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Emergency vaccination as part of the control strategies against foot-and-mouth disease virus (FMDYV) has
the potential to limit virus spread and reduce large-scale culling. To reduce the time between vaccination and
the onset of immunity, immunostimulatory CpG was tested for its capacity to promote early protection against
FMDV challenge in pigs. To this end, CpG 2142, an efficient inducer of alpha interferon, was injected
intramuscularly. Increased transcription of Mx1, OAS, and IRF-7 was identified as a sensitive measurement
of CpG-induced innate immunity, with increased levels detectable to at least 4 days after injection of CpG
formulated with Emulsigen. Despite this, CpG combined with an FMD vaccine did not promote protection. Pigs
vaccinated 2 days before challenge had disease development, which was at least as acute as that of unvaccinated
controls. All pigs vaccinated 7 days before challenge were protected without a noticeable effect of CpG. In
summary, our results demonstrate the caution required when translating findings from mouse models to

natural hosts of FMDV.

Foot-and-mouth disease (FMD) represents one of the most
economically important diseases of cloven-hoofed livestock.
Its causative agent, FMD virus (FMDYV), belongs to the
Picornaviridae family and is a member of the genus Aphtho-
virus, together with equine rhinitis A virus. Infection with
FMDYV occurs commonly via the respiratory tract following
contact or inhalation of airborne virus, with the major site of
primary replication being the mucosal epithelia of the na-
sopharynx.

In Europe, the current control strategy of an FMD outbreak
relies on a nonvaccination policy. In the case of an epidemic,
the primary actions against the spread of the disease have been
culling of the affected herds, including preemptive slaughtering
in a control zone, together with strict control of animal move-
ment. Such drastic measures resulted in the slaughter of 6.5
million animals during the European outbreak in 2001. As a
consequence, a strong desire to reduce reliance on large-scale
culling of animals to control future outbreaks of FMD has
developed, and one of the control measures being considered
is the application of emergency vaccination. However, due
to the exceptional rapidity of virus spread during FMD out-
breaks, one important element for improving current vaccines
is the promotion of an early induction of protection.

FMDYV infection elicits a rapid humoral response, followed
by clearance of the opsonized virus complexes by phagocytic
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cells (20). Protection against FMDYV correlates with the induc-
tion of high levels of neutralizing antibodies in serum, already
detectable after 3 to 4 days postinfection (8). However, trials
using high-dose conventional vaccines based on inactivated
FMDYV in cattle (9), pigs (26), and sheep (6) have shown that
animals can be protected as early as 4 days postvaccination, in
the absence of significant levels of neutralizing antibodies in
the serum. This indicates that mechanisms other than specific
antibodies were involved. For the current conventional high-
potency vaccines, it has been proposed that early protection
could be attributed to induction of a combination of innate and
early adaptive immune responses. In the peripheral blood com-
partment, such vaccines induced proinflammatory cytokines, such
as interleukin-6 (IL-6), IL-8, and IL-12, and increased the migra-
tory and chemotactic activities of leukocytes, but no direct anti-
viral activity was found (3, 4, 25). The latter was achieved using an
adenovirus-based vaccine, which also included an adenovirus-
derived vector for expression of alpha interferon (IFN-«). With
this vaccine, pigs were protected against challenge infection as
early as 1 day postvaccination (7, 11).

Altogether, the results uphold the principle that targeting
innate immune responses represents a promising strategy to
develop improved emergency vaccines capable of rapidly es-
tablishing a protected status. Based on such ideas, IFN induc-
ers have been tested for their capacity to promote innate pro-
tection against FMDV. Such an approach found some success
in mouse models using polyinosinic:poly(C) (24) and CpG
(16). Stimulation of innate immunity with CpG has also been
shown to protect against a number of other bacterial and viral
infections, including herpesviruses (13), orthopoxvirus (23),
influenza virus (10), and birnavirus (15) in mouse models.
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Based on this knowledge, the aim of the present study was to
test the suitability of immunostimulatory CpG ODN (CpG)
applied together with a conventional FMD vaccine in a chal-
lenge model using a natural host of FMDYV, the pig. In order
to evaluate this strategy, we optimized the delivery of CpG to
pigs in terms of rapid induction of IFN type I-responsive genes
and tested the capacity of CpG to improve current inactivated
FMD vaccines toward inducing early protection against a se-
vere FMDYV challenge infection by contact.

