, 9, 16, 24, 26, 58). One of these
T-cell epitopes, located in residues 21 to 35 of FMDV NS
protein 3A, efficiently stimulated lymphocytes from infected
pigs and induced significant levels of serotype-specific anti-
FMDYV activity in vitro when synthesized juxtaposed to the
VP1 GH loop (8). This T-cell epitope was frequently recog-
nized by lymphocytes from outbred pigs infected with different
FMDV serotypes (25) and its amino acid sequence is con-
served among FMDYV types A, O, and C, showing limited
variation among isolates from the seven FMDYV serotypes (14).

In this work, we have assessed the immunogenicity in the
pig, a major natural FMDV host, of a dendrimeric peptide that
integrates the aforementioned B and T epitopes. The rationale
for this design was to enhance the effectiveness of presentation
to the porcine immune system of viral antigenic sites capable of
stimulating B- and T-cell-specific lymphocytes (8, 53). The
dendrimeric construction specifically induced high titers of
FMDV-neutralizing antibodies, activation of T cells, and po-
tent anti-FMDV IgA responses (systemic and mucosal), even
when administered by the parenteral route. Pigs vaccinated
with the dendrimeric peptide did not develop significant clin-
ical signs upon FMDYV challenge and inhibited local replica-
tion and airborne excretion of virus. Thus, dendrimeric designs
of this type may hold substantial promise for peptide subunit
vaccine development.

MATERIALS AND METHODS

Synthetic dendrimeric peptide. The dendrimeric peptide B,T (Table 1) was
built from two separately synthesized precursors in which the FMDV sequences
were those of the serotype C isolate C-S8cl (57).

A peptide {[(CICH,CO)K],KKKAAIEFFEGMVHDSIK-amide} reproduc-
ing the 3A(21-35) T-cell epitope, which was (i) elongated at the N terminus by
two Lys residues and followed by a four-branched Lys tree and (ii) derivatized as
four chloroacetyl groups, was assembled on 0.1 mmol of Rink amide-polystyrene
resin (Bachem AG, Bubendorf, Switzerland) by use of 9-fluorenylmethoxy car-
bonyl (Fmoc) chemistry in an ABI433 synthesizer (Applied Biosystems, Foster
City, CA) running FastMoc synthesis files. One-millimole couplings (10-times
molar excess) of each Fmoc amino acid were mediated by 2-(1H-benzotriazol-
1-y1)-1,1,3,3-tetramethyluronium hexafluorophosphate and N-hydroxybenzo-tri-
azole in the presence of N,N-diisopropylethylamine (2 mmol) in N,N-dimethyl-
formamide. The three lysine residues making up the four branches were
incorporated in the manual mode as Fmoc-Lys(Fmoc)-OH, followed by coupling
of the pentachlorophenyl ester of 2-chloroacetic acid (2.4 mmol, 6-times molar
excess) in N,N-dimethylformamide. The peptide was deprotected, cleaved off the
resin with trifluoroacetic acid-triisopropylsilane-water (96:2:2 [vol/vol], 2 h,
25°C), and precipitated by treatment with chilled diethyl ether and 10 min of
centrifugation at 4,000 rpm, 5°C. The residue was taken up in 10% acetic acid,
filtered, lyophilized, and then purified by preparative high-performance liquid
chromatography (HPLC) to give an HPLC-homogeneous product which by ma-
trix-assisted laser desorption ionization—time of flight (MALDI-TOF) mass spec-
trometry gave a major peak at m/z 2637.4 (MH™, monoisotopic), which was
compatible with the target structure.

The acetyl- YTASARGDLAHLTTTHARHC-amide sequence, corresponding
to the B-cell epitope (residues 136 to 154 of VP1 of FMDV isolate C-S8c1), plus
a C-terminal Cys residue to be used for ligation, was assembled by automated
Fmoc synthesis as described above. A similar workup and preparative HPLC
furnished the purified product, with m/z 2222.3 (MH", monoisotopic) by
MALDI-TOF mass spectrometry, in agreement with the target structure.

For the chemical ligation of the above-described fragments, 6 mg of the
tetravalent chloroacetylated T-cell epitope peptide was dissolved in 12 ml of 20
mM Tris, pH 7. The B-cell epitope peptide (60 mg) was added portionwise to this
solution over 4 h, keeping the pH at 7 by the addition of dilute NaOH. The
progress of the reaction was monitored by analytical HPLC and MALDI-TOF
mass spectrometric analysis of aliquots from the ligation mixture until no further
change in the HPLC profile could be observed, at ca. 24 h. At this point, the
mixture was acidified with trifluoroacetic acid, lyophilized, and purified by pre-
parative HPLC. Fractions rich in B,T and trisubstituted conjugate (see the
supplemental material) were lyophilized (14 mg) and used for immunization.

Virus. A virus stock derived from type C FMDYV isolate C-S8c1 (50) by two
amplifications in BHK-21 cells, which maintained the consensus sequences at the
capsid protein region (38), was used in this study.

Immunization and infection of pigs. Six domestic Landrance X Large White
pigs, 2 months old, weighing 30 to 40 kg, and free of antibodies to FMDV, were
placed in the same box. Four animals (immunized pigs 1 to 4) were inoculated
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twice by intramuscular injection with 1.4 mg of dendrimer peptide emulsified
with complete Freund’s adjuvant at day 0 and with incomplete Freund’s adjuvant
at day 21. Two contact, noninoculated pigs (pigs 5 and 6) were kept in the same
box. Eighteen days after boosting, the four immunized animals were challenged
intradermally in one heel bulb with 10* PFU of FMDV C-S8cl. Two additional
pigs, pigs 7 and 8 (controls of infection), were challenged using the same con-
ditions in a separate box. The infected animals (four immunized and two control
pigs) were monitored daily for 10 days for the emergence of FMD clinical signs
(e.g., vesicles on the feet and snout, hyperthermia) and then were euthanized.
The two contact pigs, pigs 5 and 6, were also inspected during this 10-day
postchallenge period to monitor virus transmission. Subsequently, contact pigs
were challenged intradermally with the same dose of FMDV and monitored for
an additional 10 days for clinical signs.

Seroneutralization assay. Virus-neutralizing activity was determined in sera by
a standard microneutralization test performed in 96-well plates by incubating
serial twofold dilutions of each serum sample with 100 50% tissue culture infec-
tive dose (TCIDs() of FMDV CS8cl for 1 h at 37°C. The remaining viral activity
was determined in 96-well plates containing fresh monolayers of BHK-21 cells.
End-point titers were calculated as the reciprocal of the final serum dilution that
neutralized 100 TCIDs, of FMDV C-S8cl in 50% of the wells (27). The neu-
tralizing activity of the nasal fluid samples was determined by the same method
except that the virus dose was reduced to 10 TCID5, (23).

Detection of specific anti-FMDYV antibodies by ELISA. An antiviral sandwich
enzyme-linked immunosorbent assay (ELISA) (3) was used to measure FMDV-
specific antibodies. Briefly, Maxisorb 96-well ELISA plates (Nunc) were coated
with rabbit anti-FMDYV serotype C and then incubated with clarified tissue
culture virus. Sera were analyzed on the plates diluted at 1/100 and 1/200 in
duplicate, and specific antibodies were detected with horseradish peroxidase
conjugated to protein A (Sigma). Antibody titers were expressed as the 4,9, (in
optical density [OD] units) at a serum dilution of 1/200 (background signals at
day 0 were always under 0.2).