MATERIALS AND METHODS

Virus preparation and vaccine formulation. The FMDV type O UK/2001
isolate was grown in baby hamster kidney 21 (BHK-21) cell monolayers as
described previously (19). Briefly, BHK-21 cells in serum-free Glasgow modified
Eagle medium (Invitrogen) supplemented with 2 mM L-glutamine and 7.5%
(wt/vol) bicarbonate were infected at a multiplicity of infection of 0.001 50%
tissue culture infective dose (TCIDs,) per cell and incubated for 24 h at 37°C
with 6% (vol/vol) CO, until a cytopathic effect (CPE) was observed by light
microscopy. Cells were harvested, sonicated twice for 10 s, and clarified at
3,000 X g for 30 min at 4°C. Virus-containing supernatant was stored at
—70°C, and the virus titer was calculated from thawed virus stock by titration
on BHK-21 cells. The vaccine O; Manisa was formulated in a double oil
emulsion (DOE; Merial Pirbright, United Kingdom) and used at 2 ml per
animal. The CpG ODN was formulated in Emulsigen (MVP Laboratories,
Inc., Omaha, NE), Montanide ISA 206 (Seppic, France), or DOE (Merial,
Pirbright, United Kingdom).

Determination of CpG efficacy in vitro and in vivo. Swiss White Landrace pigs,
kept under specific pathogen-free conditions at the institute, were used as blood
donors for the in vitro testing of the CpG ODN. The ODN 2142 with the
sequence TCGCGTGCGTTTTGTCGTTTTGACGTT (Merial, France) was
compared with the previously characterized ODN 2216 (Invivogen) (12) in terms
of its ability to induce IFN-a in porcine CD172a-enriched plasmacytoid dendritic
cells (pDC) prepared as previously described (12). In order to determine CpG
efficacy in vivo, intramuscular injections of four animals of 3 months of age per
group were performed with CpG (0.5 or 2 mg/ml in a total volume of 2 ml)
formulated either in phosphate-buffered saline (PBS) (control animals), Mon-
tanide ISA 206 (Seppic, France), or Emulsigen (MVP Laboratories, Inc.,
Omaha, NE). As readouts, either serum cytokine for IFN-a and IL-6 or the levels
of IFN-responsive genes detected using real-time PCR were determined. In
order to evaluate the immunostimulatory properties of DOE formulations in
vivo, CpG formulated in either DOE or Emulsigen was compared by real-time
PCR in terms of OAS, IRF7, and Mx1 mRNA upregulation. To do so, three
animals per group (DOE alone, CpG formulated in DOE, and CpG formulated
in Emulsigen) were injected at a rate of 0.5 mg CpG ODN 2142 formulated in a
total volume of 2 ml, and total RNA of PBMCs was harvested 24, 48, and 72 h
postinjection.