Detection of isotype-specific antibodies to FMDV. FMDV-specific IgG1, IgG2
(in sera), and IgA (in sera and nasal swabs) were measured using a modification
of the indirect double antibody sandwich ELISA (47). Monoclonal antibodies
specific for these isotypes were supplied by Serotec. Duplicate threefold dilution
series of each serum sample were made, starting at 1/50 (1/10 for nasal swabs).
One hundred-microliter volumes were used throughout. In the case of nasal
swabs, two consecutive incubations with sample were performed before adding
the commercial monoclonal antibody to porcine IgA, in order to increase the
sensitivity of the assay. In these assays, it was found that the point on the titration
curve corresponding to an A4y, of 1.0 invariably fell on the linear part of the
curve. Antibody titers were therefore expressed as the reciprocal of the last
dilution calculated by interpolation to give an absorbance of 1 above background.
IgA titers in nasal swabs were expressed as the absorbance at a dilution of 1:10.

Antibodies against 3ABC protein. Serum samples were examined for the
presence of antibodies against NS FMDYV protein 3ABC, indicative of virus
replication, by use of a direct ELISA (10).

Lymphoproliferation assay. Proliferation assays of swine lymphocytes were
performed as described previously (9). Blood was collected in 5 uM EDTA and
used immediately for the preparation of peripheral blood mononuclear cells
(PBMC) (44). Assays were performed in 96-well round-bottomed microtiter
plates (Nunc). Briefly, 2.5 X 10° PBMC per well were cultured in triplicate, in a
final volume of 200 wl, in complete RPMI, 10% (vol/vol) fetal calf serum, 50 uM
2-mercaptoethanol, in the presence of various concentrations of (i) FMDV,
ranging from 3 X 10° to 2 X 10° PFU, and (ii) synthetic peptides, ranging from
50 pg/ml to 10 pg/ml. Cultures with medium alone or with mock-infected cells
were included as controls. Cells were incubated at 37°C in 5% CO, for 4 days.
Following incubation, each well was pulsed with 0.5 p.Ci of [methyl->H]thymidine
for 18 h. The cells were collected using a cell harvester and the incorporation of
radioactivity into the DNA was measured by liquid scintillation counting with a
Microbeta counter (Pharmacia). Results were expressed as stimulation indexes
(SI), which were calculated as the mean counts per minute (cpm) of stimulated
cultures/mean cpm of cultures grown in the presence of medium alone (peptide)
or mock-infected cells (virus).

Cytokine detection. PBMC supernatants were cultured with 20 wg/ml of B,T
for 48 h and 72 h and analyzed for cytokine expression using interleukin-10
(IL-10) CytoSets (Biosource) and gamma interferon (IFN-y) ELISA (Pierce,
Endogen) kits. Preliminary work had shown this peptide concentration and these
incubation times to be optimal. In each assay, the corresponding recombinant
porcine cytokine was diluted over the detection range recommended by the
manufacturer to generate a standard curve from which sample concentrations (in
pg/ml) were calculated.
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RT-PCR. Viremia and virus shedding were analyzed by detection of FMDV
viral RNA in blood and nasal and pharyngeal swabs by use of reverse transcrip-
tion-PCR (RT-PCR) amplification of a three-dimensional RNA region as de-
scribed previously (45).

RESULTS

B,T design and synthesis. The general structure of the
FMDV dendrimeric peptide construction (B,T) used as the
immunogen is depicted on Table 1. The construct is designed
to display in a single molecule four copies of the VP1 (136 to
154) B-cell epitope (also known as antigenic site A) joined to
a T-cell epitope from NS protein 3A (residues 21 to 35)
through a lysine tree (54) plus two additional Lys residues
defining a putative cleavage site for cathepsin D, a protease
suggested to be involved during in vivo major histocompatibil-
ity complex (MHC) class II antigen processing (59). A conver-
gent synthetic approach was chosen for B,T, based on the
chemoselective thioether ligation (54) of (i) a tetravalent pep-
tide reproducing the T-cell epitope, N-terminally elongated
with two (cathepsin D site) plus three more Lys residues mak-
ing up the dendrimeric core (these last three with their « and
€ amino groups functionalized as 2-chloroacetyl derivatives)
(Table 1); and (ii) a 19-residue peptide corresponding to the
B-cell epitope, acetylated at the N terminus and C-terminally
elongated with a Cys residue. The chemical ligation at pH 7
was monitored by HPLC and MALDI-TOF mass spectrometry
until an end point was reached; preparative HPLC then al-
lowed purification of fractions enriched in B,T and the triva-
lent dendrimer, which were used for immunization experi-
ments.

Immunization with the peptide B,T affords protection
against FMDYV and prevents contact virus transmission from
challenged animals. Four domestic pigs (pigs 1 to 4) were
immunized twice with peptide B,T. At day 18 postboost, pigs
were challenged with FMDV and the occurrence of clinical
signs was scored for 10 days (see Materials and Methods).
Upon challenge, peptide-immunized animals showed no sig-
nificant clinical FMD signs, including viremia (estimated by
RT-PCR viral RNA amplification) (Table 2). Also, no viral
RNA was amplified by RT-PCR from either blood samples or
nasal and pharyngeal fluids (Table 2). Interestingly, no contact
transmission was observed from challenged animals, as two
naive pigs (pigs 5 and 6) housed with peptide-vaccinated ones
for 10 days after FMDV challenge did not develop clinical
signs of disease. To confirm this lack of FMDYV transmission,
pigs 5 and 6 were inoculated with FMDYV 10 days later. As
expected for animals with no previous contact with FMDYV,
both pigs 5 and 6 developed viremia and typical FMD signs,
including lameness, hyperthermia, and vesicles in all four feet
and snout by days 3 (pig 5) and 4 (pig 6) postinoculation.
Likewise, nasal and pharyngeal fluids from pigs 5 and 6 were
positive at different days postinoculation (Table 2). The two
control pigs, pigs 7 and 8, which were infected but not immu-
nized (housed separately), developed FMD clinical lesions by
day 3 and, as expected, their nasal and pharyngeal fluids were
positive at different days postinoculation (data not shown).
These results indicate that immunization of pigs with peptide
B,T confers solid protection against viral challenge and limits
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TABLE 2. Evidence for protection in animals immunized with B,T peptide

Detection of FMDV RNA in respiratory tract

. s Viral NSP samples (N, P)° at indicated day postinoculation
Animal Inoculum Protection Fever? RNAC ELISAY ples (N, P) Y P

0 3 7 10
1 B,T + - - - - = - = - = - =
2 B,T + - - - - = - = - = - =
3 B,T + - - - - = - = - = - =
4 B,T + - - - - = - = - = - =
5 PBS® - + + + - - +, + -+ -+
o PBS - + + + - - +, + -+ -+

“ Absence of significant clinical signs of FMD (including vesicles at the site of inoculation). A single, minute (<5-mm-diameter), transient (<24-h) vesicle in animal

3 was not considered significant.
b Rectal temperature of >39.5°C.
¢ Amplification of FMDV RNA from blood by RT-PCR (viremia).
4 NSP, NS protein.
¢N and P, nasal and pharyngeal swabs, respectively.

/Results for these pigs correspond to analyses performed after inoculation of the virus (day 59, 10 days postinfection).

& PBS, phosphate-buffered saline.

FMDV replication as to prevent transmission to contact ani-
mals.

Peptide B,T elicits systemic neutralizing antibodies and
high titers of specific IgAs. Significant titers of neutralizing
antibodies were found in sera from pigs 1 to 4 at 14 days after
inoculation of the first dose of peptide (Table 3), which were
raised in three of the animals at 21 days postimmunization.
After a second peptide dose, these titers were boosted up to 2
log units at day 39 (18 days after the second dose). Neutral-
ization titers slightly increased upon viral challenge for pigs 2
and 3 but remained unchanged for pigs 1 and 4 (Table 3). For
pigs 5 and 6, no neutralizing antibodies could be detected for
the period of contact with immunized, challenged animals; in
contrast, high titers were found following FMDYV inoculation
(Table 3), similar to those detected for pigs 7 and 8, controls
for infection (data not shown).