FMD animal experimentation. Swiss White Landrace pigs were kept under
specific pathogen-free conditions at the institute and used at 3 months of age. In
order to test the vaccines, a challenge infection of vaccinated pigs was performed,
followed by clinical scoring and virus detection and isolation. A total of six groups
with five animals in each group (except group 6, with only four animals) were
used. Group 1 was not vaccinated, group 2 was vaccinated with a DOE-FMD
vaccine 2 days before challenge, group 3 was vaccinated with a DOE-FMD
vaccine and CpG in Emulsigen 2 days before challenge, group 4 was vaccinated
with a DOE-FMD vaccine 7 days before challenge, group 5 was vaccinated with
a DOE-FMD vaccine and CpG in Emulsigen 7 days before challenge, and group
6 was vaccinated 21 days before challenge with conventional DOE type O,
Manisa vaccine. The vaccination was done by intramuscular injection with 2 ml
of DOE type O; Manisa vaccine and, where indicated, with 2 ml of CpG
formulated in Emulsigen 5 cm apart from the vaccine injection. The rationale of
this was to avoid any disturbance by the Emulsigen of the DOE FMD antigen
formulation optimized for a rapid induction of antibody responses. The animals
were then placed into contact for 2 h with three FMDV-infected “disease-
generator” pigs. The latter were infected with FMDV O UK/2001 at 10° TCIDs,/
animal 2 days before the contact and showed clinical signs of FMD, such as
vesicles on all four feet. All animals were sampled daily for blood and examined
for disease symptoms and fever. A clinical score was determined by the addition
of points distributed as follows: (i) an elevated body temperature of 40°C (score
of 1), >40.5 (score of 2), or >41 (score of 3); (ii) reduced appetite (1 point) or
no food intake and food left over from the day before (2 points); (ii) lameness (1
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point) or reluctance to stand (2 points); (iv) presence of heat and pain after
palpation of the coronary band (1 point) or not standing on the affected foot (2
points); (v) vesicles on the feet, dependent on the number of feet affected and
with a maximum of 4 points; and (vi) visible mouth lesions on the tongue (1
point), gums or lips (1 point), or snout (1 point), with a maximum of 3 points. For
reasons of animal welfare, pigs with generalized FMD, open lesions on several
feet, and severe lameness were sacrificed.

PBMC preparation. Peripheral blood mononuclear cells (PBMCs) were ob-
tained by density gradient centrifugation over Ficoll-Paque (1.077 g/liter;
Amersham Pharmacia Biotech) as described previously (2).

Cytokine ELISAs. Quantification of IFN-« in serum samples by enzyme-linked
immunosorbent assay (ELISA) was as described elsewhere (12), using anti-pig
IFN-a monoclonal antibody K9 (R&D Systems, Minneapolis, MN) as capture
antibody and biotinylated anti-pig IFN-a monoclonal antibody F17 (kindly do-
nated by Bernard Charley, INRA, Jouy-en-Josas, France) as a detection anti-
body. IL-6 levels in serum samples were quantified by ELISA using the DuoSet
kit from R&D Systems (Minneapolis, MN).

Quantification of IFN-responsive genes. To determine changes in IFN-respon-
sive gene transcripts in PBMCs, total RNA was prepared using the RNeasy mini
kit (Qiagen, Hombrechtikon, Switzerland), followed by treatment with RNase-
free DNase I (Ambion, Huntingdon, United Kingdom). The reverse transcrip-
tion-PCR (RT-PCR) measurements were performed using the ABI Prism 7700
sequence detector system (Applied Biosystems, Foster City, CA). The relative
expression of each mRNA was calculated by the threshold cycle (ACT) method,
and the amount of target mRNA relative to 185 mRNA was expressed as 274¢7
(18). Data are presented as the ratio of target mRNA to 185 mRNA. The
following primers and probes were employed: OAS forward primer (5'-GCGC
CGAGGAGAATTCATC-3"), OAS reverse primer (5'-TGGACCTCAAACGT
CACTTTAAAC-3'), OAS probe (5'-CTCTTTGACAGGCTTCCAGCTGTCT
CC-3"), IRF7 forward primer (5'-CTGCGATGGCTGGATGAA-3"), IRF7
reverse primer (5'-TAAAGATGCGCGAGTCGGA-3"), IRF7 probe (5'-CCGC
GTGCCCTGGAAGCACTT-3"), Mx1 forward primer (5'-CAGCACCTGATT
GCCTACCA-3"), Mx1 reverse primer (5'-GGTCCGGAGGATGAAGAACTG-
3"), Mxl probe (5'-AAGCGCATCTCCAGCCACATCCCT-3’), 18S forward
primer (5'-CGCCGCTAGAGGTGAAATTC-3"), 18S reverse primer (5'-GGC
AAATGCTTTCGCTCTG-3'), and 18S probe (5'-TGGACCGGCGCAAGAC
GGA-3').