Likewise, total IgG antibodies to FMDV were detected for
pigs 1 to 4 by ELISA at 14 days postimmunization with peptide
B,T, reaching maximum values at day 39 and showing no
increase after FMDV challenge (Table 3). Similar IgG1 and
IgG2 titers were found on day 21, both isotypes being highly
boosted after the second dose of B,T, with titers reaching at
least 3 log units (Fig. 1A). Conversely, contact pigs 5 and 6
developed specific IgGs only after FMDYV inoculation, with

isotype profiles similar to those observed for the peptide-im-
munized animals (Table 3 and Fig. 1B).

Inhalation of airborne FMDYV, leading to virus replication in
the respiratory tract, is considered as the most common route
for natural transmission of this virus. Therefore, we also ex-
amined the effect of vaccination on systemic and local IgA
responses. Remarkably, immunization with peptide B,T in-
duced a strong systemic IgA-specific response (Fig. 2). Sera
from three out of four immunized pigs showed FMDV-specific
IgA from day 21, with titers above 2 log units. The titers
increased after the second dose, reaching by day 39 (challenge)
values higher than those seen for contact pigs 10 days after
inoculation. Specific IgA titers were also found for nasal fluids
of B, T-immunized pigs (Fig. 2A). This mucosal response was
associated with significant titers of neutralizing activity in fluids
from nasal samples (Table 3). On the other hand, whereas
FMDYV challenge caused no boost in systemic IgA levels of
peptide-immunized animals, mucosal titers did experience a
substantial increase (Fig. 2A). Conversely, for contact pigs 5
and 6, IgAs were detected only after inoculation, with mucosal
titers reaching levels similar to those seen for immunized pigs
(Fig. 2B).

Peptide B,T induces FMDV-specific T-cell responses. In-
duction of FMDV-specific T cells was detected in lymphopro-

TABLE 3. Antibody responses to FMDYV in sera and nasal swabs analyzed by neutralization assay and ELISA

Response on indicated day after immunization (detection method)*

Animal 0 14 21° 39 (VNT/ELISA; 49° (VNT/ELISA; 594
(VNT/ELISA) (VNT/ELISA) (VNT/ELISA) VN-NS) VN-NS) (VNT/ELISA)
1 <1/0.23 1/0.48 1.3/0.94 2.2/1.58; 1.8 2.2/1.48;1.2 -
2 <1/0.25 1/0.41 1.3/1.09 1.9/1.46;1.5 2.2/1.38; 1.8 -
3 <1/0.22 1/0.31 1.3/0.45 1.9/1.34;1.2 2.2/1.38; 1.8 -
4 <1/0.21 1/0.34 1/0.84 2.2/1.55;1.8 2.2/1.57;1.8 -
5 <1/0.20 <1/0.30; <1 2.8/1.73
6 <1/0.23 <1/0.25; <1 3.4/1.61

“ VNT, virus neutralization titer (log,, of the reciprocal of the last dilution able to neutralize 100 TCIDs,s of homologous FMDV). ELISA, OD at 620 nm obtained
by analyzing the sera diluted 1/200 with ELISA. VN-NS, virus neutralization titer for nasal swabs (log;, of the reciprocal of the last dilution able to neutralize 10

TCIDsys of homologous FMDV).
> Day 21, second dose given (pigs 1 to 4).

¢ Day 49, 10 days postchallenge (pigs 1 to 4) and 10 days postcontact (pigs 5 and 6).