Quantification of FMDV RNA in serum. To isolate FMDV RNA from serum
samples, the RNeasy mini kit was used (Qiagen) according to the manufacturer’s
protocol. The RT-PCR measurements were performed using the ABI Prism 7700
sequence detector system (Applied Biosystems, Foster City, CA). The relative
expression of each mRNA was calculated by the ACT method. Data are relative
to a FMDV-positive serum sample provided by our diagnostic department. The
following were the primers and probe used: FMDV forward primer (5'-CACT
GGTGACAGGCTAAGG-3"), FMDYV reverse primer (5'-CCCTTCTCAGATT
CCGAGT-3"), and FMDV probe (5'-TGCCCTTCAGGTACCCCGAGGTAA
CA-3"). The real-time PCR data were confirmed by a cell culture methodology.
Briefly, 1:10-diluted serum samples from infected animals were added to mono-
layers of BHK-21 cells in serum-free Glasgow minimal Eagle medium (Invitro-
gen) supplemented with 2 mM L-glutamine and 7.5% (wt/vol) bicarbonate. Sub-
sequently, the cells were incubated for 6 days at 37°C and 6% (vol/vol) CO, and
the CPE was analyzed by light microscopy.

Quantification of neutralizing antibodies. Neutralizing antibodies against
FMDYV in serum samples were detected by using a serum neutralization test.
Briefly, serum samples were heat inactivated for 30 min at 56°C and clarified by
centrifugation. Twofold-dilution series were performed in serum-free Glasgow
minimal essential medium (Invitrogen) containing 1 U/ml penicillin, 1 mg/ml
streptomycin, and 625 ng/ml amphotericin B (all from Invitrogen) and incubated
with 200 TCID5,/100 pl FMDV O UK/2001 for 1 h at 37°C. In replicates of four,
the virus-serum suspension was then inoculated on a monolayer of BHK-21 cells
in microtiter plates and scored for CPE 4 days postinoculation. Based on non-
specific virus neutralization with serum from naive animals, the cutoff was de-
fined as a titer of 10 TCIDs,/ml.

Statistical analysis. The statistical significance of differences in the clinical
scores between two groups was calculated by using the Mann-Whitney rank sum
test using the SigmaStat software.

RESULTS

Establishment of vaccine formulation and a readout for
CpG efficacy. For this study, we selected CpG 2142, which
induces both strong IFN-a responses from pDC and B-cell
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FIG. 1. Induction of IFNs and IFN type I-responsive genes by CpG
formulated in Emulsigen. PBMCs were injected intramuscularly with
CpG ODN 2142 formulated in Emulsigen at 0.5 or 2 mg per animal, or
not injected into control animals (ctrl), and data were collected at 24 h
postinjection. After total RNA was harvested, IFNs (a, 8, and ), and
mRNA levels of IFN-responsive genes (Mx1, MyD88, OAS, PKR,
IRF-3, IRF-7, RPL32, and PPLA) were quantified by real-time PCR.
The mRNA levels were normalized to 18S mRNA levels and are
expressed as fold induction over the samples obtained before injection.
The bars represent individual pigs (two for each group).

activation in terms of B-cell proliferation and CD80/86 upregu-
lation (V. Juillard et al., unpublished results). When CpG 2142
was compared with the previously characterized type A CpG
2216 (12) for its capacity to activate enriched pDC, it induced
similar levels of IFN-o. With cell preparations from three
different pigs, CpG 2142 induced an average of 13,007 * 3,335
U/ml and CpG 2216 induced an average of 14,034 = 3,774
U/ml IFN-«. Based on these characteristics and the higher
stability of CpG 2142 due to its phosphorothioate backbone,
we selected this ODN for the in vivo studies.

In order to evaluate vaccine formulation and determine
CpG efficacy in vivo in pigs, intramuscular injections of CpG (2
or 0.5 mg/ml in a total volume of 2 ml) formulated in PBS
(control animals), Montanide ISA 206, or Emulsigen were
performed. As a readout, IFN-a and IL-6 serum levels were
analyzed based on the known capacity of the CpG to induce
these cytokines in porcine pDC (27). Due to the known diffi-
culty of detecting serum cytokines after parenteral injection
(17), the levels of IFN-responsive genes were also analyzed
using real-time PCR. While we were not able to detect IFN-a
or IL-6 proteins or transcripts at 8, 24, 48, or 72 h postinjection
(data not shown), it was possible to detect an upregulation of
IFN-responsive gene transcripts with a five- to 70-fold increase
in mRNA levels compared to that of PBS controls. The data
shown in Fig. 1 demonstrate that CpG in Emulsigen efficiently
stimulated some of the IFN response genes while formulation
in PBS was inefficient. The most sensitive genes were for Mx1,
OAS, IRF-7, and PRKRA, which were significantly upregu-
lated at 24 h postinjection (Fig. 1) with both a high (2 mg) and
a low (0.5 mg) dose of CpG. Similar mRNA profiles were
observed at 8 h postinjection (data not shown). Based on the
observation that no significant differences were found between
the two doses of CpG, the 0.5-mg dose was selected for the
remaining experiments. We have also observed that CpG for-
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FIG. 2. Induction of OAS, IRF7, and Mx1 mRNAs by CpG for-
mulated in the DOE-FMD vaccine or Emulsigen. PBMCs from pigs
(n = 2) injected with the DOE-FMD (conventional commercial FMD
vaccine), CpG formulated in DOE-FMD, or CpG formulated in Emul-
sigen (Emul-CpG) were isolated at 24, 48, and 72 h postinjection. Total
RNA was harvested and quantified by real-time PCR and normalized
to 18S mRNA levels. For CpG injections, 0.5 mg of ODN 2142 was
formulated and injected in a total of 2 ml. The fold induction of target
genes was calculated based on mRNA levels before injection. The
averages from three independent experiments with standard deviation
error bars are shown.

mulated in Emulsigen was more potent at inducing IFN-re-
sponsive genes than a formulation in Montanide (data not
shown).

Since the selected FMD vaccine to be used was formulated
in a DOE proprietary to Merial, it was decided to also compare
the effects of CpG in the DOE FMD vaccine or in Emulsigen
(without FMD antigen) at a dose of 0.5 mg per animal using
Mx1, OAS, and IRF-7 mRNA levels as the most sensitive
readouts for the efficacy of innate antiviral response induced by
the different vaccine formulations. Increased expressions of
these genes were found 24 h postinjection and were still de-
tectable at 72 h depending on the gene and the animal tested
(Fig. 2). A comparison of the DOE vaccine with CpG formu-
lated in DOE or in Emulsigen demonstrated that the latter was
more efficient at inducing OAS and Mx1 mRNAs, although
DOE CpG was as efficient in the induction of OAS (Fig. 2).
Based on these results, it was decided that a separated injec-
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FIG. 3. Maximum and end point clinical scores of infected animals.
(A) Box plot showing the maximum clinical scores recorded for the
individual animals. No statistical difference was shown among groups
1, 2, and 3 and among groups 4, 5, and 6. Statistically significant
differences are between groups 1 and 3 and groups 4 and 6. (B) Box
plot showing the endpoint clinical score recorded at 6 days postchal-
lenge or when the pigs were slaughtered for animal welfare reasons.
There was no statistical difference among groups 1, 2, and 3 and among
groups 4, 5, and 6. Statistically significant differences were between
groups 1 and 3 and groups 4 and 6. The different populations were
compared according to the Mann-Whitney rank sum test.