4 Day 59, 10 days postinoculation (pigs 5 and 6).
¢ —, Sera not available.
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FIG. 1. Serum IgG1- and IgG2-specific responses in pigs following
FMDYV infection. (A) Peptide-immunized animals. (B) Contact pigs.
Titers are expressed as reciprocals of the last dilution of sera (log,),
calculated by interpolation to give an A4y, of 1.0 OD unit. Each bar
corresponds to geometric mean of at least two determinations * stan-
dard error. At day 21, pigs 1 to 4 were immunized with a second dose
of peptide. Day 49 corresponds to 10 days postchallenge (pigs 1 to 4)
or 10 days postcontact (pigs 5 and 6). Day 59 corresponds to 10 days
postinoculation for pigs 5 and 6.

liferation assays with PBMC of peptide-immunized pigs. High
specific responses (SI, >6) against either FMDV or peptide
B,T were found for lymphocytes from pigs 1 to 4 collected at
day 39 (Fig. 3A). Proliferative responses were also detected
after virus challenge; in this case, the SI was on average slightly
lower than those determined before challenge (Fig. 3B). No
stimulation was observed with PBMC either from pigs 1 to 4 or
from contact pigs 5 and 6 prior to FMDYV inoculation (data not
shown).

Production of IFN-y, a Thl-cytokine, was detected in super-
natants of PBMC from immunized pigs collected at day 39 in
response to in vitro stimulation with peptide B,T but not in
mock-stimulated cultures (Fig. 4A). IFN-y levels correlated
with the lymphoproliferative responses found. Thus, IFN-y
amounts higher than 70 pg/ml were detected for stimulated
lymphocytes from pigs 1, 2, and 4, while pig 3 had a lower level
(15 pg/ml). Conversely, amounts of IL-10 above the sensitivity
of the assay were detected only for lymphocytes from pigs 1
and 2 (Fig. 4B). This pattern of cytokine production suggested
that peptide B,T elicited FMDV-specific T cells that, when
stimulated in vitro, developed a response dominated by Thl.
After FMDYV challenge (day 49), a clear decrease in IFN-y and
IL-10 release was detected (Fig. 4).

Immunization with peptide B,T allows differentiation of in-
fected and vaccinated pigs. To assess whether peptide immu-
nization induced an antibody response distinguishable from
that of infected animals, serum samples from pigs 1 to 4 col-
lected at days 39 and 49 (10 days postchallenge) were analyzed
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FIG. 2. IgA-specific responses to FMDV. Shown are sera (bars)
and nasal fluids (open circles) collected at different days after peptide
immunization (pigs 1 to 4) (A) or after contact with peptide-immu-
nized pigs (animals 5 and 6) (B). Mean titers of IgA in sera are
expressed as described in the legend to Fig. 1. Titers of IgA in nasal
fluids are expressed as the OD at 492 nm (OD,y,) value (shown above
each time point) obtained with a 1/10 serum dilution.

for antibodies to NS protein 3ABC. None of the sera tested
positive. On the other hand, for pigs 5 and 6 no anti-3ABC
response was detected during the contact period, whereas con-
sistent titers were found after viral inoculation (Table 2) that
were similar to those detected for pigs 7 and 8, controls for
infection (data not shown).

DISCUSSION

Mimicking protective responses using synthetic peptides
poses an attractive and multidisciplinary challenge. Despite the
potential advantages of this approach—such as innocuousness,
thermal stability, and easy scale-up—the complexity of the
interactions between pathogens and host immune responses
have limited the development of successful peptide vaccines
(31, 34, 43).