tion of CpG in Emulsigen was more promising with respect to
the induction of a wider range of antiviral genes. This decision
is related to the aim of the present study, which was primarily
to promote innate immune defenses. Consequently, for the
vaccination challenge experiment described below, animals
were vaccinated with a separate intramuscular injection of
DOE vaccine, and 5 cm apart (reaching the same draining
lymph node) a second injection was carried out with CpG (0.5
mg) formulated in Emulsigen.

Establishing a challenge model for FMDV O Pan Asia UK/
2001. Infection of pigs in the heel pad with 10° TCIDs, FMDV
O Pan Asia UK/2001 resulted in the first clinical symptoms at
24 h postinfection (mild lameness) and clear FMDYV symptoms
with vesicles on the coronary bands of all feet at 48 h. When
three unvaccinated pigs were placed in contact for 2 h with two
pigs, which were infected by a needle with the dose described
above, all three animals clearly got disease, with severe lame-
ness and foot lesions within 48 to 72 h after contact (data not
shown). Based on these results, this procedure was selected as
a challenge model to test vaccine efficacy.

Efficacy of CpG as an immunostimulant for the improve-
ment of early protection. To test the selected CpG formula-
tions described above, a challenge infection of vaccinated pigs
was performed, followed by clinical scoring and virus detection
and isolation. While all pigs vaccinated 21 (n = 4) and 7 (n =
5) days before challenge were protected against lesions, unvac-
cinated animals (n = 5) and pigs vaccinated only 2 days before
challenge (n = 10) developed severe lesions, independent of
the additional injection of the CpG formulation. As demon-
strated in Fig. 3A, the maximum clinical scores found in un-
vaccinated animals (group 1) were similar to those of animals
vaccinated 2 days before contact, independent of CpG appli-
cation (groups 2 and 3, respectively). There was no statistical
difference between these groups. In contrast, the maximum
clinical scores of animals vaccinated 7 and 21 days before
challenge (groups 4 to 6) differed significantly from groups 1 to
3. As mentioned above, none of the diseased animals devel-
oped lesions and all returned to a clinical score of 0 (Fig. 3B).
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In Fig. 4A and B, the development of body temperature and
clinical scores is shown. In group 1, foot lesions typical of FMD
were first observed 2 to 5 days postcontact, with four out of five
animals developing severe FMD with lesions on all four feet;
for some animals, lesions were also on the tongue, gums, lips,
or snout. Such animals were slaughtered for animal welfare
reasons. Surprisingly, the animals vaccinated at 2 days before
challenge appeared to have a more acute disease progression,
with all pigs developing severe lesions as early as 2 to 3 days
after contact with challenge. Nevertheless, a statistical analysis
comparing the groups 2 days postchallenge did not reveal sig-
nificant differences between groups 1, 2, and 3.

Next, we analyzed the induction of FMDV-specific neutral-
izing antibodies induced by the vaccination/challenge. The re-
sults presented in Fig. 4C demonstrated that while 2 unvacci-
nated animals (group 1) developed weak neutralizing activities
at 4 and 6 days postchallenge, none of the animals vaccinated
2 days before challenge developed FMDV-neutralizing anti-
bodies—not unexpected, since they were slaughtered for rea-
sons of animal welfare at 2 days post-challenge infection. In
contrast, three out of five animals of group 4 and four out of
five animals from group 5 had serum-neutralizing activities
above the threshold titer of 10 before challenge. The titers in
all animals from these two groups showed a rapid increase
after challenge infection with no clear difference between these
groups. As expected, animals from group 6 vaccinated 21 days
before challenge already possessed high titers at the time of
challenge (Fig. 4C).

The presence of viral RNA in serum samples collected at
different time points postinfection was quantified using real-
time RT-PCR. The results are shown in Fig. 5 and demon-
strated that samples from group 3 were positive for viral RNA
already at 2 days postinfection, while only two out of five were
positive in group 2 and only one out of five in group 1. This was
surprising, considering that four out of five animals developed
severe vesicular lesions on all four feet in the unvaccinated
group. These results were confirmed by cell culture isolation of
the challenge virus from serum samples (data not shown). Live
virus was found in the sera of groups 1 and 2 in two out of five
animals, corresponding to the animals with positive results
determined by RT-PCR, while all sera from group 3 contained
virus 2 days after challenge.

DISCUSSION

Based on the promising effect of CpG in mediating early
protection during the innate phase of the immune response in
mouse models (16, 28), the present study has evaluated the
feasibility of CpG to promote early protection against FMDV
in a large animal representing a natural host of this virus.
While CpGs have been applied to pigs with the aim of stimu-
lating adaptive immune responses, their ability to stimulate
innate immune responses has not been described. Conse-
quently, we have established a CpG formulation able to induce
innate antiviral responses based on IFN-responsive genes as a
readout. Mx1, OAS, and IRF-7 were particularly sensitive, with
elevated mRNA levels detectable 8 h to 3 days after injection.
The observation that IFN-responsive genes are upregulated
but not IFN-o/8 mRNA can be explained by the fact that in
pigs only pDC are activated to produce IFN-a by CpG, and
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FIG. 4. Development of body temperature, clinical scores, and serum neutralizing antibody titers of infected animals. (A) Rectal body
temperature was measured 0 to 6 days postchallenge in each group. (B) The clinical score was evaluated according to clinical symptoms (see
Materials and Methods for a definition). A total of six groups, with five animals per group (except group 6, with only four animals) were used.
Group 1 was not vaccinated, group 2 was vaccinated with a DOE-FMD vaccine 2 days before challenge, group 3 was vaccinated with
DOE-FMD and CpG in Emulsigen 2 days before challenge, group 4 was vaccinated with DOE-FMD 7 days before challenge, group 5 was
vaccinated with DOE-FMD and CpG in Emulsigen 7 days before challenge, and group 6 was vaccinated 21 days before challenge with a
conventional DOE type O, Manisa vaccine. Each animal among a group is depicted by an open symbol (circle, square, triangle, diamond,
or cross). The line represents the median value in each group. (C) Based on nonspecific virus neutralization with sera from naive animals,
the cutoff was defined at a titer of 10 TCID5,/ml. A total of six groups, with five animals per group (except group 6, with only four animals)
were used. Group 1 was not vaccinated, group 2 was vaccinated with a DOE-FMD vaccine 2 days before challenge, group 3 was vaccinated
with a DOE-FMD and CpG in Emulsigen 2 days before challenge, group 4 was vaccinated with DOE-FMD 7 days before challenge, group
5 was vaccinated with DOE-FMD and CpG in Emulsigen 7 days before challenge, and group 6 was vaccinated 21 days before challenge with
a conventional DOE type O, Manisa vaccine. Each animal among a group is depicted by an open symbol (circle, square, triangle, diamond,
OT Cross).
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FIG. 5. Viral RNA in serum samples following challenge infection.
Viral RNA was detected using real-time PCR. A total of six groups
with five animals per group (except group 6, with only four animals)
were used. Group 1 was not vaccinated, group 2 was vaccinated with a
DOE-FMD vaccine 2 days before challenge, group 3 was vaccinated
with a DOE-FMD and CpG in Emulsigen 2 days before challenge,
group 4 was vaccinated with DOE-FMD 7 days before challenge,
group 5 was vaccinated with DOE-FMD and CpG in Emulsigen 7 days
before challenge, and group 6 was vaccinated 21 days before challenge
with a conventional DOE type O; Manisa vaccine. The averages from
three independent experiments with standard deviation error bars are
shown.