Multimerization of peptides, such as that provided by den-
drimeric constructs, has long been recognized as one of the
most effective tools for enhancing peptide immunogenicity (11,
54). In the present work, we report solid protection of pigs
against FMDV challenge conferred by a dendrimeric peptide
containing one B- and one T-cell immunodominant epitope.
Intramuscular immunization with peptide B,T prevented the
emergence of clinical signs and contact transmission in the four
pigs studied upon a severe FMDYV challenge. The two control
naive pigs that were housed with the immunized animals dur-
ing the challenge period did not show clinical signs but devel-
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FIG. 3. Specific T-cell responses in peptide-immunized pigs. Sam-
ples were collected at days 39 (day of challenge) (A) and 49 (10 days
postinfection) (B). Peak lymphoproliferative responses of pigs 1 to 4 to
peptide B,T (20 wg/ml) and to FMDV C-S8cl (10° TCIDs,/ml) are
shown. Data are shown as SI (see Materials and Methods) and stan-
dard deviations are indicated. The cpm obtained in the corresponding
control cultures are shown above each bar.

oped them upon subsequent FMDYV infection. The failure to
detect FMDV RNA in either serum or nasal samples, as well
as the absence of transient leucopenia associated with FMDV
infection (18), supported by the lack of reduction of the pro-
liferative response to the mitogen concanavalin A in the pigs
immunized with peptide B,T (data not shown), confirmed that
the levels of virus replication in these animals were below those
required for virus spread and disease triggering.

This solid protection conferred by peptide B,T correlated
with the detection of high levels of circulating neutralizing
FMDYV antibodies that were boosted after the second peptide
dose, with titers around 2 log values, i.e., about 1 log unit lower
than those developed by contact pigs after 10 days of infection.
Differences in the IgG1/IgG2 ratio induced by FMDV vacci-
nation or infection versus those found for peptide-immunized
animals have been correlated with the lack of solid protection
conferred by the latter (36, 53). The IgGl and IgG2 titers
induced by peptide B,T were similar to those detected for
infected contact pigs, suggesting no major differences in the
isotype modulation induced.

Interestingly, FMDV-specific IgA titers were detected for
three of the pigs as soon as 21 days after the first immunization
with peptide B,T and were boosted for all animals after the
second B,T dose, reaching 4- to 5-log values for pigs 1 and 2
and somewhat lower levels for pigs 3 and 4 (3 to 4 log units,
similar to what was seen for infected control pigs). Remark-
ably, specific IgA antibodies were also detected for nasal sam-
ples from three of the four B,T-vaccinated pigs before chal-
lenge. After virus challenge, the nasal IgA titers were boosted
for the four immunized animals, reaching values similar to
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FIG. 4. In vitro stimulation of cytokines. IFN-y (A) and IL-10
(B) released by PBMC from peptide-immunized pigs stimulated in
vitro with 20 pg/ml of peptide B,T. Peak values (in pg/ml) were
detected by ELISA at 48 h and 72 h of in vitro stimulation for IL-10
and IFN-y, respectively (see details in Materials and Methods). The
detection levels for both cytokines in control cultures (medium alone)
were below the sensitivity of the assays (7 pg/ml for IFN-y and 15 pg/ml
for IL-10).
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those observed for infected contact pigs. In contrast to other
vaccines having to rely on mucosal delivery to access the nat-
ural inductive pathway (29, 35, 39), B,T can induce high mu-
cosal immune responses by parenteral administration. Several
different, nonexclusive mechanisms have been proposed to ex-
plain the production of secretory antibodies after parenteral
administration of the antigen, including direct diffusion of sol-
uble or phagocytosed antigens to mucosa-associated lymphoid
tissue or activation of antigen-presenting cells at draining
lymph nodes, which then migrate to mucosa-associated lym-
phoid tissue (12). In any event, parenterally administered an-
tigens capable of inducing strong mucosal immunity, such as
our B,T dendrimer or a few other immunogens so far de-
scribed (28, 37, 56), appear to be good candidates for future
mucosal vaccines. They can overcome some of the main prob-
lems associated with mucosal administration, such as local
degradation or physical ejection of the vaccine, both of which
hamper the control of the dose delivered.

The intradermal route for FMDV inoculation was chosen
according to potency requirements for FMD vaccines (47).
The correlation found between solid protection and IgA in-
duction raises the interesting possibility of assessing the pro-
tection conferred by B,T peptide by use of respiratory/expo-
sure challenge conditions, which are likely to be more similar
to field transmission.

The functional role in protection of the T cells induced by
FMDYV and of the balance of cytokines they release remains to
be well established (2). Immunization with peptide B,T elicited
T cells that consistently proliferated when stimulated with the
peptide as well as with FMDV. After FMDYV challenge, while
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the lymphoproliferative response to peptide was reduced in
three out of four animals, proliferation to the virus was instead
maintained. This suggests that immunization with peptide B, T
primes T cells that can recognize the viral epitopes presented
in the context of a subsequent virus encounter. Upon in vitro
peptide stimulation, the primed T cells released IFN-y and to
a lower extent IL-10. IFN-y is a major activator of macro-
phages, enhancing their antimicrobial activity and their capac-
ity for processing and presenting antigens to T lymphocytes. In
pigs, the majority of IFN-y-producing cells are a3 T lympho-
cytes, and within these the majority are of the double-positive
CD4" CD8" subset, which contains memory T cells (42). It has
been reported that IFN-y stimulates MHC expression in anti-
gen-presenting cells and efficiently inhibits FMDV replication
(60). Altogether, our results suggest that priming of porcine T
cells with peptide B,T induces a T-cell activation that effi-
ciently contributes to FMDYV protection.

Animal-to-animal variations have been reported for the pro-
tective responses to peptide vaccines, including those against
FMDV (16, 53), and have been associated with the MHC-
restricted recognition of the T-cell epitopes included in their
compositions (25). Interestingly, despite the differences in the
B- and T-cell responses elicited by the four animals in this
study, all of them turned out to be protected after FMDV
challenge, suggesting that peptide B,T can elicit B- and T-cell
responses sufficient to cope with virus replication, thus mini-
mizing the chances of selecting escape virus (53).

The mechanisms leading to the solid protection conferred by
peptide B, T remain to be known in detail. Peptides where the
present B- and T-cell epitopes were simply juxtaposed in a
linear fashion elicited only partial protection in pigs and low
levels of FMDV-specific systemic IgAs (C. Cubillos, I. Avalos,
E. Borras, B. G. de la Torre, J. Barcena, D. Andreu, F.
Sobrino, and E. Blanco, unpublished results). This suggests
that either the dendrimeric presentation of the B-cell site or
the inclusion of a T-cell site separated from the dendrimeric B
sites by a cathepsin D cleavage site or both could be relevant
for the antibody response observed. Also, a role in protection
of FMDV-specific T-cell epitopes has been found for animals
immunized with vaccinia virus recombinants expressing
FMDV three-dimensional protein in the absence of B-cell
capsid antigenic sites (24).

Differentiation between vaccinated and infected animals is
of great interest, both to monitor virus circulation and to avoid
trade restrictions on animals or animal products from coun-
tries applying vaccination by those not applying it. This is a
controversial issue for the control of animal diseases, particu-
larly FMD (40). Interestingly, our B,T peptide induced a se-
rological response compatible with its use as a vaccine facili-
tating the differentiation of infected from vaccinated animals,
since it did not elicit antibodies to the NS protein 3ABC, which
are diagnostic for FMDV replication (13).

The number of animals in this study is similar to those in
many other introductory studies on vaccine candidates, al-
though it is not enough for statistical demonstration. Even so,
the results strongly support that immunization with peptide
B,T can elicit in pigs an immune response similar to that
induced in control animals after FMDV infection. This re-
sponse associates not only with the prevention of clinical dis-
ease but also with the inhibition of the local replication and the
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airborne excretion of FMDV. These results point to this den-
drimeric peptide approach as an interesting candidate for the
improvement of peptide subunit vaccines. To address how use-
ful the immunogenic potential of this approach can become,
experiments are in progress to assess whether analogous pep-
tide constructs including B-cell epitopes from other FMDV
serotypes can confer solid protection against FMDYV challenge
in pigs and cattle.
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