these cells have a very low frequency in PBMCs (0.1 to 0.5%)
(12). Our results indicate that the adjuvant Emulsigen is suit-
able for CpG formulation, giving superior activation compared
to injection of CpG in PBS, a Montanide ISA 206-based for-
mulation, or a DOE-based formulation. Although the CpG
ODN 2142 used in this study is a potent inducer of IFN-a in
pDC in vitro (Juillard et al., unpublished), the cytokine was not
detectable in the serum at 8, 16, 24, and 48 h postinjection.
This is probably a consequence of a rapid turnover of IFN-« in
Vivo.

With respect to the capacity of CpG to enhance early pro-
tection against FMDYV, our results indicate that this goal is
difficult to achieve. Vaccination of animals 2 days before chal-
lenge clearly did not have a protective effect, even with the
addition of CpG as an immunostimulant. In contrast, our re-
sults indicate a negative effect on the capacity of pigs to control
FMDYV early postinfection, although the differences of unvac-
cinated animals with regards to clinical scores were not statis-
tically significant. This was surprising considering that CpG
injection induced antiviral genes still detectable 4 days postin-
jection. It is possible that this antiviral activity was not induced
at the site of FMDYV entry, which is the upper respiratory tract.
For the interpretation of the present results, it is important to
consider that the short incubation time and the rapid develop-
ment of severe lesions in unprotected animals demonstrated
that the infection model used represented a severe challenge.
Also, with respect to adaptive immune responses, we were not
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able to identify a positive effect of CpG in terms of antibody
responses in the animals vaccinated 7 days before challenge.
This could be related to the high potency of the FMD vaccine
used in terms of inducing rapid seroconversion and/or to the
selected separate injection of CpG at a site distant from that of
the FMD vaccine.

The higher viral RNA content 2 days after challenge in the
sera of animals vaccinated with the CpG formulation com-
pared to the conventional DOE vaccine indicates that CpG
when applied early before challenge could even have negative
effects. A possible interpretation of this surprising observation
would be an inflammatory response induced by the vaccine
components with a negative effect on early protection against
FMDV. Previous studies have demonstrated the induction of
proinflammatory cytokines and chemotactic activity in the se-
rum by a conventional FMD vaccine (4, 25). CpG might fur-
ther amplify such inflammatory responses. The inflammation
at the site of vaccine entry could “distract” the innate immune
system and thereby weaken its response at the site of challenge
virus entry. This might also be related to the negative effects of
CpG on the immune response observed after repeated admin-
istration (14).

The observation that adenoviruses expressing IFN-a pro-
tected pigs against FMDYV challenge only when high levels of
IFN-a were found in the serum for several days (5, 7, 21) could
explain why CpG did not promote early protection against
FMDV. The tested formulations of CpG did not induce sys-
temic IFN-a detectable in the serum. Our difficulty in detect-
ing IFN-a after CpG administration in the serum is consistent
with CpG injections of humans (17). IFN-a was found in only
a minority of the volunteers injected and required a high dose
of CpG (80 pg/kg). Furthermore, the levels were low and
IFN-a was found only transiently. A further optimization of
delivery, including slow-release technologies, could have the
potential to reach this goal.

In conclusion, our results indicate that the use of CpG as an
immunostimulant for emergency vaccines against FMDV in
pigs is not efficacious. It is important to emphasize that these
results are specific to FMD in young pigs and may not be
extrapolated to other species and virus diseases. FMDYV is one
of the most aggressive and rapidly replicating viruses. Fur-
thermore, infected pigs excrete extremely high quantities of
FMDV after infection. This poses a severe challenge for ani-
mals within the same group, making vaccination challenge
experiments difficult for this species (1, 8). The general concept
of targeting innate immune responses to improve vaccines has
been proven effective in many models and still represents a
promising approach for vaccine improvement (22).
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